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Summary

Summary

For cen tu ries , w a te r and w in d  w ere  used as m a in  energy resources, rap id ly  enhancing 

hum an c iv ilisa tio n . In th e  e ig h tee n th  cen tury, th e  in tro d u c tio n  o f  steam  engines boosted the  

in d u s tria lisa tio n , soon crea ting  p o w e r p lan ts fu e lle d  by coal, o il o r  na tu ra l gas in th e  late 

n in e te e n th  cen tu ry . The p ro d u c tio n  o f  e le c tric ity  in  th e  tw e n tie th  ce n tu ry  m ain ly  re lied on 

these  foss il fue ls  to g e th e r w ith  th e  genera tion  o f  h e a t fro m  nuclear p o w e r p lants. However, 

th e  c rea tion  o f  nuclear w aste , th e  exhaustion o f  foss il fue ls  and th e  increased em issions o f 

greenhouse  gases (e.g. C 02) in to  th e  atm osphere, com bined  w ith  ris ing concerns o f global 

w a rm ing , led to  th e  p u rsu it o f  renew ab le  energy resources. In o rd e r to  reduce greenhouse 

gas em issions, Europe en fo rced  renew ab le  energy ta rg e t figu res upon its m em ber states 

th ro u g h  th e  im p le m e n ta tio n  o f  tw o  main European D irectives 2001/77/EC  and 2009/28/EC . 

O ffshore  w in d  fa rm s (OWFs) have becom e th e  m o s t w idespread o ffsh o re  renew ab le  energy 

d e ve lopm en ts  in Europe w ith  69 ope ra tiona l w in d  farm s a t th e  end o f 2013. In Belgium, 

th re e  OWFs have been ins ta lled , in tro d u c in g  num erous hard subs tra te  fo u nd a tio n s  to  a 

n a tu ra lly  sandy hab ita t.

Effects to  th e  m acroben thos ( in ve rte b ra te  fauna  re ta ined  on a 1 m m  sieve) inhab iting  th e  

sed im en ts  a round  OWFs in th e  Belgian pa rt o f th e  N o rth  Sea (BPNS) w e re  assessed in th is  

PhD thesis . U n til recen tly , sand ex trac tion , d isposal o f d redged m ate ria l and beam  tra w l 

fishe ries  w e re  th e  th re e  m ain  hum an ac tiv ities  a ffe c ting  th e  so ft se d im e n t m acrobenthos in 

th e  BPNS. The in tro d u c tio n  o f  an add itiona l an th ro p o g en ic  im pact, a ffe c ting  th e  physical 

cha racte ris tics  o f  the  seabed in th e  BPNS, raises concerns on h o w  th e  local m arine 

b io d ive rs ity  w ill be a ffec ted . A  Before A fte r  C on tro l Im pact (BACI) design was app lied to  

assess th e  s itu a tio n  o f  th e  e n v iro n m e n t be fo re  and a fte r th e  co n s truc tion  o f  OWFs, in 

com parison  to  a se lected re fe rence  site. Through a m ulti-sca le  approach, large-scale e ffects 

associated w ith  th e  cons tru c tio n  and ope ra tiona l phases o f  OWFs w ere id e n tif ie d  to g e th e r 

w ith  sm all-scale, process re la ted  research in th e  d irec t e n v iro n m e n t o f  one constructed  

fo u n d a tio n .

The f irs t  OWF was cons truc ted  in 2008 on th e  T ho rn ton b a n k  w ith  six g rav ity  based 

fo u n d a tio n s  (GBFs). To d is tingu ish  na tura l fro m  a n th ro p o g en ic  re la ted  flu c tu a tio n s  in th e  

m acro fauna l co m m u n ity , a long -te rm  analysis was f irs t  carried o u t in Chapter 2. Data was 

ga the red  fro m  1980 -  2012 on th e  T ho rn tonbank  and G oote Bank (re fe rence  s ite ). Both 

sandbanks w e re  characte rised  by m ed ium , sandy sed im en ts  (range fro m  331 ± 20 pm  to  410 

±  41 pm ) w ith  a low  species abundance (ranging fro m  180 to  812 ind m '2) and d ive rs ity  

(rang ing fro m  6 to  15 species per 0.1 m 2). Together w ith  a dom inance  o f  th e  polychaetes
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N ephtys c irrosa  and th e  am ph ipod  Urothoe brevicorn is, th e  m acro b e n th ic  co m m u n ity  was 

m ain ly  characterised by th e  N. cirrosa  and O phelia  bo rea lis  -  G lycera lap idum  com m un ities . 

T h ro u g h o u t 32 years, th e  m acroben thos m ain ly  illu s tra te d  s trong  te m p o ra l va ria tions , which 

w ere  re la ted  to  th e  va riab le  w e a th e r cond itions in th e  area (e.g. cold w in te rs  and severe 

s to rm s). The com m un ities  on th e  T ho rn tonbank  and G oo te  Bank always illu s tra te d  a s im ila r 

flu c tu a tio n . H ow ever, th is  tre n d  was in te rru p te d  w ith  th e  co n s tru c tio n  o f  th e  six GBFs in 

2008. A s ign ifican t d iffe re n ce  in m acroben th ic  c o m m u n ity  com p o s itio n  was observed 

be tw een  th e  T h o rn ton b a n k  and G oote Bank, recovering fro m  2009 onw ards. The im pacts o f 

th e  co n s tru c tio n  (dredg ing) activ ities w ere  no ticeab le  w ith  s h o rt- te rm  changes to  th e  

m acroben thos. H ow ever, a rap id  recovery was observed  th e re a fte r  c o n firm in g  th a t  th e  

m acro b e n th ic  com m un ities  in these  areas have c rea ted  a high res ilience  to  env ironm en ta l 

and a n th ro p o g en ic  stress. Furthe rm ore , th e  Benth ic Ecosystem Q u a lity  Index (BEQI) was 

assessed as an in d ica to r in th is  chap te r and re flected  s im ila r results.

In Belgium , an overa ll p ro h ib it io n  to  sh ipp ing activ ities  ( inc lud ing  beam  tra w l fisheries) has 

been im p le m e n te d  w ith in  th e  OWF concession areas w ith  a 500 m sa fe ty zone a round every 

o p e ra tio n a l OWF. Beam tra w lin g  has a d irec t physical im p a c t on th e  seabed by scraping the  

f ir s t  3 - 6  cm , re-suspending sed im ents and rem oving  o r  dam aging non -ta rge te d  benthos. 

W ith  th e  ins ta lla tion  o f  55 m onop ile  fou nd a tio n s  on th e  Bligh Bank in 2009, a f irs t  large area 

(21 km 2) was closed to  fish ing  activ ities in th e  BPNS. To investiga te  th e  p o te n tia l recovery o f 

v u ln e ra b le  species, th e  m acroben th ic  co m m u n ity  w ith in  th e  fish e ry  enclosed area was 

com pared  w ith  a su rro u n d in g  con tro l area in Chapter 3, tw o  to  th re e  years a fte r  the  

co n s truc tion  o f  th e  OWF. Regular fish ing  activ ities a round  th e  OWF w e re  reg is te red  th rough  

Vessel M o n ito r in g  System (VMS) data by th e  In s titu te  fo r  A g ricu ltu ra l and Fisheries Research 

(ILVO). Three years a fte r  th e  construc tion  o f  th e  OWF on  th e  Bligh Bank, sub tle  changes to  

th e  species com p o s itio n  w ere  observed in th e  No Fishery area. The tu b e -b u ild in g  po lychaete  

T erebe llidae  sp. (196 ± 151 ind m '2) and th e  ech inode rm  Echinocyam us pusillus  (73 ±  71 ind 

m '2), sensitive  to  tra w lin g  activ ities , showed an increased abundance in  th e  No Fishery area 

in com parison  to  th e  fished area w he re  abundances w e re  observed o f  respective ly  62 ± 28 

ind m '2 and 5 ±  2 ind m '2. Regular fish ing activ ities w ith in  th e  OWF w e re  reg istered th rough  

VMS data and visual observations, possibly s low ing  d ow n  th e  recovery rates o f  th e  frag ile  

organism s. N everthe less, th e re  is a possib ility  th a t  th e  area cou ld  deve lop  in to  an 

eco log ica lly  im p o rta n t h a b ita t in th e  fu tu re .

A fte r  dow nsiz ing  to  a sm alle r scale a round one GBF on th e  T ho rn tonbank , d ras tic  changes to  

th e  seabed characte ris tics  and m acroben th ic  co m m u n ity  com position  w e re  rap id ly  observed 

and docum e n te d  in Chapter 4. Along fo u r  grad ien ts and five  distances a round th e  GBF, the  

m acroben thos  and th e  m ain characteristics o f th e  perm eable, sandy sed im ents were 

investiga ted . Three to  fo u r  years in to  th e  o pe ra tiona l phase, changes w e re  de tec ted  up to  a
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50 m distance away fro m  th e  scour p ro te c tio n  system  a round th e  GBF on th e  sou th-w est 

and n o rth -w e s t g rad ien ts. S ed im en t grain size s ign ifica n tly  reduced fro m  412 ± 15 pm  at 

200 m to  312 ±  3 pm a t 15 m fro m  th e  fo u n d a tio n . The organic m a tte r c o n te n t increased 

fro m  0.4 ±  0.01 % a t 100 m to  2.5 ± 0.9 % a t 15 m fro m  th e  fo u n d a tio n . The observed 

changes in seabed characte ris tics  possibly caused th e  increased m acroben th ic  dens ity  from  

1390 ± 129 ind m '2 a t 200 m to  18583 ± 6713 ind m ’2 a t 15 m. The co m m u n ity  was 

do m in a te d  by th e  ju v e n ile  sta rfish  (A sterias rubens) to g e th e r w ith  th e  tu b e -b u ild in g  

po lychaetes Lanice conch ilega  and Spiophanes bom byx, evo lv ing aw ay fro m  th e  na tu ra lly  

d o m in a tin g  N. c irrosa  and O. bo rea lis  -  G. lap idum  com m un ities . The occurrence  o f  dense L. 

conch ilega  pa tches and an increased m acro b e n th ic  abundance can enhance th e  food  

a va ila b ility  fo r  dem ersa l fish  species inside th e  OWF. T oge the r w ith  th e  a d d itio na l she lte r 

fro m  s trong  cu rren ts  a round  th e  fo u nd a tio n s , th e  areas close to  th e  tu rb in e s  cou ld  develop 

in to  im p o rta n t refuge areas fo r  ju ve n ile  fish species in  th e  fu tu re .

The decreased grain size, m easured a round th e  GBF, w ill reduce th e  p e rm e a b ility  o f  the  

seabed. In the  m ed ium  sandy, pe rm eab le  sed im ents, pressure d riven  advective  p o re -w a te r 

flo w s  a t th e  se d im e n t-w a te r in te rface , accelerate th e  m inera lisa tion  o f  o rgan ic  m a tte r and 

th e  recycling o f n u trie n ts . To d e te rm in e  how  a decreasing p e rm e a b ility  w o u ld  a ffec t the 

m inera lisa tion  processes a round  OWFs, an experim en ta l p ilo t s tudy  was carried  o u t in 

Chapter 5. Tw o la b o ra to ry  e xpe rim en ts  w ere  set up in ben th ic  cham bers co n ta in ing  th ree  

sed im en t types w ith  a decreasing p e rm e a b ility  (h igh , in te rm e d ia te  and low ). The f iltra tio n  

capacity o f  th e  th re e  se d im e n t types  was assessed by m easuring th e  w a te r penetra tion  

d ep th  a fte r  add ing  a dye and by coun ting  th e  reduc tion  o f d ia tom  cells (Skeletonem a  

costa tum ) in th e  w a te r co lum n  d u rin g  a second expe rim en t. The w a te r p e n e tra tio n  depth 

decreased fro m  6.5 ± 0.2 cm in th e  high perm eab le  sed im en t to  0.8 ± 0 cm in th e  low  

pe rm eab le  sed im ent. A s im ila r tre n d  was observed a fte r adding th e  ch a in -fo rm in g  5. 

costa tum  cells. A d d itio n a lly , se d im e n t co m m u n ity  oxygen consum p tion  (SCOC) rates and 

n u tr ie n t fluxes w e re  m easured  be fo re  and a fte r  th e  add ition  o f th e  d ia to m  cells (organic 

m a tte r). The advective  p o re -w a te r f lo w  in th e  high perm eable  sed im en t fa c ilita te d  the  

m ine ra lisa tion  o f  added o rgan ic  m a tte r  (d ia tom  cells) as re flec ted  by th e  high SCOC rates 

(23.7 ± 1.9 m m o l 0 2 m '2 d '1). Low est SCOC rates w ere  m easured in th e  low  perm eable  

se d im e n t 4.8 ± 0.1 m m o l 0 2 m '2 d '1 w here  so lu te  exchange m ain ly  relies on m olecu lar 

d iffus ion . Low m inera lisa tio n  o f  o rgan ic  m a tte r  was also observed in th e  re fined  sedim ents, 

w ith  a reduc tion  in the  NH4+ (am m o n ium ) e fflux  (from  2228 ± 782 pm o l m '2 d '1 to  834 ± 100 

p m o l m '2 d '1) and NOx (n itra te  + n itr ite )  e fflu x  (from  239 ± 156 pm o l m '2 d '1 to  96 ±  31 pm ol 

m '2 d '1) in to  th e  w a te r co lum n . The resu lts suggest th a t th e  reduc tion  in se d im e n t g ra in  size 

a round th e  fo u n d a tio n  (C hapter 4) cou ld  a lte r th e  m inera lisa tion  processes o f  organic 

m a tte r.
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Summary

In conclusion, th is  PhD research has dem onstra ted  th a t th e  cons tru c tio n  and presence o f 

new  hard substra tes in a sandy e n v iro n m e n t has th e  p o ten tia l to  cause env ironm enta l 

changes to  th e  m arine  ecosystem , possibly crea ting  a n e w  h a b ita t w ith in  th e  BPNS. W ith  th e  

expansion o f OWFs to  a concession area o f  238 km 2 in th e  longer te rm , a la rge area o f  th e  

BPNS w ill be sub jected  to  th e  presence o f m any hard subs tra te  fo u nd a tio n s  w ith  associated 

hyd rodynam ic  changes and organ ic m a tte r en rich m e n t. T oge the r w ith  th e  p ro h ib itio n  o f 

beam tra w l fisheries, an evo lu tion  to  a large eco log ica lly rich and com p lex h a b ita t is realistic. 

H owever, th e  increasing a n th ropogen ic  activ ities in th e  BPNS could also lead to  a 

b iod ive rs ity  loss resu lting  in  a hom ogen isa tion  o f th e  env iro n m e n t. A fe w  stud ies have 

m ode lled  th e  eco log ica l e vo lu tio n  fro m  changes to  th e  m a cro b e n th ic  co m m u n ity  on a sm all- 

scale to  ab rup t, ben th ic  reg im e sh ifts  on a la rger scale. The in co rp o ra tio n  o f ben th ic  

ind ica to rs  (e.g. BEQI) in  m on ito r in g  studies can be h e lp fu l to  qu ick ly  d e te c t these  m odelled 

regim es sh ifts  in  th e  fu tu re  and d iscrim ina te  th e m  fro m  na tu ra l f lu c tu a tio n s .

F urtherm ore , fu tu re  m on ito r in g  p rogram m es should con ta in  c ross-bo rde r co llabo ra tion  

be tw een  European coun tries  w ith  a research d riven , adaptive  approach in  o rd e r to  fu lly  

understand  th e  ecosystem  processes a round OWFs a t d if fe re n t spatia l scales. This approach 

w ill fu r th e r  assist managers, po licy  m akers and w in d  fa rm  deve lopers to  take  app rop ria te  

m itig a tin g  m easures i f  needed and create  an adaptive  spatia l p lann ing  on a reg iona l scale 

such as th e  N orth  Sea.
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Eeuw enlang geb ru ik te  de m ens w a te r en w in d  ais voo rnaam ste  energ ie  b ronnen , w a t de 

o n tw ikke lin g  van onze m aatschapp ij in een s troo m ve rsn e llin g  b racht. De u itv in d in g  van de 

s toom m ach ine  in de a ch ttien d e  e euw  m arkeerde  h e t begin van de indus trië le  evo lu tie , en 

aan he t e ind van de negen tiende  e e u w  o n tw ikke ld e  m en krach tcen tra les  d ie energie 

o p w e k ten  d o o r m idde l van foss ie le  b ra n d s to ffen  zoals s teenkoo l, o lie  en n a tu u rlijk  gas. De 

e le k tr ic ite itsp ro d u c tie  in de tw in tig s te  e euw  w as voo ra l a fhanke lijk  van deze fossiele 

b ra n d s to ffen  samen m e t he t genere ren  van w a rm te  u it nuclea ire  kerncen tra les. De toenam e 

van nuc lea ir afval, de u itp u tt in g  van foss ie le  b ra n d s to ffen  en de ve rhog ing  van a tm osferische 

broeikasgassen (bv. C 02) gecom b inee rd  m e t de  ve ro n tru s te n d e  k lim aatsverandering  

resu ltee rde  in een zoek toch t naar h e rn ieuw ba re  energ ieb ronnen . Om de u its to o t van 

broeikasgassen te rug  te  d ringen  o n tw ikke ld e  Europa n ieuw e doe ls te llingen  voor 

he rn ie u w b a re  energie aan de hand van tw e e  Europese rich tlijn e n  2001/77 /E C  en 

2009/28 /E C . O ffshore w in d m o len p a rken  w e rden  snel de m eest w ijd ve rsp re id e  o ffshore  

he rn ie u w b a re  energie o n tw ikke lin g  in Europa m e t 69 ope ra tio n e le  parken aan h e t e inde van 

2013. In België w erden al d rie  o ffsh o re  w in d m o len p a rken  ge ïnsta lleerd , w a t gepaard is 

gegaan m e t de in tro d u c tie  van tie n ta lle n  harde subs traa t funde ringen  in een n a tuu rlijk  

zanderig  ha b ita t.

E ffecten op h e t m acroben thos (ongew erve lde  fauna g ro te r  dan lm m ) ,  d ie de sed im enten  

ron d  de w indm o lenpa rken  in h e t Belgisch deel van de N oordzee (BDNZ) bew onen, w e rde n  in 

deze doctoraa ts thes is  geëva lueerd . T o t nu to e  w aren  zandextractie , he t s to rten  van 

baggerspecie en boom korv isse rij de d rie  voo rnaam ste  m ense lijke  a c tiv ite ite n  d ie he t zachte 

subs tra a t m acrobenthos in h e t BDNZ be ïnv loedden. De invoe ring  van een ex tra  an tropogeen 

im p ac t en de invloed op de fysische kenm erken  van de zeebodem , ve rh o o g t de bezorgdheid 

o ve r he t e ffe c t op de loka le  m acroben th ische  b io d ive rs ite it. Een Before A fte r  C on tro l Im pact 

(BACI) o n tw e rp  w erd  toe ge p a s t om  de om gevingssitua tie  v ó ó r en na de construc tie  van de 

o ffsh o re  w indm o lenpa rken  te  bepa len , in com b ina tie  m e t een ve rge lijk ing  m et een 

gese lectee rde  re fe ren tiep laa ts . Via een m ulti-schaa l benadering  w e rden  grootscha lige 

e ffe c te n  van de construc tie  en o p e ra tio n e le  fase van de o ffsh o re  w indm o len p a rken  bepaald, 

sam en m e t een kle inschalige, m ee r proces ge re la tee rd  onderzoek in de d irec te  om geving 

van  één geïnsta lleerde funde ring .

H e t eers te  o ffsh o re  w in d m o len p a rk  w e rd  geïnsta lleerd in 2008 op de T ho rn ton b a n k  m et zes 

g ra v ita ire  funde ringen . Om de n a tu u rlijk e  fluc tua ties  in de m acrobenth ische  gemeenschap 

van  de an tropogeen  g e re la tee rde  te  ondersche iden w e rd  een lange te rm ijn  analyse 

u itgevoe rd  in Hoofdstuk 2. Data w e rde n  verzam eld  van 1980 -  2012 v o o r de T ho rn tonbank
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en G oo te  Bank (R eferentiep laats). Beide zandbanken w erden  g e ke n m e rk t doo r m edium , 

zanderig  sed im en t (van 331 ± 20 pm  to t  410 ±  41 pm ) m e t een lage so o rte n d e n s ite it (van 

180 to t  812 ind m"2) en d ive rs ite it (van 6 to t  15 soo rten  pe r 0 .1  m 2). Samen m e t een 

d o m in a n tie  van de po lychaet N ephtys c irrosa  en de am ph ipode  U ro thoe  brevicorn is, w e rd  de 

m acrobenth ische  gem eenschap voora l gekenm erk t d o o r de N. c irrosa  en Ophelia borea lis  -  

G lycera lap idum  gem eenschappen. G edurende 32 ja a r ve rto o n d e  he t m acroben thos voora l 

een sterke te m p o re le  va ria tie , ge re la tee rd  aan de variabe le  w eersom stand igheden  van d it 

gebied (bv. koude w in te rs  en zware s to rm en ). De gem eenschappen op de T ho rn ton b a n k  en 

G oo te  Bank ve rto o n d e n  steeds een ge lijkaard ige  flu c tu a tie . Deze tre n d  w e rd  onderb roken  

bij de ins ta lla tie  van de zes g rav ita ire  funde ringen  in  2008. Een s ign ifican t versch il in 

m acrobenth ische  gem eenschapssam enstelling  w erd  vastgeste ld  tussen de T ho rn ton b a n k  en 

de G oo te  Bank, m et een herste l vana f 2009. Het e ffe c t van de in s ta lla tie  w erken  (baggeren) 

was m erkbaar d o o r ko rte  te rm ijn  ve rande ringen  in  h e t m acroben thos. N ie tte m in  w erd 

daarna een snel herste l w aa rgenom en, w a t bevestig t d a t de m acrobenth ische 

gem eenschappen in deze geb ieden een hoge vee rk rach t hebben on tw ikke ld  tegen  zowel 

om gevingsstress ais an tropogene  stress. De benth ische ecosysteem  kw a lite its index  BEQI 

w e rd  onderzoch t ais in d ica to r en v e rto o n d e  ge lijkaard ige  resu lta ten .

In België ge ld t een a lgem een scheepvaartverbod  (inc lus ie f boom korv isse rij) b innen  de 

concessie gebieden m et een 500 m ve ilighe idszone ron d o m  de ope ra tione le  

w in dm o lenpa rken . Boom korvisserij h e e ft een d irec t e ffec t op de zeebodem  d o o r het 

a fschrapen van de bovenste 3 - 6  cm, de resuspensie van sed im enten  en he t beschadigen o f 

ve rw ijd e re n  van n ie t doe lgerich te  ben thos. M e t de ins ta lla tie  van 55 m onop ile  funderingen  

op de Bligh Bank in 2009 w erd  v o o r h e t eerst een g ro o t gebied (21 km 2) geslo ten voo r 

v issersvaartu igen in h e t BDNZ. Om een p o te n tie e l herste l van kw etsbare  soo rten  te 

onderzoeken, w erd  in Hoofdstuk 3 de m acrobenth ische  gem eenschap in he t gebied gesloten 

vo o r v isserij, vergeleken m e t een om liggend  c o n tro le  gebied, tw e e  to t  d rie  ja a r na de 

in s ta lla tie  van he t w in d m o len p a rk . V isse rija c tiv ite it rond de w indm o lenpa rken  w erd 

ge reg is treerd  via Vessel M on ito r in g  Systeem  (VMS) da ta  d o o r h e t In s titu u t vo o r Landbouw 

en Visserij O nderzoek (ILVO). Drie ja a r na de ins ta lla tie  van he t w in d m o len p a rk  op de Bligh 

Bank w e rden  sub tie le  ve randeringen  in de m acroben th ische  gem eenschap w aargenom en in 

h e t gebied gesloten v o o r visserij. De koke r bouw ende  bo rs te lw o rm  Terebe llidae  sp. (196 ± 

151 ind nT2) en de ech inoderm  Echinocyam us pusillus  (73 ± 71 ind m '2), kw etsbaar vo o r 

boom korv isse rij, ve rtoonden  een ve rhoogde  de n s ite it in d it gebied in ve rge lijk ing  m e t een 

d e n s ite it van respectieve lijk  62 ±  28 ind m '2 en 5 ±  2 ind m '2 in h e t con tro le  gebied. 

Regelm atig  w erden  vissersvaartu igen b innen  he t w in d m o len p a rk  ge reg is treerd  via VMS data 

en v isue le  observaties w a t h e t he rs te l van de kw etsbare  soorten  kan ve rtragen. N ie ttem in
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bestaa t e r  de m oge lijkhe id  da t he t gebied to t  een ecologisch be langrijke  h a b ita t zal 

evo lue ren .

Op een k le ine re  schaal, rondom  één g rav ita ire  fu n d e r in g  op de T ho rn tonbank , w erden 

d rastische  ve randeringen van de ze ebodem kenm erken  en m acrobenth ische 

gem eenschapssam enste lling  w aargenom en en ged ocu m e n tee rd  in  Hoofdstuk 4. Langs vie r 

g ra d ië n te n  en op v i j f  a fstanden w erd  h e t m acro b e n th o s  en de be langrijks te  kenm erken  van 

de pe rm eabe le , zanderige sed im enten  onderzoch t. D rie  to t  v ie r ja a r b innen de opera tione le  

fase w e rden  ve randeringen  a ange tro ffen  to t  50 m  ve rw ijd e rd  van de e rosiebescherm ing 

ron d o m  de fu n de rin g . De ko rre lg ro o tte  van he t se d im e n t ve rm inde rde  m e rke lijk  van 412 ± 

15 pm  op 200 m to t  312 ± 3 pm  op 15 m  van d e  fu n de rin g  langs de zu idw este lijke  en 

n o o rd w e s te lijke  g rad iën ten . Het organisch m a te ria a lg e ha lte  ve rhoogde  van 0.4 ± 0.01 % op 

100 m t o t  2.5 ±  0.9 % op 15 m van de fu n d e rin g . De w aargenom en ve randeringen in 

se d im e n t kenm erken veroorzaakten  een verhog ing  in  m acrobenth ische  de n s ite it van 1390 ± 

129 ind rrf2 op 200 m to t  18583 ± 6713 ind m ‘2 op 15 m. De gem eenschap w erd 

g edom in e e rd  d o o r de juve n ie le  zeester (Asterias rubens) samen m e t de koke r bouw ende 

po lychaeten  Lanice conchilega  en Spiophanes bom byx. H ie ru it konden w e bes lu iten  da t de 

gem eenschap w eg  evo lueert van de n a tu u rlijk  d o m in e re n d e  N. c irrosa  en O. borea lis  -  G. 

Lap idum  gem eenschappen. Het o p treden  van d ich te  L. conch ilega  agg rega tus  en een 

ve rh o g in g  van de m acrobenth ische  d e n s ite it kan de voedse lbesch ikbaarhe id  vo o r dem ersale 

v isso o rte n  ve rhogen b innen h e t w in d m o len p a rk . Samen m et de ex tra  beschutting  tegen 

s te rke  s trom in g e n  rondom  de fu n de rin g , zouden de zones d ich tb ij de w in d  tu rb in e s  kunnen 

u itg ro e ie n  to t  be langrijke  schu ilp laatsen voo r ju ve n ie le  v issoorten  in  de toekom st.

De v e rfijn in g  van de sed im en ten , geobserveerd  ron d o m  de g rav ita ire  fu n de rin g , zal de 

p e rm e a b ilite it van he t sed im en t verlagen. In g rove , perm eabele  sed im en ten , on tstaan  er 

d o o r d ru k  gedreven advectieve  p o rie w a te rs tro m in g e n  aan h e t se d im e n t-w a te r oppervlak. 

Deze p o rië n -w a te rs tro m in g e n  zu llen  de m in e ra lisa tie  van organisch m ate riaa l en he t 

recyc leren  van n u trië n te n  versne llen . Een ve rkennend  p roe fonderzoek, om  te  bepalen hoe 

de ge reduceerde  p e rm e a b ilite it de w e rk ing  van he t ben th ische  ecosysteem  zou veranderen 

ron d  o ffsh o re  w in dm o lenpa rken , w e rd  u itgevoerd  in Hoofdstuk 5. Tw ee labo experim enten  

w e rd e n  opgeste ld  in ben th ische  kamers d ie d rie  sed im en ttypes  m et een dalende 

p e rm e a b ilite it beva tten  (hoog, m a tig  en laag). De f iltra tie c a p a c ite it van de drie  

s e d im e n ttyp e s  w erd  bepaald d o o r de w a te r p e n e tra tie d ie p te  te  m e ten , na toevoeg ing  van 

een k le u rs to f en h e t aanta l gereduceerde  d ia tom eeënce llen  (Skeletonem a costa tum ) in de 

w a te rk o lo m  te  te llen  tijd e n s  een tw e e d e  expe rim en t. De w a te r pen e tra tie d ie p te  

ve rm in d e rd e  van 6.5 ± 0.2 cm in he t hoog perm eabel sed im en t to t  0.8 ± 0 cm in he t laag 

pe rm eabe l sed im en t. Een ge lijkaa rd ige  tre n d  w erd vastgeste ld  na toevoeg ing  van de
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ke tenvo rm ende  S. costa tum  ce llen. Bovendien w e rden  de sed im en t gem eenschap 

zu u rs to fco n su m p tie  snelheden en fluxen  van n u tr ië n te n  gem e ten , v ó ó r en na he t toevoegen 

van de d ia tom eeënce llen  (organisch m ateriaa l). De advectieve  p o rië n -w a te rs tro m in g e n  in 

h e t hoog perm eabel sed im ent ve reenvoud igde  de m in e ra lisa tie  van de toegevoegde 

o rgan ische m ate rie  (d ia tom eeën), w a t to t  u iting  kw am  in de hoge zuu rs to fconsum ptie  

sne lheden  (23.7 ± 1.9 m m ol 0 2 r r f2 d '1). Lage zu u rs to fco n su m p tie  sne lheden w erden 

gem e ten  in he t laag perm eabel sed im en t (4.8 ± 0.1 m m o l 0 2 r r f2 d '1) w aar de u itw isse ling  

van opge loste  s to ffen  voora l a fhang t van m o lecu la ire  d iffu s ie . Lage m inera lisa tie  van 

organisch m ate riaa l w erd  ook geobserveerd in  de ve rfijn d e  sed im en ten  m e t een reduc tie  in 

NH4+ (am m onium ) e ffluxen  (van 2228 ± 782 pm o l m '2 d ’1 to t  834 ±  100 pm o l r r f2 d '1) en NOx 

(n itra a t + n itr ie t)  e ffluxen  (van 239 ± 156 pm o l m~2 d"1 to t  96 ±  31 pm o l r r f2 d '1) in de 

w a te rko lo m . Deze resu lta ten  suggereren d a t de m inera lisa tie  van  organisch m ate riaa l kan 

gew ijz igd  w o rde n  d o o r een ve rfijn in g  van h e t se d im e n t rondom  de funde ringen  van o ffshore 

w in d m o len p a rken .

T o t s lo t hee ft d it doctoraa tsonderzoek vastgeste ld  d a t de in s ta lla tie  en aanwezigheid van 

n ie u w e  harde substra ten  in een zanderig  ha b ita t, p o ten tie e l hee ft om 

om gevingsveranderingen in he t m arien  ecosysteem  te  ve roorzaken w a t m oge lijk  een n ieuw  

h a b ita t kan creëren in he t BDNZ. M e t de u itb re id in g  van he t concessiegebied vo o r o ffshore  

w in d m o len p a rken  naar 238 km 2 op lange te rm ijn , zal een g ro o t deel van he t BDNZ 

o n d e rw o rp en  w o rde n  aan de aanw ezigheid van ve le  harde subs tra ten  m et gere la teerde  

s trom ingsve randeringen  en aanrijk ing  m e t organisch m ateriaa l. Samen m et he t ve rbod  voor 

boom ko rv isse rij zou h e t vo lled ige  concessiegebied kunnen evo lue ren  naar een ecologisch 

r ijk  en com plex h ab ita t. Doch, kan een in te n s ify in g  van a n tropogene  ac tiv ite ite n  in het 

BDNZ ook  le iden to t  een b iod ive rs ite itsve rlies  w a t een h o m o g e n ite it van he t gebied kan 

veroo rzaken. Een aanta l stud ies hebben de ecologische evo lu tie  van ve randeringen  in de 

m acroben th ische  gem eenschap op kle ine schaal gem ode lleerd  naar ab rup te , benth ische 

reg im e  sh iften  op g ro te re  schaal. Het opnem en van benth ische  ind ica to re n  (bv. BEQI) in 

m on ito rin g ss tud ie s  kan n u ttig  zijn om  de gem ode llee rde  reg im e verschu iv ingen in de 

to e k o m s t te  de tec te ren  en te  ondersche iden  van n a tuu rlijke  fluc tua ties .

Bovendien is he t w ense lijk  d a t to e kom stig e  m on ito ringsp rog ram m a 's  een 

g rensoverschrijdende  sam enw erk ing  aanm oed igen tussen Europese landen m e t een 

w e te n scha p p e lijk  gestuurd en adaptieve benadering , zodat w e de ecosysteem processen 

ron d  o ffshore  w indm o lenpa rken  kunnen beg rijpen  op versch illende  ru im te lijke  schalen. 

Deze benadering  zal e rto e  b ijd ragen d a t beheerders, be le idsm akers en 

w in d m o len p a rkon tw ikke la a rs  passende m itige rende  m aatregelen tre ffe n  ind ien  nodig en 

een aangepaste ru im te lijke  p lann ing  scheppen op een regionaal gebied zoals de Noordzee.

XX







CHAPTER 1

General In troduc tion





Chapter 1

1. Context setting of offshore renew able energy

Since anc ien t tim es , m ank ind  used w a te r and w in d  as th e ir  m ain energy resource which 

acce le ra ted  and enhanced hum an c iv ilisa tion . W ith  th e  cons truc tion  o f  w a te rw hee ls , w ind 

m ills  and sailing ships m any c ities and tra n s p o rta tio n  ne tw orks  w ere  created. The 

in tro d u c tio n  o f  steam  engines in th e  e igh teen th  ce n tu ry  enhanced indus tria lisa tion . Soon 

enough, steam  engines ran on w o o d  and coal, evo lv ing  in to  large p o w e r p lan ts fu e lle d  by 

coal, o il o r  na tu ra l gas in th e  la te  n in e tee n th  cen tu ry . The p roduc tion  o f e le c tric ity  in th e  

tw e n tie th  cen tu ry  m ainly re lied  on these  fossil fue ls  to g e th e r w ith  th e  genera tion  o f heat 

fro m  nuclear pow er p lants (Asif and M unee r, 2007). H ow ever, th e  crea tion  o f  rad ioactive  

nuclear waste  (N ieto-Perez, 2013), th e  exhaustion  o f  fossil fue ls  (H ubbert, 1956; Shafiee and 

Topa l, 2009) and th e  increased em issions o f  g reenhouse gases (e.g. C 0 2) in to  th e  

a tm osphe re  com bined w ith  ris ing  concerns o f  g loba l w a rm in g  (D ickinson and Cicerone, 

1986; Zecca and Chiari, 2010) led to  th e  pu rsu it o f renew ab le  energy resources. W ith  th e  

im p le m e n ta tio n  o f  European D irective  2001/77/EC , Europe en forced  renew ab le  energy 

ta rg e t figures to  every m em b e r s ta te  by 2010 in o rd e r to  reduce greenhouse gas emissions. 

Consequently, Europe has becom e one o f th e  w o rld  leaders in realis ing renew ab le  energy 

p ro d u c tio n  over th e  past te n  years. The recen t Renewable Energy D irective  2009/28/EC  

ob liges Europe to  produce 20 % renew ab le  energy o f  th e  to ta l energy consum p tion  and 10 % 

renew ab le  energy fo r tra n s p o rt by 2020, again se ttin g  m an d a to ry  m em b e r s ta te  ta rge ts 

(EuropeanCom m ission, 2013). In 2012, Europe reached a renew ab le  energy p ro d u c tio n  o f 

13 % and a decrease in g reenhouse  gas em issions w ith  18 % com pared  to  em issions in 1990 

due  to  add itiona l m itig a tin g  m easures (EuropeanCom m ission, 2014).

R enew able  energy sources range fro m  so la r and w in d  genera ted  energy to  b io fuels 

p roduced from  energy crops, ag ricu ltu ra l w aste  o r  b iomass (Asif and M uneer, 2007; 

B rennand, 2004). As a resu lt o f  these  high European ta rge ts  and th e  "n o t in m y backyard" 

o p in io n  o f  m ost citizens, co u n trie s  soon tu rn e d  to  th e ir  coastal w ate rs  to  p roduce  renew ab le  

energy o u t at sea. O ffshore w in d  p o w e r (C orbe tta  e t al., 2013), wave energy (Lopez e t al., 

2013), t id a l energy (Ben Elghali e t al., 2007) and pow er genera ted  fro m  ocean currents 

(Tucker, 2007) o r  ocean th e rm a l energy convers ion (Pele and Fujita , 2002; Rajagopalan and 

N ihous, 2013) have th e  p o te n tia l to  genera te  e le c tr ic ity  and can assist to  m ee t the  

renew ab le  energy targets. W ave and t id a l energy p ro to typ e  devices w e re  f irs t  established in 

th e  U n ited  K ingdom  o f f  th e  O rkney Islands (Scotland) and have since th e n  increased 

th ro u g h o u t th e  UK and Europe (M e lo  e t al., 2013). The f irs t  o pe ra tiona l wave and tida l 

ene rgy fa rm s  are scheduled fo r  201 6 /1 7  in th e  UK (RenewableUK, 2013). By fa r, O ffshore 

W in d  Farms (OWFs) are th e  p ro m in e n t o ffsh o re  renew ab le  energy p ro d u c tio n  system s in 

Europe. Across 11 countries, a to ta l o f  2080 w in d  tu rb ines  in 69 OWFs w ere  fu lly  ope ra tiona l 

a t  th e  end o f 2013 (C orbetta  e t al., 2014). A to ta l capacity o f 6562 M W  o r 0.7 % o f Europe's
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e le c tr ic ity  consum ption  was genera ted  and is expected to  reach 3 G W  by 2015. W ith  56 % o f 

th e  insta lled  capacity, th e  UK is th e  leading co u n try  fo llo w e d  by D enm ark (19 %) and Belgium 

(9 %). By 2017, th e  o ffshore  w in d  fa rm  in dus try  is expected to  expand fu r th e r  to w a rds  

deepe r w aters  (A rapogianni and G enachte, 2013), crea ting  f lo a t in g  s truc tu res  in w a te r 

dep ths  exceeding 120 m (com pared to  an average dep th  o f  20 m a t present).

2. Offshore w ind farm s in the Belgian part o f the North Sea

The Renewable Energy D irective  2009/28 /E C  requires Belgium  to  reach a 13 % renew ab le  

energy co n trib u tio n  o f th e  fin a l ene rgy consum ption  by 2020. W ith  an es tim ated 

co n tr ib u tio n  o f  4 .1 % in 2011, Belgium  successfully m e t th e  f ir s t  in te rim  ta rg e t (Eurostat, 

2013). The im p le m e n ta tio n  o f  o ffsh o re  w in d  energy w ill vas tly  assist in achieving the  

renew ab le  energy ta rge ts  by 2020. The Royal Decree o f 20 D ecem ber 2000 (am ended by th e  

Royal Decree o f  17 M ay 2004) designated th e  o ffshore  w in d  fa rm  concession area (238 km 2) 

(Fig. 1) on th e  eastern side o f  th e  Belgian p a rt o f th e  N orth  Sea (BPNS) w h ich  has a to ta l 

surface area o f  3454 km 2. The spatia l po licy  fo r  OWFs in th e  BPNS has been im p lem en ted  

in to  th e  d ra ft o f  th e  Belgian M arine  Spatia l Plan (KoninkrijkBe lg ië , 2013). One area in th e  

BPNS w ill be specifica lly  o u tlin e d  fo r  dom a in  concessions concern ing  th e  cons truc tion  and 

e xp lo ita tion  o f  ins ta lla tions w h ich  genera te  renew ab le  energy fro m  w a te r, w in d  o r tides 

(covering  the  existing w ind  fa rm  concession area).

An overa ll p ro h ib itio n  on sh ipp ing  (inc lud ing  fish ing  vessels) has been im p lem en ted  w ith  a 

500 m  safety zone around every  o p e ra tio n a l o ffshore  w in d  fa rm . In 2014, Belgium  w ill have 

th re e  ope ra tiona l OWFs in th e  BPNS (C-Power, Belw ind phase I and N o rth w ind ) to g e th e r 

w ith  five  add itiona l g ran ted  dom a in  concessions (N o rth e r, Rentel, Seastar, N o rthw este r and 

M erm a id ). A t p resen t (m id 2014), a to ta l w in d  capacity o f  680 M W  has been insta lled . Table 

1 prov ides a tim e lin e  ove rv iew  o f  th e  co n s tru c tio n  phases o f th e  Belgian OWFs fro m  2008 -  

2014.

T a b le  1. T im e lin e  o f  th e  O ffshore  w in d  fa rm  in s ta lla tio n  in th e  Belgian p a rt o f  th e  N o rth  Sea

2008 2009 - 2010 2011 - 2012 2013 - 2014

6 g rav ity  based 
founda tions

55 m onopile  
founda tions

48 jacket 
founda tions

72 m onopile  
foundations

1 m onopile 
Demo tu rb ine

C-Power
(Thorntonbank)

Belw ind 
(Bligh Bank)

C-Power
(Thorntonbank)

N orthw ind
(Lodewijkbank)

Belw ind-Alstom  
(Bligh Bank)
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BPNS

N p fth w e s te r

B e lw in d

N o r t te f in d

R ente l

C -P o w e r

N o rth e r  A

2°40'0"E 3°0'0"E

2°40'0'‘E 3°0'0"E

Fig. 1 W in d  fa rm  concession area (red  area) in th e  Belgian p a r t  o f th e  N o rth  Sea. Three o ffshore  w ind 

fa rm s have been constructed (Y e llow  areas) on th e  T h o rn to n b a n k  (C -Power), Bligh Bank (Belw ind 

phase I) and Lodew ijkbank (N o rth w in d ). Tw o  p o w e r cables fro m  C -P ow er and Belw ind run to  th e  po rt 

o f O stend and Zeebrugge respective ly  (b lack lines). Five a d d it io n a l d o m a in  concessions have been 

gran te d  to  N o rthe r, Rentel, Seastar, N o rth w e s te r and M e rm a id  (B lue areas). W ind tu rb ines  are 

m arked as black do ts.

51°40'0"N 51 °40'0"N

The dom a in  concessions are g ra n te d  fo r  20 years, d iv id in g  th e  OWF ins ta lla tion  in to  th re e  

phases: th e  construc tion , o p e ra tio n a l and decom m iss ion ing  phase. The construc tion  phase 

lasts fo r  several m onths up to  a ye a r and m ain ly  invo lves  seabed p repa ra tion  w orks, the  

in s ta lla tio n  o f fou nd a tio n s  in to  th e  seabed, cable lay ing  b e tw e e n  th e  fo u n d a tio n s  and th e  

sho re  and in m ost cases th e  in s ta lla tio n  o f a sc o u r p ro te c tio n  system  around the  

fo u n d a tio n s . The main period o f  an OWF is th e  o p e ra tio n a l phase, w ith  th e  p roduction  o f  

w in d  e ne rgy  and th e  physical presence  o f  m any fo u n d a tio n s  on th e  seabed. W hen th e  

concession  ends a fte r 20 years, th e  fo u nd a tio n s , b lades and cables are rem oved during  th e  

decom m iss ion ing  phase.

F ou n d a tio n  types are m ain ly  se lec ted  accord ing to  th e  e n v iro n m e n ta l cond itions (e.g. w a te r 

d e p th  and sed im en t type ) to g e th e r  w ith  p roduc tion  and in s ta lla tio n  costs. W ith  a w a te r
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d e p th  be tw een  20 and 40 m, OWF deve lopers  used th ree  d if fe re n t  fo u nd a tio n  types in th e  

sandy sed im ents o f  th e  BPNS: g ra v ity  based, ja c k e t and m o n o p ile  fou nd a tio n s  (Fig. 2) each 

w ith  d iffe re n t (pre-) construction  re la ted  ac tiv itie s  such as d re d g in g  o r  p ile  driving.

•  G ravity  based founda tions (GBFs) are large, ho llow , co n c re te  founda tions , constructed 

onshore , tra n sp o rte d  to  o ffsh o re  loca tions  and p laced on  th e  seabed (Peire e t al., 

2009). The founda tions  are th e n  f ille d  w ith  sand fo r  b a lla s t and stabilisation. A scour 

(eros ion) p ro te c tio n  system  is placed a ro u n d  th e  fo u n d a tio n  consisting  o f a f ilte r  layer 

(crushed grave l) and an u p p e r a rm o u r laye r (quarried  rock). Before  construction, th e  

seabed is th o ro u g h ly  p repared  and d is tu rb e d  as d re d g in g  ac tiv ities  level o f f  th e  

seabed to  c rea te  fo u nd a tio n  p its  (B raban t and Jacques, 2010). Six GBFs were chosen 

du ring  a p ilo t  phase on th e  T ho rn to n b a n k  to  avoid th e  p ro d u c tio n  o f underw ater 

noise d u rin g  pile  driv ing ac tiv itie s  re la ted  to  o th e r fo u n d a tio n  types. The fo o tp r in t o f 

GBFs is re la tive ly  large, c rea ting  an a rtif ic ia l ree f e ffe c t and  p o te n tia l scouring a round 

th e  fo u n d a tio n .

® Jacket fo u n d a tio n s  are steel s truc tu re s  w h ich  consist o f  fo u r  legs. Slightly th inner p in - 

p iles are  d riven  in to  th e  seabed, w h ich  are  th e n  connected  to  th e  fo u r  steel legs o f  th e  

fo u n d a tio n . During th e  p ile  d riv in g  activ ities , s h o rt- te rm  underw ater noise is 

p roduced . No scour p ro te c tio n  system  has been app lied  around the ja cke t 

fo u nd a tio n s  in th e  BPNS as w a te r f lo w  can pass th ro u g h  th e  construction , leading to  a 

lo w  p ro b a b ility  o f  erosion. L im ited  seabed p re p a ra tion  a c tiv itie s  are carried o u t to  

rem ove loose sand dunes and level o f f  th e  surface (B rab a n t e t al., 2011). Jacket 

fo u n d a tio n s  w e re  chosen fo r  th e ir  fa s t p ro d u c tio n , eas ie r logistics and cost- 

e ffectiveness in com parison to  th e  GBFs b u t also th e ir  rob u s t s truc tu re  in com parison 

to  m on o p ile  foundations.

•  W ith  a s im p le  ins ta lla tion  and lo w  cost, m onop ile  fo u n d a tio n s  are th e  m o s t 

w idespread  in European w a te rs  cove rin g  76 % o f th e  ins ta lled  foundations (C orbe tta  

e t al., 2014), m ostly  in sha llow  w a te r  dep th s  (< 20m ). M on o p ile s  consist of steel p iles 

w h ich  are d riven  in to  th e  seabed and connected  to  th e  tu rb in e  through a tra n s itio n  

piece (B e lw ind , 2011), also p roduc ing  sh o rt- te rm  u n d e rw a te r noise. Erosion p its are  

backfilled  w ith  a scour p ro te c tio n  system . L im ited  seabed p repara tion  activities a re  

app lied  fo r  th is  construc tion  design and th e  fo o tp r in t  o f  m onop ile  foundations is 

sm a lle r b u t s till has the  p o te n tia l to  cause an a rtific ia l re e f e ffe c t and scouring.
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Fig. 2 Three foundation types present in the Belgian part o f  the North Sea, from  left to  right: gravity 

based, jacket and monopile foundations, adapted from Rumes et al. (2013).

3. OWF Environm ental m onitoring program m e in Belgium

The c o n s tru c tio n  and lo n g -te rm  presence o f  OW Fs raise concerns fo r  th e  m arine 

e n v iro n m e n t (Petersen and M a lm , 2006) as m any ha rd  substra te  cons truc tions  are being 

ins ta lled  in  n a tu ra lly  sandy hab itats . The re fore , a com pu lso ry  Belgian env iro n m e n ta l 

m o n ito r in g  p rog ram m e was established in 2005 (D egraer e t al., 2013a), co o rd in a te d  by the  

M arin e  Ecology and M anagem en t Section o f  th e  O pera tiona l D ire c to ra te  Natural 

E nv ironm en t (OD Nature, fo rm e rly  M anagem ent U n it o f  th e  N o rth  Sea M athem a tica l 

M ode ls, M U M M ) fro m  th e  Royal Belgian In s titu te  o f N atu ra l Sciences (RBINS). The 

p ro g ra m m e  prov ides Belgium  w ith  a fra m e w o rk  to  assess possible e n v iro n m e n ta l im pacts o f 

OWFs and su p p o rt po licy and deve lopers to  m itig a te  observed e ffec ts  (in case o f  severe 

dam age to  th e  m arine  e n v iro n m e n t) and in co rp o ra te  find ings  in to  th e  d e ve lo pm e n t o f 

fu tu re  OWFs (B rabant and Jacques, 2010). The m on ito r in g  p rog ram m e inc luded th e  d iffe re n t 

ecosystem  com ponen ts  to  cover th e  en tire  m arine e n v iro n m e n t as m uch as possible: the 

seabed b a th y m e try , w a te r tu rb id ity ,  u n d e rw a te r noise (p ile  d riv in g  and o p e ra tio n a l noise), 

m arine  m am m als  (e.g. h a rb o u r porpo ises and seals), h a rd -subs tra te  ep ifauna l organism s
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(b io fo u lin g ), seabirds, so ft-subs tra te  ep iben thos and fish , ha rd -su b s tra te  re la ted  fish (e.g. 

cod and po u ting ) and th e  so ft-subs tra te  m acroben thos w ere  m o n ito re d  by OD N ature , the  

research In s titu te  fo r  Nature  and Forest (INBO), th e  In s titu te  fo r  A g ricu ltu ra l and Fisheries 

Research (ILVO) and th e  M arine  B iology Research G roup o f G hen t U n ive rs ity  (D egraer e t al., 

2013a).

E ffects on th e  so ft-su b s tra te  m acroben thos a round OWFs in th e  BPNS w ere  assessed by firs t 

im p le m e n tin g  a base line  and large-scale (basic) m o n ito r in g  cove rin g  en tire  sandbanks w ith  a 

s tra tif ie d  random  sam pling  design. This design aims a t id e n tify in g  th e  seabed characteristics 

and in h a b itin g  m acro fauna w ith in  th e  d iffe re n t areas o f in te re s t re la tin g  to  th e  OWF 

co n s tru c tio n . The m o n ito r in g  p rog ram m e was in it ia te d  in  2005 w ith  th e  p re -im pac t, baseline 

s tudy  on th e  T ho rn ton b a n k . Up t i l l  now , baseline and large-scale s tud ies have been set up on 

th e  th re e  sandbanks (Thorn tonbank, Bligh Bank and Lodew ijkbank) w here  OWFs have been 

ins ta lled  (Table 2). For th e  large-scale m o n ito r in g , a Before A fte r  C ontro l Im pact (BACI) 

design is app lied  w h e re  th e  baseline o f  every sandbank is assessed p r io r  to  co n s truc tion  o f 

th e  OWFs and com pared  to  th e  sta te  o f th e  e n v iro n m e n t a f te r  th e  im pact (Sm ith e t al., 

1993). The design also includes a com parison be tw een  th e  im p ac te d  and c o n tro l sites which 

con ta in  s im ila r e n v iro n m e n ta l cond itions. A co n tro l s ite  was designated on a nearby 

sandbank (G oote  Bank) w h ich  con ta ins s im ila r e n v iro n m e n ta l cond itions  to  the  

T ho rn ton b a n k  (De M aersschalck e t al., 2005).

The second pa rt o f  th e  m on ito r in g  invo lved a ta rge ted , sm a lle r scale m on ito r in g  a round one 

g ra v ity  based fo u n d a tio n  on th e  T ho rn ton b a n k  in o rd e r to  unrave l ecological process-re la ted 

e ffec ts  induced by th e  cons tru c tio n  and presence o f  th e  hard substra te . Samples were 

chosen a long  de fined  distances and g rad ien ts  a round  th e  fo u n d a tio n  to  id e n tify  the  

p o te n tia l changing pathw ays.

The large-scale m on ito r in g  is s till on-go ing  b u t w ill experience recons ide ra tions during  2014 

to  op tim ise  th e  fu tu re  m on ito r in g  stra tegy in th e  BPNS (D egraer e t al., 2013b).

Tab le  2 . O v e rv ie w  o f th e  so ft-su b s tra te  m acro b e n th o s m o n ito rin g  carried  o u t by M a rb io l-U G e n t

Thorn tonbank (C-Power) Bligh Bank (Belw ind)
Lodew ijkbank
(N orthw ind)

2005 2008 - 2013 2010 - 2012 2008 2011 - 2013 2010 - 2012

Baseline study
Large-scale
m onito ring

Small-scale
m onito ring

Baseline study
La rge-scale 
m on ito ring

Baseline study
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4. The macrobenthos in the Belgian part o f the  North  Sea

M acroben thos  are organism s liv ing  in th e  seabed, re ta ined  on a 1m m  sieve, and m ainly 

consis ting  of po lychaetes (b ris tle  w orm s), sm all crustaceans (e.g. am ph ipods and isopods), 

ech inoderm s (e.g. s ta rfish ) and bivalves (Degraer e t a l., 2006). The m acroben thos plays an 

im p o rta n t ro le  in th e  m arine  tro p h ic  food  w eb  acting  as a fo o d  source  fo r  dem ersal fish 

species (B raber and De G roo t, 1973), crustaceans (Choy, 1986) and b irds (D egraer e t al., 

1999). By consum ing o rgan ic  m a tte r  in th e  seabed (deposit feeders  and predators) or 

f ilte r in g  p la n k ton  from  th e  w a te r co lum n (suspension feeders) th e  m acroben thos assists in 

th e  degrada tion  o f  o rgan ic m a tte r (Heip e t al., 1995). T oge the r w ith  th e  active  partic le  

rew o rk in g  o f sed im ents (b io tu rb a tio n ) and th e  enhanced so lu te  tra n s p o rt (b io -irriga tion ), 

th e  m acroben thos fa c ilita te s  th e  coup ling  o f n u trie n ts  be tw een  th e  seabed and th e  w a te r 

co lum n (ben th ic -pe lag ic  coup ling ) and m inera lisa tion  processes (Braeckm an e t al., 2014; 

B raeckm an e t al., 2010; Kristensen e t al., 2012; M eysm an e t al., 2006).

The d is tr ib u tio n  o f  m acro b e n th ic  com m un ities  is m a in ly  re la ted  to  th e  env ironm en ta l 

co n d itio n s  o f th e  area such as sed im en t typ e , hydrodynam ics, d e p th , fo o d  a va ila b ility  and 

te m p e ra tu re  (Creutzberg e t al., 1984; Degraer e t al., 2008; Snelgrove and B utm an, 1994; Van 

Hoey e t al., 2004; Vanaverbeke e t al., 2011). C onsequently, th e  m acroben thos have been 

w id e ly  used in m on ito r in g  s tud ies  as an ideal in d ica to r fo r  sed im en t d is tu rbance  (Van Hoey 

e t al., 2010; Ysebaert and H erm an, 2003) and are re la tive ly  easy to  sam ple. H ow ever, a good 

unders tand ing  o f  th e  na tu ra l va ria b ility  o f th e  m acrobenthos in a te m p o ra l and spatial 

co n te x t is essentia l (Kröncke, 2011; Reiss e t al., 2010; Van Hoey e t al., 2005, 2007b). Benthic 

ind ica to rs  such as th e  B en th ic  Ecosystem Q ua lity  Index (BEQI) are increasing ly  being applied 

as th e y  crea te  a rapid and sensitive  signal o f  change w ith in  th e  m acroben th ic  com m un ity  

(Van Hoey e t al., 2013).

In th e  BPNS, fo u r  sub tida l m acro b e n th ic  com m un ities  have been d is tingu ished , connected 

by tran s itio n a l species assem blages (Degraer e t al., 2003; Degraer e t al., 2008; Van Hoey e t 

al., 2004). The species rich  (N0: 30 species) and h igh ly abundan t (6432 ind m ‘2) A bra  a lba  -  

K urtie lla  b id e n ta ta  co m m u n ity  dom ina tes th e  coastal area (Fig. 3 B) w h ich  is characterised 

by fine  m uddy sands en riched  w ith  o rgan ic m a tte r (Van Hoey e t al., 2005). A  co-dom ina tion  

w ith  th e  M acom a  b a lth ica  c o m m u n ity  (Fig. 3 A) has been docum en ted  in th e  eastern coastal 

area o f th e  BPNS (Degraer e t a l., 2003; D egraer e t al., 2008), w h ich  is characte rised  by a low  

species richness (N0: 7 species) b u t a re la tive ly  high dens ity  (967 ind m '2). F u rthe r offshore, 

th e  N ephtys c irrosa  and O phelia  borea lis  -  G lycera lap idum  com m un ities  (Fig. 3 C +D) inhab it 

th e  areas w ith  m ed ium  to  coarse sands and are characterised by a lo w e r species richness 

(N0: 5 - 7  species) and abundance  (1 9 0 -4 0 2  ind r r f2) (Van Hoey e t al., 2004).
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Fig. 3 Predicted habitat su itab ility maps fo r the Macoma balthica  (A), Abra alba (B), Nephtys cirrosa 

(C) and Ophelia borealis comm unity (D) in the Belgian part o f the North Sea. Black: maximum 

modelled habitat suitability, Light grey: 0% habitat suitability and W hite: no environmental data or 

prediction beyond the range o f the model development data set, adapted from  Degraer et al. 

(2008).

S ituated in th e  eastern , o ffsh o re  p a rt o f  th e  BPNS, th e  m acro fauna l com m un ities  in th e  OWF 

concession area are h igh ly  he terogeneous b u t p rim a rily  characterised by th e  species poor, 

N ephtys c irrosa  and O phelia  borea lis  -  G lycera lap idum  com m un ities  (De M aersschalck e t al., 

2006). W ith  a m edian gra in  size be tw een  250 -  500 pm  (De M aersschalck e t al., 2006; 

Reubens e t al., 2009) th e  seabed is h igh ly  perm eable  (Vanaverbeke e t al., 2011; W ilson  e t al., 

2008). Perm eable sed im ents are characterised by s trong  advective  p o re -w a te r flow s 

(H uette l e t al., 1998) w h ich  oxygenate  th e  sed im ents and enhance n u tr ie n t m inera lisa tion  

(Ehrenhauss e t al., 2004a; Ehrenhauss e t al., 2004b; H ue tte l and Rusch, 2000; Rusch e t al., 

2006). W hen th e  p e rm e a b ility  o f  sed im ents decreases due to  se d im e n t re fin e m e n t, th e  

e ffic iency o f th e  m ine ra lisa tion  processes can reduce considerab ly (Ehrenhauss and H uette l, 

2004; Ehrenhauss e t al., 2004b). C overing ove r 70 % o f  th e  coastal w a te rs  and con tinen ta l
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shelves w o r ld w id e  (Emery, 1968), sandy sed im en ts  co n s titu te  an im p o rta n t p a rt o f the  

m arine  ecosystem .

5. Examples of anthropogenic pressures on the  m acrobenthic communities

G lobal pressures to  and im pacts  on th e  m arine e n v iro n m e n t (H alpern e t al., 2008) have led 

to  th e  im p le m e n ta tio n  o f  th e  W a te r F ram ew ork D irec tive  (WFD) 2000/60/EC  and the  

European M arine  S trategy F ram ew ork D irective  (MSFD) 2008/56/EC . The la tte r  was 

im p le m e n te d  to  create  and m a in ta in  a Good E nv ironm en ta l S tatus (GES) o f  th e  m arine 

ecosystem s in Europe by 2020 (EuropeanC om m ission, 2011). GES is de fined  as "th e  

e n v iro n m e n ta l status o f m arine  w a te rs  w he re  these  p rov ide  eco log ica lly d iverse and 

dynam ic  oceans and seas w h ich  are clean, hea lthy  and p ro duc tive  w ith  a susta inab le  use o f 

th e  m arine  e nv ironm en t, ensuring  th e  use by fu tu re  genera tions". In itia lly , m em b e r states 

have to  describe th e  cu rre n t s ta tus o f  th e ir  m arine  e n v iro n m e n t inc lud ing  physical, chem ical 

and b io log ica l characteristics to g e th e r w ith  an th ropogen ic  ac tiv ities  (BelgischeStaat, 2012). 

Aggregate  ex trac tion  ac tiv itie s , th e  d isposal o f  dredged m ate ria l and beam  tra w l fisheries 

have been th e  main a n th ro p o g en ic  ac tiv ities  in th e  BPNS d ire c tly  a ffec ting  th e  physical 

characte ris tics  o f  th e  seabed and th e re fo re  also a lte ring  th e  m acroben th ic  h ab ita t.

Since 1976, aggregate (sand and grave l) ex trac tion  ac tiv ities  have been p e rm itte d  in fo u r 

large areas (321 km 2) in  th e  BPNS (BelgischStaatsblad, 1969). The crea tion  o f  deep gu llies (10 

-  50 cm), increased tu rb id ity  and changing sed im en t gra in  size are docum ented  effects 

re la ted  to  ex trac tion  ac tiv itie s  (De Backer e t al., in press; D egrendele e t al., 2010). The 

m acroben thos  are d irec tly  a ffec ted  by th e  rem ova l o f  sed im ents, changing th e ir  abundance, 

d ive rs ity  and biomass. W ith  a dom inance  o f o p p o rtu n is tic  and fa s t-g ro w in g  species, 

m acro b e n th ic  com m un ities  in h igh stress areas such as th e  BPNS (strong cu rren ts  and 

fre q u e n t storm s) have adapted  to  repeated d isturbances and are capable o f recovering  from  

an a n th ropogen ic  d istu rbance  such as aggregate ex trac tion  a fte r 12 m on ths to  4  years (Boyd 

e t al., 2005; Desprez, 2000; N ew e ll e t al., 1998; van Dalfsen e t al., 2000).

M a in tenance  dredg ing w orks are regu la rly  ca rried  o u t a round harbours, th e  seaport o f 

Zeebrugge and th e  W este rn  S che ld t es tuary  (Van den Eynde e t al., 2013). Dredged m ate ria l 

is dum ped  a t specific assigned sites in th e  BPNS, d rastica lly  changing th e  m orp h o lo g y  and 

se d im e n t com position  (increased m ud co n ten t) o f  th e  seabed a round these sites (Du Four 

and Van Lancker, 2008). M ain  e ffec ts  to  th e  m acroben thos are re la ted  to  th e  buria l o r 

sm o th e rin g  o f  organism s a fte r d um p ing  and th e  long -te rm  im p ac t o f  th e  m od ified  physical 

h a b ita t (Lauw aert e t al., 2011).

F u rth e rm o re , beam  tra w l fishe ries  have a ffec ted  th e  seabed o f  th e  BPNS fo r  cen turies . The 

heavy tra w ls  p lough the  seabed to  a de p th  o f 3 -  6 cm, causing se d im e n t re-suspension and
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rem ova l o r damage to  non -ta rge ted , frag ile  b en th ic  organism s (Bergm an and Hup, 1992; 

Dayton e t al., 1995; Jones, 1992; Rabaut e t al., 2008).

W ith  th e  ins ta lla tion  o f OWFs, an add itio na l hum an im p ac t has been  in troduced  to  th e  BPNS 

since 2008. Due to  th e  na tu re  o f  th e  cons tru c tio n  activ ities, e ffe c ts  on th e  m acrofauna l 

com m un ities  w ith in  th e  su rround ing  so ft-subs tra te  are expected to  show  s im ila rities  w ith  

th e  physical d is tu rbance  associated to  aggregate ex trac tion  ac tiv itie s  and th e  d isposal o f 

d redged m ateria l. The cons truc tion , o p e ra tio n a l and decom m iss ion ing  phases o f th e  OWFs 

each create  specific pressures to  th e  b en th ic  e n v iro n m e n t (Gili, 2005; H iscock e t al., 2002; 

Petersen and M a lm , 2006). The ICES (In te rn a tio n a l Council fo r  th e  Exploration o f th e  Sea) 

W o rk in g  G roup on M arine  Benthal and Renewable Energy D eve lopm ents (WGMBRED) have 

sum m arised  these  d iffe re n t pressures fo r  th e  cons truc tion  and ope ra tiona l phases and 

d e te rm in e d  possible cause-e ffect re la tionsh ips  in th e  b en th ic  ecosystem : th e  ben thos can 

fu n c tio n  as 1) a b iogeochem ical reacto r, 2) a source o f b io d ive rs ity  and 3) a source o f  food 

resources fo r  h igher tro p h ic  levels (ICES, 2012, 2013). All b io tic  and ab io tic  processes related 

to  each o f th e  th re e  fu n c tion s  and a ffec ted  by th e  construc tion  and o p e ra tio n a l phase o f 

OWFs w ere id e n tifie d  and illu s tra te d  in th re e  d iffe re n t conceptua l figures. Figure 4 illustra tes 

th e  processes re lated to  th e  co n s truc tion  and o pe ra tiona l phase o f  OWFs and th e  cause- 

e ffe c t re la tionsh ips a ffec ting  th e  b iogeochem ica l reactions in th e  b e n th ic  ecosystem .

WGMBRED provides a clear o ve rv ie w  on w h ich  e ffec ts  can be expected du ring  th e  d iffe re n t 

phases o f renew ab le  energy co n s truc tions  in th e  BPNS. Effects re la ted  to  th e  (pre-) 

co n s truc tion  phase o f OWFs (inc lud ing  cable ins ta lla tions) la rge ly  depend on th e  insta lled 

fo u n d a tio n  type  and th e  in te n s ity  o f seabed p rep a ra tion  and d re d g in g /e x tra c tio n  activ ities 

(Van den Eynde e t al., 2010). G rav ity  based fou nd a tio n s  requ ire  in tense  seabed p repara tion  

ac tiv itie s  w h ich , in com parison  to  th e  aggregate ex trac tion  in dus try  can seriously  a ffe c t the  

seabed. As described p rev iously , th e  ex trac tion  o f  sed im ents w ill d ire c tly  rem ove inhab itan t 

m acroben thos and a lte r th e  sed im en t characte ris tics (g ranu lom e try ) o f th e  b e n th ic  hab ita t 

(Fig. 4, pa thw ay g), possibly changing th e  m acroben th ic  co m m u n ity  s truc tu re .

Ecological e ffec ts  d u rin g  th e  m uch longe r (> 20 years) o pe ra tiona l phase are m a in ly  re lated 

to  th e  physical presence o f  th e  hard subs tra te  fo u nd a tio n s  in a n a tu ra lly  sandy env iro n m e n t 

(H iscock e t al., 2002). F irstly, th e  co lon isa tion  o f th e  hard substra tes by ep ifauna l species 

such as mussels and cn idarians (De M esel e t al., 2013) can increase th e  food  a va ila b ility  to 

th e  su rround ing  so ft-subs tra te  m acroben thos due to  a depos itiona l f lo w  o f  faecal pe lle ts  and 

d e tritu s  (M aar e t al., 2009; Ysebaert e t al., 2009) w h ich  in its tu rn  cou ld  subs tan tia lly  a ffect 

th e  b iogeochem ical processes in th e  seabed (Fig. 4  research questions q2 &  q3). Secondly, 

m od ifie d  local hyd rodynam ic  co n d itio ns  o r  cu rre n t flo w s  (Fig. 4, pa thw ay n) can occur 

a round  these large fo u n d a tio n s  (A iro ld i e t al., 2005; Leonhard and Pedersen, 2005). W ith  the
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crea tion  o f  she lte red  areas o r even e rosion p its  a ro u n d  ce rta in  parts o f  th e  fo u n d a tio n , the  

s e tt le m e n t success o f  m acro b e n th ic  larvae cou ld  be fa c ilita te d  (Fig. 4, pa thw ay m). 

F u rth e rm o re , changing hydrodynam ics can a lte r  sed im en to log ica l characte ris tics (Hiscock e t 

al., 2002; Leonhard and Pedersen, 2005; S ch röder e t al., 2006), c rea ting  an adapted 

m a cro b e n th ic  co m m u n ity  to  these  changed sed im en ts  (Fig. 4, pathw ays i &  h). The ex ten t o f 

hyd rodynam ic  change w ill also w id e ly  depend on th e  insta lled  fo u n d a tio n  type . The large 

g ra v ity  based fou nd a tio n s  w ill,  fo r  exam ple , se rious ly  decrease cu rre n t flo w s  com pared to  

open ja c k e t founda tions .

Activity

C on stru otion 
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D re dg ing  and 
d isposa l

I  C ab le  laying

O p era tio na l 1/1 s tructures 

p h a se  ^
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J  Hydrod iinamics T

Artific ia l hard Natural
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Oxgen depletion 
&H,S

qS
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Fig. 4  One o f th re e  conceptua l figu res rep resen ting  th e  a b io tic  and b io tic  processes du ring  the 

co n s tru c tio n  and opera tiona l phase o f  OWFs w h ich  are linked to  th e  b iogeochem ica l reactions in the 

b e n th ic  ecosystem . Letters ind ica te  th e  d iffe re n t research questions and can be consu lted  in the  ICES 

W GMBRED R eport (2013).

T hro u g h o u t th e  20 year o p e ra tio n a l phase, a p ro h ib itio n  to  beam tra w l fishe ries  has been 

im p le m e n te d  w ith in  th e  Belgian OWFs. This w ill create  a large and un ique  no -take  fishery 

area fo r  th e  BPNS a llow ing  to  d e te rm in e  to  w h a t ex ten t th e  m acro fauna l co m m u n itie s  could 

recove r fro m  years o f tra w lin g  im pacts. Species h igh ly  vu lne rab le  to  beam  tra w l activ ities, 

such as s lo w  g row ing  and frag ile  ech inoderm s, bivalves and tu b e  bu ild ing  polychaetes 

(Bergm an and Hup, 1992; Kaiser and Spencer, 1996; Kröncke, 2011) w ill be p rov ided  w ith
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s u ffic ie n t tim e  and space to  p o te n tia lly  increase in abundance and s low ly  crea te  dense, rich 

patches (D efew  e t al., 2012; Kröncke, 2011).

F u rth e rm o re , th e  po ten tia l changes in se d im en to log ica l cha racte ris tics  and m acroben th ic  

c o m m u n ity  s tru c tu re  and com p lex ity  cou ld  a ffe c t th e  b e n th ic  ecosystem  fu n c tion in g  by 

a lte rin g  b iogeochem ica l processes (e.g. ben th ic -pe lag ic  coup ling ) and tro p h ic  in te rac tions  in 

th e  m arine  fo o d  w eb  (D annheim  e t al., 2014).

E ffects re la ted  to  th e  decom m ission ing  phase o f th e  OWFs have n o t been discussed in th is  

thesis  as th e  ac tiv ities  re lated to  th is  phase have been d e te rm in e d  bu t could s till be changed 

a t th e  end o f  th e  o pe ra tiona l phase. The observed e ffec ts  o f  OWFs th ro u g h o u t th e  

o p e ra tio n a l phase w ill m ost like ly  d e te rm in e  th e  e x te n t o f rem ova l as subsurface s tructu res 

cou ld  be le ft in  place. N evertheless, e n v iro n m e n ta l e ffec ts  o f  th e  decom m iss ion ing  phase 

w ill p ro b a b ly  be com parab le  to  th e  e ffec ts  docu m e n te d  d u rin g  th e  co n s tru c tio n  phase.

6. W id er changes to  th e  marine benthic landscape

So fa r, env iro n m e n ta l m on ito r in g  p ro jec ts  w e re  o n ly  able to  focus on s h o rt- te rm  and sm all- 

scale research a round one fo u n d a tio n  o r  w in d  fa rm  (Coates e t al., 2014; Degraer e t al., 

2013b; L indeboom  e t al., 2011; Reubens e t al., 2011; S chröder e t al., 2006; W ilhe lm sson and 

M a lm , 2008; W ilhe lm sson e t al., 2006). T here  is a g rea t lack o f  know ledge  on how  th e  

d e v e lo p m e n t o f  OWFs w ill a ffe c t th e  m arine  ecosystem  in th e  longer te rm  and on larger 

reg iona l scales such as w ith in  th e  com p le te  w in d  fa rm  concession zone in th e  BPNS o r a t the  

scale o f  th e  e n tire  N orth  Sea (Burkhard and Gee, 2012; W ilhe lm sson e t al., 2010).

N ext to  th e  seven approved dom ain  concessions in th e  BPNS w ith  th re e  o pe ra tiona l OWFs 

by 2014 (B rabant e t al., 2013), th e  UK and th e  N e the rlands are s im ila rly  increasing th e  

a m o u n t o f  OWFs insta lled  in th e  S outhern  B igh t o f  th e  N o rth  Sea (Fig. 5). In UK w aters  o f  th e  

S ou the rn  B ight, seven OWFs are o p e ra tio n a l o r  under co n s tru c tio n  (TheCrow nEstate, 2013) 

and a fu r th e r  large concession zone (East Anglia), w ith  several a d d itio na l OWFs, has been 

p lanned. T w o OWFs are ope ra tiona l in Dutch w a te rs  (Prinses Am alia  and Egmond aan Zee) 

(L indeboom  e t al., 2011) to g e th e r w ith  an add itio na l tw e lve  g ran ted  dom ain  concessions 

(R ijksoverhe id  Nederland). A t th e  end o f  2013, Belgium  had an insta lled  capacity  o f 571 M W , 

th e  UK had a capacity o f 3681 M W  and th e  N e therlands 247 M W  (C orbe tta  e t al., 2014). 

France has n o t com m issioned any OWFs in th e  S ou the rn  B ight o f th e  N o rth  Sea ye t b u t is 

p lann ing  several OWFs fu r th e r  south in th e  English Channel.

W ith  a fu r th e r  expansion o f OWFs in m os t European countries , th e  N o rth  Sea w ill soon 

becom e a m osaic o f num erous OWFs (Fig. 6). C reating com p lex  hab ita ts , th e  cons truc tion  o f 

OWFs can lead to  unknow n cum u la tive  e ffec ts  in th e  m arine  ecosystem  (Gili, 2005).
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Fig. 5 Map o f the Southern Bight o f the North Sea w ith  offshore w ind farms operational (green), 

under construction (yellow), consent authorised (red), early planning (light pink), consent application 

subm itted (dark pink) ©4coffshore.com

T here  is a lim ite d  unders tand ing  on how  m arine organ ism s respond to  changes in th e  spatial 

co n fig u ra tio n  o f  th e ir  h a b ita t (B ostrom  e t al., 2011). T he re fo re , th e  m ulti-sca le  ecology o f 

species and co m m u n itie s  has been addressed in th e  m arine  e n v iro n m e n t by app ly ing  the  

w e ll-s tu d ie d  te rre s tr ia l landscape eco logy and th is  m a in ly  in s tud ies concern ing  sea grass 

m eadow s (B ostrom  et al., 2011; P ittm an e t al., 2011; Turne r, 2005). Derived fro m  th e  th e o ry  

o f  island b iogeography (M a cA rth u r and W ilson, 1967), a landscape is de fined  as "an  area o f 

land co n ta in ing  a m osaic o f  h a b ita t patches, o fte n  w ith in  w h ich  a p a rticu la r 'fo ca l' o r 'ta rg e t' 

h a b ita t pa tch  is e m b e d d e d " (D unn ing  e t al., 1992). In te rm s  o f  OWFs, th e  enclosed, com plex 

h ab ita ts  w ith in  th e  concession areas w ill rep resen t th e  foca l patches, su rrounded  by the  

hom ogenous so ft, sandy se d im e n t (m a trix ) (Fig. 6). Various eco log ica l processes, re lated  to  

th e  spatia l co n fig u ra tio n  o f  landscapes, have been exp lo red , m ain ly  concern ing  the  

fra g m e n ta tio n  o f  sea grass m eadow s in th e  m arine e n v iro n m e n t. The patch size, boundary 

shape, co m p le x ity  and iso la tion  (B ostrom  e t al., 2011) w ill a ffe c t ecologica l processes such as 

p re d a to r-p re y  dynam ics (food  w e b  in te rac tions) and m ovem ents  o f  organism s (Hovel and 

Lipcius, 2001; Irland i e t al., 1995; M ich e li and Peterson, 1999). Landscape co rrido rs  betw een 

patches can fa c ilita te  la rva l d ispersal (Tew ksbury e t al., 2002), c rea ting  a stepp ing  stone 

e ffe c t be tw e en  OWF areas.
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Fig. 6 Conceptua l fig u re  o f th e  m u ltip le  scales re la ted to  th e  co n s truc tio n  o f OWFs w ith  the  sm allest 

scale a round  one fo u n d a tio n  to  the  larger scale w ith  a m osaic o f  d iffe re n t concession areas in  the  

N o rth  Sea.

G eograph ic In fo rm a tio n  Systems (GIS), rem o te  sensing and c o m p u te r m ode ls have s ta rte d  to  

address th e  large-scale ecologica l pa tte rn s  to  assist in th e  m anagem ent o f  m arine 

ecosystem s (B urkhard  and Gee, 2012; Burkhard e t al., 2011; D egraer e t al., 2008; 

V a n h e lle m o n t and Ruddick, 2014; V e rfa illie  e t al., 2006). The p ro d u c tio n  o f  b en th ic  hab ita t 

maps and re m o te  sensing im agery  o f  coastal system s w ill la rge ly  fa c ilita te  th e  app lica tion  o f 

landscape eco logy in the  m arine e n v iro n m e n t (P ittm an  e t al., 2011). V an h e lle m on t and 

Ruddick (2014) illu s tra te d  large cu rre n t p lum es beh ind  every fo u n d a tio n  o f  th e  London Array 

and T hane t OWFs in th e  UK by app ly ing  rem o te  sensing im agery. W ith  a spatia l e x te n t o f th e  

p lum e  up to  10 km, th is  is a f irs t  step in unders tand ing  how  suspended m a tte r in th e  w a te r 

co lum n  cou ld  be a lte red  on a large-scale in OWFs. In co m b in a tio n  w ith  in -fie ld  research, 

these  techn iques  can enhance o u r  unders tand ing  o f  th e  changing ecological processes 

a round  OWFs a t d if fe re n t spatia l scales.

A fe w  m ode l s tud ies  have illu s tra te d  d iffe re n t eco log ica l scenarios fo r  OWFs w ith  the  

possib le  e vo lu tio n  fro m  heterogeneous, com plex ecosystem s a t a sm all-scale (fou n d a tio n  or 

OWF level), to  a la rger scale ecologica l reg im e s h ift (ab ru p t change) w ith  increased 

ecosystem  fu n c tio n s  (Burkhard and Gee, 2012). The fin a l o u tcom e  w ill h igh ly  depend on the 

h a b ita t co n n e c tiv ity  be tw een  OWFs and th e  landscape co n fig u ra tio n . The id e n tif ic a tio n  o f 

seascape co n fig u ra tio n  th resho lds  w ill be im p o rta n t fo r  th e  fu tu re  m anagem ent o f  OWFs, in 

o rd e r to  avo id  th e  m ode lled  reg im e shifts o f  th e  m arine  ecosystem  (P ittm an  e t al., 2011) and 

preserve  a G ood E nv ironm en ta l Status w ith in  th e  MSFD fra m e w o rk  by m ain ta in ing  

b io d ive rs ity  by 2020. The app lica tion  o f  b e n th ic  ind ica to rs  in m on ito r in g  stud ies can fu rth e r 

assist in id e n tify in g  th re sh o ld  levels fo r  th e  b en th ic  system  (Van Hoey e t al., 2010).
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7. The PhD research

•  Objectives

This PhD research was p e rfo rm e d  w ith in  th e  fra m e w o rk  o f  th e  e n v iro n m e n ta l m on ito rin g  

p rog ram m e concern ing th e  e ffec ts  o f  O ffshore  W ind  Farms (OWFs) on th e  m arine 

e n v iro n m e n t (Degraer e t al., 2013a) in th e  Belgian Part o f  th e  N o rth  Sea (BPNS). The OWF 

concession area s itua ted  in th e  eastern p a rt o f th e  BPNS is m a in ly  characterised by 

perm eable , sandy sed im en ts  w ith  a re la tive ly  species poor m acroben th ic  com m un ity . The 

co n s truc tion  o f  num erous hard substra tes in a sandy, re la tive ly  hom ogenous, env iro n m e n t 

such as th e  N o rth  Sea can cause changes to  th e  m acroben th ic  co m m u n ity . W ith  data 

co llec ted  up u n til 2012 (Table 2, red box), th is  PhD research covers th e  f irs t  phase o f  the  

m acroben th ic  survey a round  OWFs on th e  T ho rn ton b a n k  and Bligh Bank in th e  BPNS. The 

m on ito r in g  da ta  o f th e  Lodew ijkbank have n o t been discussed in th is  thesis.

Both th e  large-scale m on ito r in g  and th e  process-re la ted ta rge ted  m on ito r in g  have provided 

us w ith  th e  o p p o rtu n ity  to  investiga te  th e  firs t env iro n m e n ta l changes w ith in  th e  so ft- 

substra te  m acroben th ic  co m m u n itie s , re la ted  to  th e  co n s truc tion  and o p e ra tio n  o f  OWFs at 

d iffe re n t spatia l scales.

The ob jectives o f  th is  PhD research are re la ted  to  e ith e r th e  co n s tru c tio n  o r ope ra tiona l 

phase o f th e  OWFs in th e  BPNS and th e  response o f th e  m acroben thos and seabed 

characte ris tics to  these ac tiv itie s . The th re e  m ain ob jec tives o f  th is  PhD thesis  are:

a) To d is tingu ish  th e  na tu ra l, te m p o ra l va ria b ility  o f  m acroben th ic  com m un ities  in

sandy, pe rm eab le  sed im ents fro m  any an th ropogen ic  re la ted  fluc tu a tio n s  

th ro u g h  a lo n g -te rm  analysis on data co llec ted  on th e  T ho rn ton b a n k  and the  

re fe rence  bank (G oo te  Bank). Flow capable are these  co m m u n itie s  to  recover 

fro m  th e  cons tru c tio n  ac tiv ities  re la ted  to  OWFs?

b) To id e n tify  i f  th e  exclusion o f fishe ries  w ith in  OWFs a ffec ts  th e  m acrobenthos

du ring  th e  f irs t  years o f  th e  o pe ra tiona l phase o f  an OWF on a large-scale.

c) To unravel changes to  th e  m acroben th ic  co m m u n ity  and sed im ento log ica l

characte ris tics  on a sm all spatia l scale (in th e  d ire c t e n v iro n m e n t o f  one 

fo u n d a tio n ) and d e te rm in e  how  th e  observed sm all-scale changes cou ld  a ffec t 

m ine ra lisa tion  processes in th e  seabed.

W ith  an expansion fro m  th re e  to  e igh t OWFs in th e  BPNS, th e  conduc ted  research 

p e rfo rm e d  fo r  th is  PhD thes is  w ill c o n tr ib u te  to  im prove  fu tu re  m o n ito r in g  s trateg ies o f 

o ffsh o re  renew ab le  energy d eve lopm en ts  in Belgium. The baseline know ledge a tta ined  on 

th e  e ffec ts  OWFs en force  on th e  so ft-se d im e n t m acroben thos d u rin g  th e  f ir s t  years a fte r
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cons truc tion  can be fu r th e r  app lied  to  op tim ise  m on ito r in g  p rog ram m es in o th e r  European 

coun tries  and regions w ith  sandy coastal sh e lf seas. W ith  a focus on bo th  sm a ll- and large- 

scale e ffects, th e  resu lts docum en ted  in th is  thesis w ill fo rm  a re fe rence  p o in t in analysing 

cum u la tive  e ffec ts  o f d if fe re n t OWFs in th e  N o rth  Sea a fte r  a lo n g e r te rm .

•  Outline o f the PhD thesis

This PhD thesis is a co m p ila tio n  o f  d iffe re n t research artic les, apa rt fro m  th e  general 

in tro d u c tio n  and discussion, w h ich  have been pub lished, su b m itte d  o r in p repa ra tion  fo r  

subm ission to  a sc ien tific  pee r-rev iew ed  jo u rn a l. Each ch a p te r can be read as an 

independen t u n it w h ich  has led to  an overlap  be tw een  certa in  sections ( in tro d u c tio n  and 

discussion) o f  d if fe re n t chapters. The c ited  lite ra tu re  o f  all chap te rs  can be re trieved  in th e  

re fe rence  lis t a t th e  end o f th is  thesis. All chapters have th e  PhD cand ida te  as f irs t  au thor.

In chapters 2 - 4  th e  data fro m  fie ld  samples o f th e  so ft-se d im e n t m acroben thos in and 

a round th e  OWFs on a sm all- and large-scaled area w e re  analysed. In th is  thesis, th e  te rm  

'la rge-sca le ' was app lied  fo r  one OWF (app rox im a te ly  21 km 2) and 'sm all-sca le ' fo r  research 

pe rfo rm ed  a round one fo u n d a tio n . Chapter 5 was achieved fro m  a la b o ra to ry  based benth ic  

cham ber experim en t.

In Chapter 2, a lon g -te rm  da ta  analysis based on bo th  h is to rica l data and data re la ted  to  the  

cons truc tion  o f  OWFs was ca rried  o u t. The h is to rica l data was acqu ired fro m  th e  MACRODAT 

database o f th e  M arine  B io logy Research G roup (G hent U n ivers ity) to g e th e r w ith  data 

p rov ided  by th e  ILVO -B ioenvironm enta l Research G roup. Large-scale e ffec ts  re la ted  to  th e  

cons truc tion  ac tiv ities  o f six g ra v ity  based fou nd a tio n s  (GBFs) on th e  T h o rn ton b a n k  w ere 

exp lo red . Firstly, a lon g -te rm  analysis (1980 -  2012) was app lied  on data co llec ted  on the  

T ho rn ton b a n k  and th e  re fe rence  sandbank (G oote Bank) to  d is tingu ish th e  na tu ra l, te m p o ra l 

v a ria b ility  o f th e  m acro b e n th ic  co m m u n ity  fro m  any an th ropogen ic  re la ted  flu c tu a tio n s . The 

Benth ic Ecosystem Q u a lity  Index (BEQI) was assessed as an in d ica to r to  d e te rm in e  th e  

env iro n m e n ta l s ta tus o f  th e  so ft sed im en t m acrobenthos. This p a p e r was su b m itte d  to  a 

specia l issue o f  H yd rob io log ia  as: Coates D.A., Van Hoey G., Colson L., Vincx M . and  

Vanaverbeke J. Rapid m acro b e n th ic  recovery a fte r  construc tion  ac tiv itie s  o f  an o ffshore  w ind  

fa rm  in the  Belg ian p a r t  o f  th e  N o rth  Sea on a large-scale.

Chapter 3 discusses th e  large-scale exclusion o f beam  tra w l fisheries w ith in  an ope ra tiona l 

OWF w ith  55 m onop ile  fo u n d a tio n s  on th e  Bligh Bank. The m acroben th ic  co m m u n ity  w ith in  

th e  fish e ry  enclosed area o f  21 km 2 was com pared  w ith  a su rround ing  c o n tro l area tw o  to  

th re e  years a fte r  th e  co n s tru c tio n  o f th e  OWF. Regular fish ing  ac tiv ities  a round th e  OWF 

w ere  reg is te red  th ro u g h  Vessel M on ito r in g  System (VMS) da ta  by ILVO. This p a p e r has been 

su b m itte d  to  Fisheries Research as Coates D.A., Kapasakali D.-A., Vincx M . a n d  Vanaverbeke
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J. S ho rt-te rm  e ffec ts  o f  fis h e ry  exclusion in  o ffshore  w in d  fa rm s  on m a c ro fa u n a l com m unities  

in  the  Be lg ian p a rt o f  the  N o rth  Sea.

W ith  an increasing dem and fo r  OWFs in th e  N orth  Sea it  is im p o rta n t to  d e te rm in e  i f  and 

h o w  th e  m acroben th ic  co m m u n ity  is changing at d iffe re n t spatia l scales. In Chapter 4, a 

sm alle r scale (< 200 m) was exp lo red  by sam pling in close v ic in ity  to  one g rav ity  based 

fo u n d a tio n  (GBF) on th e  T ho rn ton b a n k  th re e  and fo u r  years a fte r  cons tru c tio n . A long fo u r 

g rad ien ts  and five  distances a round th e  GBF, th e  m acroben thos and th e  m ain  env ironm enta l 

characte ris tics  o f  th e  perm eab le , sandy sed im ents w ere  investiga ted . The resu lts o f  this 

ch a p te r have been pub lished  in  M a rin e  E nv ironm en ta l Research as Coates D.A., Deschutter 

Y., Vincx M . and  Vanaverbeke J. (2014) E nrichm en t and  sh ifts  in  m acro b e n th ic  assemblages 

in  an o ffshore  w in d  fa rm  area in the  Belg ian p a r t o f  the  N o rth  Sea. M a rin e  E nv ironm enta l 

Research. 9 5 : 1 - 1 2 .

To increase o u r know ledge on h o w  th e  a lte red  se d im e n t characte ris tics observed in Chapter 

4 cou ld  a ffe c t th e  ben th ic  ecosystem  fu n c tio n in g , an expe rim en ta l p ilo t s tudy  was carried 

o u t and docum en ted  in Chapter 5. T w o experim en ts  w e re  set up in b en th ic  chambers 

c o n ta in ing  th re e  sed im en t types w ith  a decreasing pe rm e a b ility . The f i lt ra t io n  capacity o f 

th e  th re e  sed im en t types was assessed by m easuring th e  w a te r p e n e tra tio n  dep th  a fte r 

a d d itio n  o f  a dye and by cou n ting  th e  reduc tion  o f d ia to m  cells (Skele tonem a costa tum ) in 

th e  w a te r co lum n during  a second expe rim e n t. A d d itio n a lly , sed im en t co m m u n ity  oxygen 

consu m p tio n  (SCOC) rates and n u tr ie n t fluxes w ere also m easured be fo re  and a fte r the  

a d d itio n  o f  th e  d ia tom  cells (organ ic m a tte r). The resu lts o f  Chapter 5 suggest th a t the  

redu c tio n  in sed im en t g ra in  size observed  in Chapter 4  cou ld  a lte r th e  b en th ic  ecosystem 

fu n c tio n in g  and in pa rticu la r th e  m ine ra lisa tion  processes o f  organic m atte r.

In C hapter 6, th e  results fro m  th is  PhD thesis  are discussed in a w id e r  ecologica l se tting , 

addressing th e  im portance  o f m a cro b e n th ic  research in o rd e r to  assist in unders tand ing  the  

changing m arine ecosystem  processes a round OWFs. From th e  ob ta ined  know ledge, 

recom m enda tions  are fo rm u la te d  fo r  fu tu re  m on ito r in g  a round  OWFs in Belgium  and fo r  the  

co lla b o ra tio n  be tw een European coun tries  in o rd e r to  address th e  w id e r spatia l landscape 

issues in th e  N o rth  Sea.
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CHAPTER 2

Exploring the  spatial and tem pora l variab il ity  o f  the  macrobenthos in 

and around an offshore w ind  farm  in the  Belgian part o f  the  North 

Sea: Indication o f  a rapid recovery a fte r construction activities

Paper s u b m itte d  to  a special issue o f  H ydrob io log ia  as

Coates D.A., Van Hoey G., Colson L., V incx M . and V anaverbeke  J. Rapid m acroben th ic  

re co ve ry  a fte r  cons truc tion  ac tiv ities  o f  an o ffs h o re  w in d  fa rm  in th e  Belgian p a rt o f the

N orth  Sea
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Chapter 2

Abstract

The d e ve lo pm e n t o f  o ffsh o re  w in d  fa rm s (OWFs) in th e  N o rth  Sea has increased 

cons ide rab ly  d u rin g  th e  past years to  co n trib u te  t o  a lte rna tives fo r  foss il fue l energy. 

A c tiv itie s  re la ted  to  th e  co n s truc tion  o f  OWFs and g rav ity  based fo u n d a tio n s  (GBFs) in 

pa rticu la r, are m a in ly  associated to  dredg ing  w hich cause d irec t e ffec ts  to  th e  m acro fauna in 

th e  su rro u n d in g  seabed. The se d im e n t characteristics and m acro fauna l assemblages before 

and a fte r  th e  co n s tru c tio n  (2005 -  2012) o f an OWF w ith  six GBFs on a sub tida l sandbank 

(Tho rn tonbank) in th e  Belgian p a rt o f  th e  N o rth  Sea w ere  stud ied  on a large-scale. W e 

d is tingu ished  n a tu ra l fro m  an th ro p o g en ic  re la ted f lu c tu a tio n s  in m acro fauna l com m un ities  

by analysing a lon g -te rm  da tase t (1980 - 2012) o f  b o th  th e  im pacted  (Thorn tonbank) and 

re fe rence  sandbank (G oote Bank). Both sandbanks a re  characte rised  by m ed ium , sandy 

substra tes (rang ing  fro m  331 ±  20 pm  to  410 ± 41 pm ) and a m acroben th ic  co m m u n ity  w ith  

a lo w  species abundance  (rang ing  fro m  180 to  812 ind  m '2) and d ive rs ity  (rang ing  fro m  6 to  

15 species pe r 0.1 m 2). S trong  te m p o ra l varia tions w e re  observed, re la ted  to  th e  variab le 

w e a th e r co n d itio ns  (cold w in te rs  and severe storm s) in th e  area. S ign ifican t d iffe rences  in 

m acroben th ic  co m m u n ity  com p o s itio n  w ere  observed due to  th e  ins ta lla tio n  o f  th e  OWF in 

th e  co n s truc tion  yea r (2008) fo llo w e d  by a rap id  recovery  fro m  2009 onw ards. These 

pa tte rns  w e re  also re flec ted  by th e  Benth ic Ecosystem Q ua lity  Index (BEQI). Even though  th e  

co n s truc tion  o f  OWFs creates a large physical d is tu rbance  to  th e  seabed, th e  m acroben th ic  

co m m u n ity  o f  these  dynam ic sed im ents have illu s tra te d  a fas t recovery po ten tia l.

Keywords

W ind  p o w e r - M a c ro b e n th ic  com m u n itie s  - Tem pora l v a r ia b il ity  - N o rth  Sea - Benth ic 
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1. Introduction

Renewable energy resources such as o ffshore  w in d , tid a l and cu rre n t e ne rgy  are w ide ly  

being deve loped in th e  m arine  env iro n m e n t as an a lte rn a tiv e  fo r  fossil fue ls. In N o rth -w e s t 

Europe, th e  d e ve lo pm e n t o f  o ffsh o re  w ind  farm s (OW Fs) has escalated d u rin g  th e  past 

decade w ith  69 com m issioned OWFs across 11 cou n trie s  (C orbe tta  e t al., 2014). The 

ecologica l im pacts  on th e  na tura l processes and s u rro u n d in g  m acroben th ic  b io d ive rs ity  on a 

large-scale and lon g -te rm  are hard to  de term ine  a t th is  p o in t in tim e  as m any stud ies have 

o n ly  been able to  focus on s h o rt- te rm  o r  small-scale e ffe c ts  (Bergström  e t al., 2012; Coates 

e t al., 2014; Leonhard and Pedersen, 2005; L indeboom  e t al., 2011).

During th e  (pre -) cons truc tion  phase o f  an OWF, d ire c t im pacts  are en fo rced  on th e  seabed 

accord ing to  th e  chosen fo u n d a tio n  typ e  (Hiscock e t a l., 2002). D rilling  o r p ile -d riv ing  are 

m ain ac tiv itie s  d u rin g  th e  ins ta lla tio n  o f m onop ile  fou nd a tio n s  w ith  lim ite d  seabed 

p repa ra tion  w orks, w h ile  in tense  dredging ac tiv itie s  are necessary fo r  g ra v ity  based 

fo u n d a tio n s  (GBFs). Due to  th e  na tu re  o f these c o n s tru c tio n  activ ities , e ffec ts  on the  

m acro fauna l com m un ities  w ith in  th e  surround ing  s o ft substra te  can be re la ted  to  the  

physical d is tu rbance  associated to  aggregate e x tra c tio n  activ ities . A d irec t e ffe c t o f m arine 

aggregate ex trac tion  on m acroben th ic  assemblages is th e  rem ova l o f  sed im en ts  leading to  a 

decreased abundance, d ive rs ity  and biomass o f  ben th ic  organism s in dredged areas (Boyd e t 

al., 2003; Desprez, 2000; N ew ell e t al., 1998). D redg ing activ ities also crea te  a sed im en t 

p lum e th ro u g h  th e  re-suspension o f  f in e r  partic les , p o te n tia lly  clogg ing th e  g ills  o f 

suspension-feed ing  organism s. M any stud ies have docu m e n te d  a fast re -co lon isa tion  a fte r 

cessation o f  d redg ing , w ith  an increase o f sho rt-lived  (lifespan o f 1-2 years) o p p o rtu n is tic  

species such as m ob ile  bivalves (e.g. Tellina  sp.) and po lychaetes (e.g. C ap ite lla  sp., Spio sp. 

and Spiophanes bom byx), causing sh ifts  in th e  m acro fauna l co m m u n ity  com pos ition  

(Desprez, 2000; N ew ell e t al., 1998; van Dalfsen e t a l., 2000). How ever, fu ll recovery, in 

te rm s  o f abundance and d ive rs ity , o f  th e  in it ia l long -lived  (lifespan o f  3 -1 0  years) 

m acro b e n th ic  c o m m u n ity  can take  fro m  12 m on ths up to  4 years (Desprez, 2000; N ew ell et 

al., 1998). The recove ry  ra te  is how ever closely re la ted  to  th e  du ra tio n  and in te n s ity  o f  th e  

ex trac tion  a c tiv ity  (Boyd e t al., 2005; Boyd e t al., 2003). A dd itio n a lly , m acro fauna liv ing  in 

high stress areas w ith  s trong  cu rren ts  and s to rm  d is tu rbances such as th e  N orth  Sea are 

a lready n a tu ra lly  adapted to  change, leading to  a m ore  e ff ic ie n t and rap id  recovery  o f  th e  

co m m u n ity  a fte r  an th ro p o g en ic  d istu rbance  (Bonne, 2010; Desprez, 2000; Foden e t al., 

2009; Kenny and Rees, 1996; Vanosm ael and Heip, 1984). Long-term  da tase ts are th e re fo re  

p re requ is ites  in e n v iro n m e n ta l m on ito r in g  stud ies to  gain know ledge on th e  natura l 

e vo lu tio n  o f m acro b e n th ic  com m un ities  and to  d is tingu ish  th e m  from  flu c tu a tio n s  caused by 

an th ro p o g en ic  a c tiv itie s  such as dredg ing  (Frojan e t a l., 2008), bu t a lso c lim a te  va ria b ility  

(Kröncke e t al., 1998) o r e u tro p h ica tio n  (Pearson and Rosenberg, 1978). Tho rough  analysis
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o f  m on ito r in g  data is necessary to  unrave l th e  de ta iled  pa tte rns  and cause-e ffect 

re la tionsh ips. However, to o ls  th a t  p rov ide  a fas t and easy to  ca lcu late signal o f  th e  occurring 

changes have becom e essentia l in e n v iro n m e n ta l im p a c t assessment (EIA) processes and 

m anagem ent guidance. T he re fo re , in d ica to r too ls  (e.g. BEQI, Benth ic Ecosystem Q ua lity  

Index), accom panied by th resho lds  levels, w e re  deve loped to  assess th e  degree o f 

a n th ropogen ic  im pacts and th e  e n v iro n m e n ta l s ta tus  o f th e  so ft se d im e n t m acrobenthos 

(Van Hoey e t al., 2013).

Six GBFs w ere  construc ted  on a su b tid a l sandbank (T h o rn to n b a n k ) in th e  Belgian p a rt o f th e  

N o rth  Sea (BPNS) in th e  f irs t  h a lf o f  2008. P re -cons truc tion  ac tiv ities  inc luded  seabed 

p repa ra tion  w ith  sh o rt- te rm  b u t in tense  dredg ing in areas in and a round th e  concession 

zone (M e rken , 2008; Peire e t al., 2009). The OWF was expanded du ring  a second 

co n s truc tion  phase in 2011 w ith  th e  ins ta lla tio n  o f 48 ja cke t fou nd a tio n s  w h e re  activ ities 

w ere  m ain ly  lim ite d  to  d rillin g  and p ile -d riv ing . In th is  s tudy, w e analysed th e  m acroben th ic  

co m m u n ity  on the  T ho rn ton b a n k  and a nearby sandbank (G oote Bank) fro m  1980 -  2012. 

The long te rm  da tase t helps d is tingu ish  na tura l flu c tu a tio n s  fro m  any co n s truc tion  e ffec ts  on 

th e  m acroben th ic  co m m u n ity  on a large-scale. C om m u n ity  descrip to rs such as abundance, 

d ive rs ity  and species co m p o s itio n  w e re  analysed ove r 32 years to  characte rise  the  

m acrofauna and its  na tu ra l e v o lu tio n  on bo th  sandbanks. Follow ing  th e  BEQI index 

a lg o rith m , th e  degree o f change to  th e  ben thos, caused by th e  co n s truc tion  o r ope ra tion  o f 

th e  OWFs, was eva luated based on a com parison  o f th e  ben th ic  characte ris tics be tw een  the  

im pact and c o n tro l areas o f  th e  T ho rn ton b a n k  and G oo te  Bank. The m ain hypo thes is  o f  th is  

s tudy  is fo rm u la te d  as: A n y  c o n s tru c tio n  e ffec ts  en fo rced  upon th e  m acroben thos w ill 

rap id ly  be suppressed due to  th e  fas t recovery p o te n tia l o f  th e  m acroben th ic  com m un ity . 

The te rm  're co ve ry ' is app lied  in th is  s tudy  as th e  re -es tab lishm en t (re s to ra tio n ) o f  the  

m acro fauna l co m m u n ity  and sed im en ts  a fte r  co n s tru c tio n  to g e th e r w ith  th e  lack o f 

d iffe re n ce  in  te m p o ra l change o f th e  b io log ica l variab les a t th e  im p ac t s ite  re la tive  to  the  

re fe rence  sites (Boyd e t al., 2003; W ilson , 1998).

2. M ate ria l and methods

2.1. Study area

The T ho rn ton b a n k  and G oo te  Bank are  s itua ted  in th e  eastern  pa rt o f  th e  BPNS and belong 

to  th e  Zeelandbanks w hich are s itua ted  para lle l to  th e  coastline  (N ortheast o rie n ta tio n ) at a 

d istance o f 15 -  30 km o ffsh o re  (Fig. 1). Crests are b e lo w  10 m  MLLWS (M ean Lowest Low 

W a te r Spring Level) (Dew icke e t al., 2003) and th e  sed im en ts  consist o f  m ed ium  sands w ith  a 

g ra in  size be tw een  250 and 500 p.m (De M aersschalck e t al., 2006). The T ho rn ton b a n k  is 

s itua ted  in th e  Belgian w in d  fa rm  concession zone w here  th e  f irs t  six GBFs w e re  construc ted  

in th e  f irs t ha lf o f 2008 and 48 ja c k e t s truc tu re s  in 2011 - 2012.
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Fig. 1 Upper map: Map o f the Belgian part o f the North Sea (BPNS) w ith the Belgian offshore wind 

farm concession zone (Red box) together w ith  the eastern and western concession zones o f the C- 

Power OWF (yellow boxes), power cable from  C-Power runs to  the port o f Ostend (black line). Map 

below: Six gravity based foundations (black dots) were constructed in 2008 in the western concession 

area (Tl W) o f the Thorntonbank, 48 jacket foundations (white circles) were constructed in 2011 in 

the  eastern and western concession areas. For the period 2005 -  2010, three reference areas on the 

Goote Bank (GC) and the Thorntonbank (TCI and TC2) were simultaneously sampled together w ith 

the  edges around the concession areas (TE).
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2.2. Historical data

Histo rica l m acro b e n th ic  abundance data was ava ilab le  fro m  th e  database MACRODAT 

co n ta in ing  all co llec ted  m acroben th ic  sam ples by G hen t U n ive rs ity  (M a rine  B io logy Research 

G roup) fro m  1976 to  p resent in co m b in a tio n  w ith  data p rov ided  by th e  ILVO- 

B ioenv iro n m e n ta l Research G roup. A ll data co llec ted  fro m  August to  N ovem ber on th e  

T ho rn to n b a n k  and G oote Bank w e re  se lected as m acro b e n th ic  densities are a t th e ir  h ighest 

fro m  th e  end o f  sum m er u n til la te  a u tum n . This resu lted  in a da tase t fo r  bo th  sandbanks in 

th e  years 1980, 1985, 1986 and 1998 w ith  a lim ite d  a m o u n t o f  s ta tions sam pled per 

sandbank and per yea r (Table 1).

Table 1. Number o f sampled stations on the Thorntonbank and Goote Bank from  1980 -  2012 fo r the 

historical and from  2005 -  2012 fo r the short-term  data in the  m onitoring areas: Thorntonbank 

control (TC 1 & 2), Thorntonbank Edge (TE) and western im pact area (Tl W).

Historical d a ta 198 0 1985 198 6 199 8 2 00 5 2008 200 9 2010 2012

Goote Bank 2 5 2 1 16 25 22 25 4

Thorntonbank 2 2 1 19 60 51 57 20 14

S h o rt-te rm  data 2 00 5 2 00 8 200 9 2010 2012

TCI 15 15 15 4 4

TC2 19 18 19 2 /
TE 15 12 13 12 10

TIW 11 6 10 2 /

2.3 . Short-term  data

Samples on th e  T ho rn ton b a n k  and G oo te  Bank w e re  co llec ted  w ith in  th e  fra m e w o rk  o f the  

w in d  fa rm  m o n ito r in g  p rog ram m e be tw een  2005 and 2012. The T ho rn ton b a n k  was d iv ided 

in to  c o n tro l (TC I and TC2), edge (TE) and w e s te rn  im p ac t (Tl W ) areas. Early 2008, th e  f irs t 

six GBFs w e re  construc ted  a t th e  w e s te rn  concession area and th e  48 jacke t founda tions , 

cons tru c te d  in  2012, w e re  insta lled  a t bo th  th e  eastern  and w e s te rn  concession areas. 

T he re fo re , th e  eastern concession area was analysed as a second c o n tro l area on the  

T ho rn ton b a n k  (TC2) up u n til 2010. The edge area (TE) was de fined  to  d e te rm ine  any edge 

e ffec ts  a round  th e  concession area o f  th e  OWF. A longside th e  co n tro l areas on the  

T h o rn to n b a n k . The G oote Bank was sam pled as a th ird  re fe rence  area as it  con ta ined  m ore 

o r less s im ila r physical characte ris tics o f  th e  seabed (De M aersschalck e t al., 2005).

Baseline sam ples w e re  ob ta ined  fro m  th e  RV Belgica du ring  au tum n  in 2005 (re ference 

yea r). In 2008, th e  f irs t  p re -co n s tru c tio n  samples w e re  o b ta ined  six to  e igh t m on ths a fte r 

in s ta lla tio n  o f  th e  GBFs and fro m  th e n  yea rly  up u n til 2012. Due to  th e  cons truc tion  o f jacke t
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fo u nd a tio n s , samples could n o t be ob ta ined  in 2011 and in 2012 no sta tions w ith in  the 

concession zones could be sam pled.

Samples w ere ob ta ined  by means o f a 0.1 m 2 Van Veen grab, s ieved a live over a 1m m  mesh 

sized sieve, fixed  in a 4 % fo rm a ld e h yde -se a w a te r so lu tio n  and co lou red  w ith  rose Bengal. 

A fte r  rinsing and sorting , organism s w e re  id e n tif ie d  to  species level and conserved in an 8 % 

neu tra lised  fo rm a ldehyde  so lu tio n . Biomass in te rm s  o f  ash free  d ry  w e ig h t (AFDW) was 

d e te rm in e d  fo r  every species per sam ple, e ith e r th ro u g h  a convers ion  fa c to r o f th e  w e t 

w e ig h t (Brey, 2001) o r by regression fac to rs  o f  th e  leng th  o r w id th . W hen n e ith e r conversion 

fa c to rs  no r regressions existed fo r  a ce rta in  species, AFDW  was de te rm in e d  by c rem ation . 

Samples w ere  d ried  fo r  48 h a t 60 °C and b u rn t in a m u ffle  fu rnace  fo r  2 h a t 550 °C; the  

AFDW  was then  ca lcu lated as th e  d iffe rence  be tw e en  th e  d ry  and ash w e igh t.

T h ro u g h o u t th e  m on ito rin g  p rog ram m e, e n v iro n m e n ta l data such as gra in  size d is tribu tio n  

and to ta l o rgan ic m a tte r co n ten t w e re  sam pled pa ra lle l w ith  th e  b io tic  data. A fte r  d ry ing  at 

60 °C th e  g ra in  size d is tribu tio n  was m easured on a subsam ple o f  th e  Van Veen grab w ith  a 

M a lve rn  M asters izer 2000G, hydro  vers ion  5.40 (laser d iffra c tio n  m ethod) (M a lve rn , 1999). 

G rain size frac tions  are given as vo lum e  percentages w ith  a range fro m  fine  clay (< 4 pm ) to  

coarse g rave l/she ll m ateria l (max. 2 m m ). The to ta l o rgan ic  m a tte r  (TOM) co n te n t was also 

d e te rm in e d  by app ly ing  fo llo w in g  equa tio n : TOM % = [(D W  -  AW ) /  (DW  - CrW )] x 100. The 

d ry  w e ig h t (DW) was de te rm ined  a fte r  48 h a t 60 °C and th e  ash w e ig h t (AW ) a fte r  2 h 

20 m in  a t 550 °C. Every used crucib le  was w e ighed  (CrW ) in o rd e r to  d e te rm in e  TOM %.

2 .4  Benthic indicator

The b en th ic  in d ica to r BEQI (Benth ic Ecosystem Q u a lity  Index, w w w .b e q i.e u ) adopts th e  

m u ltile v e l ecosystem  approach and consists o f  th re e  levels: 1) th e  level o f th e  w ho le  

ecosystem  (e.g. w a te r  body), 2) th e  subsequent level w ith  th e  d is tr ib u tio n  o f hab ita ts  and 3) 

th e  leve l th a t de term ines th e  ben th ic  hab ita t q u a lity  (Van Fioey e t al., 2007a). Level 3 o f 

BEQI, app lied in th is  study, eva luates th e  d iffe rence  in  ben th ic  pa ram eters  (density , biomass, 

n u m b e r o f  species and species com p o s itio n ) be tw e en  tw o  datasets (e.g. c o n tro l versus 

im pac t). Each p a ra m e te r is sensitive  to  d iffe re n t levels o f  stress. The d iffe rence  be tw een  the  

tw o  datasets (expressed as Ecological Q ua lity  Ratio, EQR) is scaled be tw een  0  and 1. W hen 

th e  EQR reaches a value be low  0.6, th e  d iffe re n ce  be tw een  th e  tw o  datasets (con tro l -  

im pac t) is unw an ted  and a de ta iled  analysis o f  th e  o u tcom e  is advised. In o rd e r to  pe rfo rm  a 

p ro p e r in d ica to r assessment o f  a possible im pact, th e  in fluence  o f th e  na tu ra l va ria b ility  in 

b e n th ic  characteristics on th e  in d ica to r o u tcom e  has to  be m in im ised . There fore , th e  

com pared  da tase ts in the  assessment design shou ld  have th e  same h a b ita t characteristics 

(such as sed im en t type , depth  region, etc.), th e  same tim e  period  (season, year) and con ta in  

enough samples to  ob ta in  a co n fid e n t assessment (Van Hoey e t al., 2010). The assessment
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con fidence  (s ta tis tica l pow er) o f each pa ram e te r is se p a ra te ly  scored w ith in  th e  BEQI too l, 

based on th e  p ro b a b ility  o f  crea ting  a Type II e rro r. Th is  depends on th e  va riance  in th e  data, 

th e  e ffe c t size and th e  choice o f  th e  significance leve l, w h ich  is set to  0.05 in th e  BEQI too l 

(Van Hoey e t al., 2010). The change in th e  b en th ic  h a b ita t q u a lity  in th e  im p ac t area Ti W 

w as d e te rm in e d  against th e  con tro l areas T C I and  GC, to g e th e r w ith  a separate 

cons ide ra tion  o f  th e  samples in th e  edge zones in each o f  those  areas (Tl WE, TC1E and GCE), 

to  in co rp o ra te  possib le d iffe rences be tw een  th e  to p  and  gu lly  (edge) o f  th e  sandbanks. To 

increase th e  assessment con fidence , th e  designs w e re  based on all data ( th re e  rep licates per 

s ta tio n ) ava ilab le  w ith in  each a re a /p e riod . The data f ro m  th e  T ho rn ton b a n k  and G oote  Bank 

c o n tro l zones w e re  analysed toge the r.

The accuracy o f  th e  BEQI assessment is based on th e  va ria b ility  w ith in  th e  da ta . O nly th e  

in d ica to r ou tcom es th a t scored m ode ra te  o r good in  s ta tis tica l p o w e r w e re  inc luded  in the  

resu lts . S ubsequently , an a p p ro p ria te  se lection o f  th e  c o n tro l da tase t is advised, as d iffe re n t 

c o n tro l data sam ples w ill have an in fluence  on th e  fin a l in d ica to r ju d g m e n t (Van Hoey e t al., 

2013). T he re fo re , d if fe re n t con tro l datasets w e re  app lied  in th is  s tudy, based on samples 

fro m  th e  c o n tro l areas o f  th e  same yea r (w ith in  yea r assessment), sam ples fro m  th e  area 

be fo re  2005 ( 'h is to r ic  da ta ') and samples fro m  th e  base line  sam pling (2005).

2.5 Data analysis

W ith  an unequa l se t o f rep licates ob ta ined  th ro u g h o u t th e  years, it  was op ted  to  se lect all 

f irs t  rep licates o f  every  s ta tio n  (Degraer e t al., 2008) to  o b ta in  a s tra tifie d  random  sampling 

design. The h is to rica l database (1980 - 2012) was sub jected  to  a data q u a lity  co n tro l w here 

taxa th a t w e re  n o t sam pled q u a n tita tive ly  (h yp e rb e n th o s  except b u rro w in g  mysids, 

m e ioben thos  and fish ) and ex trem e ly  rare taxa (de fin e d  as species w ith  a single occurrence 

and a m ax im um  o f th re e  ind iv idua ls) w e re  excluded fro m  th e  analysis. C erta in species w ere 

lum ped  to  genera o r fa m ily  leve l due to  incons is ten t species id e n tif ica tio n  th ro u g h o u t 

d if fe re n t s tud ies  (e.g. A n thozoa, A ric idea  sp., Callianassa  sp., C irra tu lidae  sp., Eteone  sp., 

M ag e lo n a  sp., Pseudocum a  sp. and Spio sp.). A fte r  th e  data co n tro l, a to ta l se t o f 328 

m acro b e n th ic  sam ples and 133 taxa was fu r th e r  used fo r  da ta  analysis fro m  1980 up to  

2012 .

From  2005 to  2012 th e  abundance  data fro m  th e  fiv e  d if fe re n t m on ito r in g  areas was also 

analysed sepa ra te ly , as biom ass and env iro n m e n ta l da ta  w e re  o n ly  ava ilab le  in th is  period. 

294 sam ples and 131 species w e re  fin a lly  inc luded  in th is  analysis. The n u m b e r o f  ind iv idua ls 

per m 2 (abundance) was d e te rm in e d  to g e th e r w ith  th e  species richness (N0) and Shannon 

W ie n e r d ive rs ity  index (H '). D om inan t species w e re  ca lcu la ted  fo r  all sam ples as species w ith  

a m ean c o n tr ib u tio n  o f m ore  than  15 % to  th e  m ean to ta l dens ity . Results are expressed as 

m ean ± standard  e rro r  (SE).
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The P lym ou th  R outines in M u ltiva r ia te  Ecological Research (PRIMER) p rog ram m e (version 

6 .1.6) was used fo r  s ta tis tica l analyses w ith  th e  PERMANOVA add-on so ftw a re  (Anderson e t 

al., 2008; C larke and G orley, 2006). M u ltiv a r ia te  and un iva ria te  PERMANOVA's 

(P e rm u ta tio na l ANOVAs) w e re  carried o u t in th is  s tu d y  w ith  a tw o -fa c to r  design con ta in ing  

sandbank and yea r as fac to rs  in th e  h is to rica l data analysis (1980 -  2012) and zones and year 

as fac to rs  in th e  sh o rt-te rm  m on ito rin g  (2005 -  2012). Results fro m  th e  m ain  Permanova 

tes ts  can be consu lted  in addendum  I. Type III sums o f  squares was app lied  as th e  design was 

unbalanced, w ith  th e  n u m b e r o f  p e rm u ta tions  set to  9999  and th e  p e rm u ta tio n  o f  residuals 

under a reduced m ode l. W hen th e  main te s t sho w e d  a s ign ifican t in te ra c tio n  be tw een  

fa c to rs  a pa ir-w ise  te s t was pe rfo rm e d  w ith in  th e  in te ra c tio n  fa c to r. W hen th e  main 

PERMANOVA te s t show ed s ign ifican t e ffec ts  fo r  fa c to rs , a pa ir-w ise  com parison  was app lied 

be tw een  levels o f  fac to rs . A s ign ificance level o f  p < 0 .05  was app lied  fo r  all tes ts . M o n te - 

Carlo p-va lues P(MC) w ere  used if  the  a m oun t o f  possib le  p e rm u ta tion s  to  o b ta in  m eaningfu l 

resu lts was lo w  (< 100 pe rm u ta tions) (Anderson e t a l., 2008). H om ogene ity  o f  dispersions 

was tes ted  w ith  PERMDISP using distances am ong ce n tro id s . Data was log (x+1) tran s fo rm e d  

if  PERMDISP was s ign ifican t, if  th e re a fte r  PERMDISP w as s till s ign ifican t th e  tra n s fo rm a tio n  

was preserved  and PERMANOVA results w e re  c a re fu lly  in te rp re te d  since e ffec ts  can be 

a ttr ib u te d  to  b o th  loca tion  and d ispersion. F u rth e rm o re , PERMDISP resu lts have to  be 

in te rp re te d  w ith  cau tion  w hen  g roup  sizes are lo w e r th a n  10.

A fte r  sq u a re -ro o t tra n s fo rm a tio n , th e  resem blance m easure  Bray-C urtis s im ila r ity  was used 

fo r  th e  m u ltiva r ia te  co m m u n ity  analysis o f  th e  b io t ic  data (abundance and density), 

v isua lised by a n o n -m e tric  m u lti-d im ens iona l scaling (MDS) p lo t. The Euclidean distance 

s im ila rity  m a trix  was separa te ly  applied fo r  th e  u n iva ria te  analysis o f to ta l dens ity , d ive rs ity  

and biom ass and fo r  env iro n m e n ta l data (grain size and TOM  %) a fte r no rm a lisa tion . 

F u rth e rm o re , a SIMPER analysis o f  th e  m u ltiva r ia te  abundance data was ca rried  o u t to  

d e te rm in e  th e  species w ith  th e  highest c o n tr ib u tio n  t o  th e  s im ila rity  w ith in  com m un ities . 

The to ta l abundance o f  these species was analysed w ith  PERMANOVA.

3. Results

3.1 Long-term changes (1980 -  2012)

T hro u g h o u t 32 years, th e  m ean to ta l m acroben th ic  d e n s ity  reached a m axim um  in 1986 on 

th e  T ho rn to n b a n k  (682 ind  m '2) and in 2008 on th e  G oote  Bank (812 ± 141 ind m ‘2). 

M in im u m  values w ere  m easured on bo th  sandbanks in  1998, w ith  180 ± 21 ind m ’2 on the  

T ho rn ton b a n k  and 244 ind m '2 on th e  G oote Bank (Fig. 2).
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Fig. 2 Tota l abundance (ind m '2) and to ta l nu m b e r o f species (per 0.1 m 2) on th e  T h orn tonbank (black 

triang les) and G oote Bank (grey boxes) fro m  1980 -  2012.

The m ain PERMANOVA te s t o n ly  show ed s ign ifican t changes in to ta l abundance fo r  th e  

fa c to r  year (p  = 0.0319). S ign ifican tly  lo w e r abundances w ere  m easured in 1998 com pared to  

1985 and 1986 (Pa ir-w ise PERMANOVA tes t). M ean abundances in th e  cons tru c tio n  year

(2008) w ere  s ign ifica n tly  h ig h e r th a n  in  2005, 2009, 2010 and 2012 (Table 2).

The to ta l m ean species n u m b e r ranged be tw een  6 ± 0.6 and 15 ± 2.9 species pe r 0.1 m 2 w ith  

s ign ifican t d iffe rences  be tw een  years (PERMANOVA, p  = 0.002). W ith  7 ± 0.4 and 8 ± 0.9 

species per 0.1 m 2 in 2005 on th e  T h o rn ton b a n k  and G oote  Bank respective ly , th e  to ta l mean 

num ber o f  species was s ig n ifica n tly  lo w e r com pared to  1985, 1986 and 2008 - 2010 (Table 

2). S im ilarly, th e  d ive rs ity  index Shannon H' show ed s ign ifican t d iffe rences  be tw een  years (p 

= 0.0001) w ith  a s ig n ifica n tly  lo w e r va lue in  2005. In 2010, th e  d ive rs ity  show ed a s ign ifican t 

increase com pared  to  2005, 2008 and 2009. The G oote  Bank also show ed a h ighe r d ivers ity  

(p = 0.0423) ove r th e  years in com parison  to  th e  Thorn tonbank.
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Table 2. U n ivaria te , pa ir-w ise PERMANOVA te s t fo r  te rm  y e a r to  de te rm in e  s ign ifican t d iffe rences. 

O nly s ign ifican t results (p < 0.05) are represented in the  ta b le .

Average abundance t p -va lue  (perm ) U nique perm s

1 9 8 5 -1 9 9 8 2.2324 0.0499 9779

1986 -1 9 9 8 5.0508 0.0002 7465

2005 - 2008 3.66 0.0006 9836

2008 - 2009 3.4306 0.001 9847

2008 - 2010 2.0028 0.0451 9814

2 0 0 8 -2 0 1 2 2.076 0.0466 9822

Species num ber t p -va lue  (perm ) U nique perm s

1985 - 2005 2.1051 0.0332 9835

1986 - 2005 2.0037 0.0438 9836

2005 - 2008 4.1386 0.0002 9840

2005 - 2009 2.9131 0.0041 9826

2005 - 2010 3.3749 0.0016 9827

Shannon H' d ive rs ity t p -va lue  (perm ) U nique perm s

1980 - 2005 2.735 0.0079 9826

1985 - 2005 2.6304 0.0112 9825

1986 - 2005 2.46 0.0202 9841

2005 - 2008 4.0754 0.0002 9848

2005 - 2009 3.6243 0.0004 9832

2 0 0 5 -2 0 1 0 5.5775 0.0001 9840

2 00 5 -2 0 1 2 3.2248 0.0016 9841

2008 - 2010 2.4886 0.0135 9848

2009 - 2010 2.9481 0.0039 9858

The m acroben th ic  co m m u n ity  com pos ition  based on to ta l densities show ed a s ign ifican t 

in te ra c tio n  fo r  th e  te rm  sandbank x year (p = 0 .0008) in th e  m ain PERMANOVA tes t 

(A ddendum  1). Pair-w ise com parisons fo r  th e  te rm  sandbank x year fo r  pairs o f  levels o f the  

fa c to r  sandbank illu s tra te d  a s ign ifican t d iffe rence  in co m m u n ity  com pos ition  be tw een  th e  

T ho rn ton b a n k  and G oote  Bank fro m  2008 u n til 2010 (Table 3).

It m ust be no ted  th a t  resu lts fo r  PERMDISP show ed a s ign ificance fo r  th e  te rm  sandbank x 

year (p = 0.0087), suggesting a high h e te ro g e n e ity  in m u ltiva ria te  d ispersion. Pair-w ise 

com parisons o f  PERMDISP d e tec te d  a la rger d iffe re n ce  in d ispersion be tw een  the  

T ho rn ton b a n k  and G oo te  Bank in 2009 and 2010 b u t n o t s ign ifican tly . This resu lt is 

illu s tra te d  in th e  MDS p lo t w ith  a h ighe r d ispersion fo r  th e  years 2009 and 2010 (Fig. 3). W ith  

less than  5 sam ples in m ost years be fo re  2005, th e  d ispers ion  e ffe c t m ig h t be ove res tim a ted . 

There fore , th e  PERMDISP resu lt has to  be in te rp re te d  w ith  caution.

On th e  T ho rn ton b a n k , co m m u n itie s  w ere  m ain ly  do m in a te d  by N ephtys c irrosa  (20 %), 

Gastrosaccus sp in ife r  (19 - 36 %) o r B athypore ia  e legans  (27 %) in th e  period  be tw e en  1980
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and 1986. From  1998 onw ards, N. c irrosa  (15 -  49 %) and U ro thoe  brev icorn is  (18 -  28 %) 

d om ina ted  th e  com m un ities  w ith  th e  exception  o f  2008 w he re  th e  o p p o rtu n is tic  Spiophanes 

bom byx  C o-dom inated (18 %) w ith  N. c irrosa  (28 %). Spiophanes bom byx  was on ly  dom in a n t 

on th e  G oote  Bank in 2008 (38 %). D o m in an t species be tw een  th e  1980 - 1986 and 1998 - 

2012 also varied w ith  a dom inance  o f  B. elegans  (22 %) and O phelia  borea lis  (21 %) from  

1980 -  1986 and a main dom inance  o f  N. c irrosa  (13 -  28 %) fro m  1998 -  2012.

Table 3. M u lt iva ria te  abundance analysis w ith  the  pa ir-w ise  te s t fo r  te rm  sandbank x yea r fo r  pairs o f 

levels o f fa c to r sandbank (T horn tonbank -  Goote Bank). S ignifican t results p < 0.05 w ith  p-values 

based on th e  am oun t o f  pe rm u ta tions : p-value (perm ) and M onte-C a rlo  p-values: P (MC).

W ith in  leve l Year t p-va lue  (perm ) U nique perm s p-value  (MC)

1980 11.367 0.6694 3 0.3671

1985 14.408 0.0512 21 0.1108

1986 0.63189 1 3 0.6956

1998 12.726 0.0992 20 0.1254

2005 12.703 0.1224 9931 0.1299

2008 17.494 0.0012 9912 0.0029

2009 15.828 0.0062 9929 0.0086

2010 16.619 0.0037 9916 0.007

2012 13.284 0.0643 2940 0.1036
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Fig. 3 MDS plot (non-metric m ulti-dim ensional scaling) o f abundance data from  1980 -  2012 on the 

Thorntonbank (T) and Goote Bank (G) (Left) and the MDS-plot based on distances among centroids 

fo r factors sandbank and year (Right).

3 .2  Short-term  changes (2005 -  2012)

3.2 .1  Sedim ents

The sed im ents in all m o n ito r in g  areas on th e  T ho rn ton b a n k  and G oote Bank w ere 

characte rised  by m ed ium , sandy substra tes  w ith  an average m edian grain size be tw een  332 

± 20 pm  and 410 ± 41 pm fo r  th e  pe riod  be tw een  2005 and 2012 (Table 4).
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Table 4. N um ber o f sam pled s ta tions fro m  2005 -  2012. Mean to ta l abundance (ind r r f2), to ta l 

nu m ber o f species per 0.1 m 2, Shannon H' d ive rs ity  index pe r sam ple, biom ass (mg nrT2), m edian  grain 

size (pm ) and to ta l organic m a tte r co n te n t (TOM %) in th e  five  m o n ito rin g  areas: G oo te  Bank (GC), 

T h orn tonbank  con tro l (TC 1 &  2), T h o rn tonb ank  Edge (TE) and w este rn  im pa c t area (Tl W ).

2005 GC T C I TC 2 TE T IW
# stations 16 15 19 15 11
Abundance 356 ± 5 7 472 ± 74 231 ± 4 9 4 2 8 ± 105 361 ± 6 7
Species num ber 8 ± 0 .9 13 ± 0 .8 6 ± 0 .6 8 ±1 .1 8 ± 1 .1
Shannon H' 1.5 ± 0.1 1.4 ± 0 .1 1.3 ± 0 .1 1.3 ±0 .1 1.5 ± 0 .1
Biomass 690 ± 395 253 ± 100 96 ± 1 5 205 ± 76 164 ± 4 5
MGS 345 ± 9 337 ± 7 361 ± 7 368 ± 17 354 ± 13
TOM % 0.85 ±0 .0 8 0 .58 ±0 .0 2 0.53 ± 0 .0 2 0 .74  ±0 .0 7 0.53 ± 0.03

2008 GC T C I TC 2 TE Tl W
# stations 25 15 18 12 6
Abundance 812 ± 141 449 ± 88 661 ± 1 7 1 602 ± 158 447 ± 207
Species num ber 13 ± 0 .7 10 ± 1 .1 10 ±  1.0 11 ±1 .2 7 + 1 .7
Shannon H' 1.7 ±0 .1 1.8 ± 0 .1 1.6 ± 0 .1 2 ± 0 .1 1.3 ± 0 .1
Biomass 2789 ± 677 1170 ± 3 4 0 1789 ± 667 3 3 7 6 ± 1403 1578 ± 380
MGS 340 ± 15 340 ± 24 363 ± 8 366 ± 1 8 353 ± 9
TOM % 0.88 ±0 .0 9 0 .90 ±0 .3 3 0.57 ±0 .0 3 0.75 ±0 .0 5 0.58 ± 0 .0 3

2009 GC T C I TC 2 TE Tl W
# stations 22 15 19 13 10
Abundance 334 ± 3 7 555 ± 1 2 7 323 ± 4 1 5 6 8 ± 126 389 ± 77
Species num ber 9 ± 0 .7 10 ± 0 .9 9 ± 0 .8 10 ± 1 .1 9 ± 0 .8
Shannon H' 1.7 ± 0 .1 1.7 ± 0 .1 1.6 ± 0 .1 1.7 ± 0 .1 1.7 ± 0 .1
Biomass 9 5 8 ± 160 1 4 7 1 ± 344 1515 ± 3 1 7 1002 ± 1 4 4 694 ± 104
MGS 364 ± 12 340 ± 11 372 ± 12 380 ± 2 2 370 ± 3
TOM % 0.82 ± 0.05 0.60 ±0 .0 2 0.52 ±0 .0 5 0.64 ± 0.05 0.57 ± 0 .0 6

2010 GC T C I TC 2 TE Tl W
#  stations 25 4 2 12 2
Abundance 630 ± 149 246 ± 98 249 ± 1 1 2 279 ± 7 7 356 ± 83
Species num ber 15 ± 2 .0 9 ± 3 .0 9 ± 3 .0 9 ± 1 .1 12 ± 1 .5
Shannon H' 2.1 ±0 .1 1.7 ± 0 .4 1.9 ± 0 .3 1.7 ± 0 .1 2.1 ± 0 .1
Biomass 3294 ± 7 2 5 951 ± 2 6 5 886 ± 2 1 1118 ± 2 6 5 2 4 9 5 ± 1676
MGS 353 ± 11 344 ± 4 365 ± 4 7 376 ± 16 331 ± 2
TOM % 1.15 ±0 .1 1 0.64 ±0 .1 1 0.49 ±0 .1 2 0.82 ±0 .1 3 0.62 ± 0.03

2012 GC T C I TC 2 TE Tl W

# stations 4 4 / 10 /
Abundance 2 6 1 ± 108 314 ± 1 2 8 / 410 ± 1 1 0 /
Species num ber 11 ±4 .3 10 ± 1 .7 / 10 ± 1 .8 /
Shannon H' 2 ± 0 .3 1.9 ± 0 .2 / 1.7 ± 0 .2 /
Biomass 816 ± 1 5 2 1002 ± 203 / 758 ± 162 /
MGS 410 ± 4 1 360 ± 34 / 359 ± 1 8 /
TOM % 0.94 ±0 .2 2 0.75 ± 0 .1 7 / 0.69 ±0 .1 0 /

No s ign ifican t d iffe rences in ye a r o r m on ito r in g  areas w ere  observed (PERMANOVA). Low 

TOM  con ten ts  w ere  m easured in th e  sed im en ts  rang ing be tw een  0.5 ± 0.12 % and 1.2 ± 0.11 

%. A s ign ifican t d iffe re n ce  be tw e en  zones (p = 0 .0153) was observed in th e  main
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PERMANOVA te s t w ith  s ign ifican tly  h igher TOM  co n ten ts  on  th e  G oote  Bank in com parison 

to  all m o n ito r in g  areas on th e  T ho rn tonbank . F u rth e rm o re , th e  TC 2 and T l W  areas had a 

s ig n ifica n tly  lo w e r TOM  co n te n t than  th e  TE area (Table 5). PERMDISP also had a s ign ifican t 

resu lt (p = 0 .0081) fo r  fa c to r  zone, suggesting a high d ispers ion be tw een  sam ples w ith in  th e  

d iffe re n t zones.

Table 5. Pair-wise PERMANOVA test o f the Total Organic M atte r (TOM) content fo r term  zones. 

Goote Bank (GC), Thorntonbank control (TCI & 2), Thorntonbank Edge (TE) and western impact area 

(Tl W). Only significant results (p < 0.05) are represented in the table.

TO M  con ten ts t p -va lue  (perm ) U nique  perm s

GC- TC1 2.049 0.0482 9831

GC-TE 28.498 0.0049 9821

GC- TC 2 50.113 0.0002 9828

GC - Tl W 36.667 0.0009 9834

TE - TC 2 36.722 0.0021 9823

TE - Tl W 23.893 0.0199 9838

3.2.2 M acro fa u na l com m unities

W ith  a s ign ifican t e ffe c t fo r  th e  fa c to r  year (p = 0 .0314) (m ain  te s t PERMANOVA), th e  mean 

to ta l abundance was s ign ifican tly  h igher in 2008 in com parison  to  2005 (p = 0.0101) and 

2012 (p = 0 .0187). Between 2005 and 2012 th e  m ean to ta l n u m b e r o f  species ranged 

be tw e en  6 ± 0 .6  and 15 ±  2.0 species pe r 0.1 m 2. The m ain  PERMANOVA te s t showed 

s ign ifican t d iffe rences  be tw een  years (p = 0 .0008) w ith  s ign ifican tly  h ighe r m ean to ta l 

n u m b e r o f  species in 2008, 2009 and 2010 com pared  to  th e  re fe rence  yea r 2005 (Table 6). 

Even a fte r  log tra n s fo rm a tio n , PERMDISP fo r  bo th  m ean to ta l abundance and m ean to ta l 

species n u m b e r rem ained s ign ifican t w ith  respec tive ly  p  = 0 .0272 and p  = 0.0266, suggesting 

a high d ispers ion  in samples be tw een  years.

Both d ive rs ity  (H ') (p = 0.0001) and to ta l b iom ass (p = 0 .0001) w ere  s ign ifica n tly  a ffec ted  by 

th e  fa c to r  ye a r (Table 6). S ign ifican tly  lo w e r b iom ass values w e re  observed in 2005. A no the r 

s ign ifican t decrease was m easured fo r  b iom ass in 2009 in  com parison  to  2008 (p  = 0.014), 

m os t like ly  due  to  th e  occurrence o f  O phiu ra  a lb id a  (3 - 1 3  ind r r f2) in 2008 and its  absence 

fro m  2009.

The m acro b e n th ic  co m m u n ity  com position  based on to ta l abundance and biomass showed a 

s ign ifican t in te ra c tio n  fo r  th e  te rm  zones x yea r (p = 0.0446 fo r  abundance and p = 0.0084 

fo r  b iom ass). Pair-w ise com parisons w ith in  th e  in te ra c tio n  te rm  fo r  pairs o f  levels o f  th e  

fa c to r  zones m a in ly  showed s ign ifican t d iffe rences  in m acro fauna l co m m u n ity  com position  

(based on abundance) in th e  cons truc tion  yea r (2008). The co m m u n itie s  a t Tl W  and TE w ere
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s ig n ifica n tly  d iffe re n t fro m  those  in TC 1 and GC (see Table 1 A ddendum  I). From 2009 

onw ards, no s ign ifican t d iffe rence  in co m m u n ity  com p o s itio n  was de tected  be tw een  Tl W  

and th e  c o n tro l zones. S im ilar pa tte rns  w ere  m easured fo r  th e  m acro b e n th ic  com m un ity  

com p o s itio n  based on biomass w ith  m ain ly  s ign ifican t d iffe rences in co m m u n ity  be tw een 

th e  im p ac t zone Tl W  com pared to  th e  th re e  c o n tro l zones in 2008 (see A ddendum  I). 

PERMDISP analysis was s ign ifican t fo r  th e  co m m u n ity  com p o s itio n  based on abundance (p  = 

0 .0014) and biomass (p = 0.0004), suggesting a high m u ltiv a r ia te  d ispersion.

Table 6. U n ivaria te , pa ir-w ise PERMANOVA te s t fo r  te rm  year fo r  Species num ber, Shannon H' 

d ive rs ity  and Biomass. Only s ign ifican t resu lts (p < 0.05) are represented  in  the  tab le .

Species num ber t p -va lue  (perm ) U nique  perm s

2005 - 2008 3.6201 0.0006 9816

2005 - 2009 3.699 0.0004 9853

2005 - 2010 2.3731 0.0188 9818

Shannon H' d ive rs ity t p -va lue  (perm ) U nique perm s

2005 - 2008 4.3003 0.0001 9840

2005 - 2009 4.2403 0.0001 9850

2005 - 2010 4.3908 0.0001 9825

2005 - 2012 3.5167 0.001 9835

2008 - 2010 2.0725 0.0432 9839

2009 - 2010 2.1306 0.0383 9816

Biomass t p -va lue  (perm ) U nique perm s

2005 - 2008 12.694 0.0001 9838

2005 - 2009 12.93 0.0001 9824

2005 - 2010 7.3065 0.0001 9817

2005 - 2012 5.3859 0.0001 9848

2008 - 2009 2.4688 0.014 9843

In th e  re fe rence  year (2005) th e  m acroben th ic  co m m u n ity  in all areas was dom ina ted  by 

N ephtys c irrosa  (25 -  41 %) and U ro thoe  b rev icorn is  (20 -  37 %). A sh ift in d o m in a n t species 

occu rred  in 2008 w ith  a high dom inance o f  Spiophanes bom byx  (16 -  38 %) w ith  th e  highest 

m ean c o n tr ib u tio n  to  th e  average to ta l dens ity  on th e  G oo te  Bank (38 %), w h ich  disappeared 

again fro m  2009 onwards. The mean abundance (ind m '2) o f  th e  m ost cha rac te ris tic  species 

(based on SIMPER) fo r  each area is g iven in Table 7.
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Table 7: Mean abundance (ind m'2) o f the main characteristic species (based on SIMPER) in every 

zone: Goote Bank (GC), Thorntonbank control (TCI & 2), Thorntonbank Edge (TE) and western impact 

area (Tl W) w ith  the cumulative % to  the sim ilarity (Cum%).

Cum% 2 0 0 5 200 8 2009 2 0 1 0 201 2

G C Nephtys cirrosa 28 67 66 76 38 12

Spiophanes bom byx 43 17 367 19 47 0

Spio sp. 56 7 19 19 34 19

U rothoe brevicornis 65 131 61 36 28 5

O phelia borealis 73 7 6 20 23 17

Eteone sp. 16 4 11 7 6 0

Nephtys caeca 79 0 23 3 2 5

Bathypore ia  elegans 81 0 29 11 6 2

Glycera lap idum 84 7 26 8 10 2

Thia scu te lla ta 86 7 4 4 5 2

Nephtys juv. 88 1 7 1 23 22

Scolelepis bonn ieri 89 2 1 10 3 0

Echinocyamus pusillus 90 5 26 23 31 2

Cum% 2 0 0 5 200 8 2009 2010 201 2

TE Nephtys cirrosa 42 63 82 112 58 31

U rothoe brevicornis 52 198 46 111 71 66

Spiophanes bom byx 61 24 150 108 5 19

Spio sp. 68 10 28 11 11 14

B athypore ia  guilliam soniana 73 19 17 14 11 14

Bathypore ia  elegans 77 0 40 12 8 35

Echinocardium  cordatum 80 6 8 58 14 7

Ophelia borealis 83 1 5 4 11 2

Thia scu te lla ta 86 9 8 10 5 1

N ephtys juv. 88 0 0 1 15 19

Leucothoe incisa 89 11 6 1 4 9

Glycera lap idum 91 3 7 6 0 3

Cum% 200 5 2008 2009 2010 201 2

TC 1 Nephtys cirrosa 37 94 99 136 78 44

Spiophanes bom byx 54 32 88 134 7 15

U rothoe brevicorn is 65 231 40 97 15 88

Spio sp. 75 12 18 16 15 7

O phelia borealis 79 3 5 13 17 2

B athypore ia  elegans 83 0 26 45 10 37

B athypore ia  gu illiam soniana 86 34 12 4 22 5

Eteone sp. 88 5 8 10 5 0

Thia scu te lla ta 91 13 2 5 7 0
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Cum% 2005 2008 2009 2010 2012

TC 2 Nephtys cirrosa 47 65 126 131 68 /

Spiophanes bom byx 60 14 242 28 34 /

Spio sp. 73 13 21 19 24 /

U rothoe brevicorn is 78 85 38 33 5 /

Eteone sp. 83 3 37 9 5 /

Bathypore ia  elegans 87 0 77 14 34 /

Ophelia borealis 90 3 3 14 15 /

Cum% 2005 2008 2009 2010 2012

Tl W Nephtys cirrosa 44 89 115 140 97 /

Spiophanes bom byx 57 32 185 56 39 /

U rothoe brevicorn is 68 132 6 39 58 /

Bathypore ia  guilliam soniana 76 50 18 4 24 /

Spio sp. 81 13 15 7 15 /

Eteone sp. 86 4 29 13 5 /

Bathypore ia  elegans 90 0 41 41 15 /

3.2.3 B enth ic  in d ica to r

The average EQR scores and th e  accom panying s ta tu s  (Table 8) classified th e  d iffe rence  

be tw een  c o n tro l and im p ac t area (Tl W ) in m ost pe rio d s  and assessments as acceptab le  (>

0.6). O n ly  fo r  th e  edge zone in som e years, certa in  assessments ind ica ted  an unacceptab le  

s itu a tio n  w ith  an EQR lo w e r than  0.6. C om paring th e  average BEQI scores ove r th e  years, the  

lo w e s t values w e re  m easured in 2008 fo r  th e  to p  area and in 2012 fo r  th e  edge area. The 

con fidence  o f  th e  assessments had a good to  m ode ra te  s ta tis tica l pow er.

Table 8. Average BEQI resu lts fo r  each des ign /pe riod . Values in  bo ld  ind ica te  a good s ta tis tica l pow er 

fo r  th e  BEQI pa ram eters; values norm al ind ica te  a m o d e ra te  sta tis tica l po w e r fo r  one o f th e  BEQI 

pa ram eters. S itua tion  codes: Dark grey: acceptable s itu a tio n  (> 0.6), Light grey: non-acceptab le  (< 

0.6) s itua tion .

Contro l Area Zone 2008 2009 2010 2012

w ith in  year Tl W Top 0.674 0 .7 8 9 0 .6 5 3

<2005 Tl W Top 0.618 0.716 0.728

2005 Tl W Top 0.676 0 .6 9 7 0.769

w ith in  year Tl W Edge 0.45 0.671 0.44 0.414

<2005 Tl W Edge 0.616 0.609 0 .5 3 8 0.511

2005 Tl W Edge 0 .609 0.625 0 .5 7 6 0.524
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4. Discussion

4.1  M acrobenthic assemblages on tw o  offshore sandbanks

The long -te rm  analysis o f th e  m acro fauna shows a co m m u n ity  w ith  a re la tive ly  lo w  species 

abundance (180 -  812 Ind m"2) and d ive rs ity  (6 -  15 species pe r 0.1 m 2) on th e  T ho rn tonbank  

and G oote Bank In th e  eastern  pa rt o f  th e  BPNS. The co m m u n ity  on bo th  sandbanks is 

d om ina ted  by a fe w  species w ith  th e  po lychaete  N ephtys c irrosa  and th e  am ph ipod  U rothoe  

brevicorn is  as th e  m ain re -occu rring  d o m in a n t species th ro u g h o u t th e  years. D iffe ren t 

m acroben th ic  com m un ities  w e re  characterised in  th e  BPNS by Van Hoey e t al. (2004) based 

on species com pos ition  and h a b ita t pre ferences (sed im en to logy  and b a thym e try ). Four 

sub tida l m acroben th ic  com m un ities  w e re  d is tingu ished, linked th ro u g h  six tran s itio n a l 

species assemblages (D egraer e t al., 2003; Van Hoey e t al., 2004). The b io logica l 

characteristics describe th e  m acrofauna on bo th  o ffshore  sandbanks as highly 

he terogeneous w ith  a m ain dom inance  o f  th e  N ephtys c irrosa  and th e  O phelia  borea lis -  

Glycera lap idum  com m un ities . Physical param eters o f  th e  area su p p o rt th is  w ith  a depth 

range o f 10 - 20 m and m ed ium  sandy sed im ents w ith  a m edian g ra in  size be tw een  331 ± 20 

pirn and 410 ± 41 um .

T hroughou t 32 years, a te m p o ra l va ria b ility  was de tected  on th e  T ho rn ton b a n k  and Goote 

Bank typ ica l fo r  th e  m acrofauna o f th e  coastal region (Frid, 2011; Kröncke, 2011; Kröncke e t 

al., 1998; Van Hoey e t al., 2007b) w ith  va riab le  w e a th e r cond itions  (F rom en tin  and Ibanez, 

1994), food  a va ila b ility  (K röncke, 2011) b u t a lso re c ru itm e n t in te n s ity  (Desroy and Retiere, 

2001). Various stud ies have d e tec ted  changes on a decadal scale (W ieking  and Kroncke, 

2001) in th e  m acro fauna l co m m u n ity  s truc tu re  in th e  N orth  Sea and re la ted  them  to  

flu c tu a tio n s  in th e  w in te r  N o rth  A tla n tic  O scilla tion  (NAO) Index (Kröncke e t al., 1998; 

Kröncke e t al., 2013; Reiss e t al., 2006). N egative and pos itive  NAOs in Europe are  caused by 

changing a tm osphe ric  pressures be tw een  Iceland and th e  Azores (Osborn, 2011). The NAO 

in fluences th e  hyd ro c lim a tic  s ta te  o f  th e  N o rth  Sea th ro u g h  changes in p re c ip ita tio n  rate, 

sea surface te m p e ra tu re  and cu rre n t flo w s  (W ieking  and Kroncke, 2001). E xtrem e ly  cold 

w in te rs  are re flec ted  in a negative  NAO and have been show n to  s tron g ly  a ffe c t the  

m acroben th ic  co m m u n ity  pa ram eters  (e.g. abundance, species n um ber and biomass) by 

decreasing th e  sea surface te m p e ra tu re  (Kröncke e t al., 2013; N eum ann e t al., 2009; 

W e ije rm an  e t al., 2005). A fte r  th e  s trong  w in te r  o f  1995/1996, Reiss e t al. (2006) and Van 

Hoey e t al. (2007) d e tec ted  a decrease in abundance and d ive rs ity  and a change in 

m acroben th ic  co m m u n ity  s tru c tu re  up to  1998. Even though  th e  lon g -te rm  da tase t was 

incom p le te  in th is  s tudy, a s ign ifican t decrease in m acroben th ic  abundance was s im ila rly  

d e tec ted  in 1998. The s ig n ifica n tly  lo w e r d ive rs ity  in 2005 cou ld  n o t im m e d ia te ly  be linked to  

c lear changes in NAO o r sea surface te m p e ra tu re ; how ever a s ligh t decrease in  sea surface
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te m p e ra tu re  was m easured in 2003 and an a b ru p t b io log ica l reg im e  s h ift in  the  

m acroben th ic  co m m u n ity  was observed by Kröncke e t  al. (2013) a fte r a negative  NAO in 

2000/2001. E ffects re lated to  th e  s trong  w in te r  o f  1985 /1986  (Kröncke e t al., 2013) w e re  no t 

de tected  in th e  te m p o ra l analysis o f  th is  study, m ost like ly  due to  th e  lo w  a m o u n t o f samples 

ava ilab le  in b o th  years (Table 1).

4.2  M acrobenthic response to  construction activities

W hile  te m p o ra l tren d s  fo r  bo th  sandbanks w ere  obv ious du ring  th e  investiga ted  32 years, 

d iffe rences in m acro fauna l co m m u n itie s  be tw een  th e  T h o rn ton b a n k  and G oo te  Bank w ere 

on ly  de tec ted  in th e  a u tum n  o f  2008, equalising again fro m  2009. The Tl W  (w here  th e  six 

fou nd a tio n s  w e re  insta lled  in 2008) and TE areas show ed a sh ift in m acro b e n th ic  co m m u n ity  

com position  in com parison  to  th e  c o n tro l areas in th e  co n s truc tion  yea r due to  small 

changes in species dom inance . The s ign ifican t PERMDISP results suggest a d ispers ion  e ffect 

occurred alongside th e  loca tion  e ffe c t observed w ith  PERMANOVA. Both th e  loca tion  and 

d ispersion e ffec ts  cou ld  be an ind ica tio n  th a t th e  m acro fauna l co m m u n ity  was sub jected  to  

stress during  th a t period .

W e suggest th a t  th e  observed  changes are re lated to  th e  (pre-) co n s truc tion  dredg ing 

ac tiv ities  o f  th e  GBFs on th e  T ho rn ton b a n k  w hich com m enced in th e  f irs t h a lf o f  2008 

(app rox im a te ly  6 - 8 m onths be fo re  sam pling). The co n s truc tion  activ ities  inc luded  dredg ing 

fo r  cable laying and fo r  th e  c rea tion  o f  fo u nd a tio n  p its  (7 m be low  th e  seabed), to g e th e r 

w ith  th e  rem ova l o f sed im en ts  to  d isposal areas 300 m aw ay fro m  th e  fo u n d a tio n  p its  (Peire 

e t al., 2009). Van Dalfsen e t al. (2000) observed co m m u n ity  changes one yea r a fte r s h o rt­

te rm  (< 1 year) dredg ing  ac tiv ities  in  th e  N orth  Sea and th e  M ed ite rranean  Sea w ith  an 

increased abundance o f  o p p o rtu n is tic  po lychaete  species. A recovery o f th e  m acro fauna l 

species was observed w ith in  tw o  years. The m acro fauna l co m m u n ity  in th e  p resent s tudy 

progressed to w a rd s  a recovery fro m  2009 onw ards, a p p rox im a te ly  1.5 years a fte r 

cons truc tion  ac tiv itie s  ceased. Kenny and Rees (1996) s im ila rly  illu s tra te d  a fast 

reco lon isa tion  a fte r  cessation o f  d redg ing  w ith  a co m p le te  recovery o f  d o m in a n t species 

on ly  8 m on ths la te r. Dredging has also been re lated to  th e  d irec t rem oval o f  species and a 

decrease in species abundance, d ive rs ity  and biomass (N ew ell e t al., 1998; Vanaverbeke e t 

al., 2007). S ligh tly  lo w e r species d ive rs ity  was indeed observed in 2008 a t th e  Tl W  area in 

com parison to  th e  con tro l areas (b u t no t s ign ifican tly ). However, a h igher to ta l abundance 

was observed in th e  co n s tru c tio n  year w h ich  can be re la ted  to  an overa ll increase o f  th e  

o p p o rtu n is tic  r-se lected species Spiophanes bom byx  in all areas except th e  c o n tro l area on 

th e  T ho rn ton b a n k  w h e re  th e  m ean abundance o f S. bom byx  increased in 2009.

In add itio n , BEQI revealed u n w a n te d  changes (EQR < 0.6) in 2008, in con tras t to  th e  good 

co m p a ra b ility  o f  th e  co n tro l and im p ac t areas in o th e r years, p rov id ing  a signal o f  change
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w ith in  th is  pe riod . Furtherm ore , these  changes w ere  m ore  d is tin c t in th e  edge areas o f bo th  

sandbanks.

W ith  a s trong  re la tion  to  th e  sed im en to log ica l cha racte ris tics  o f th e  su rround ing  seabed 

(Van Hoey e t al., 2004), m acrofauna are  h igh ly  suscep tib le  to  th e  rem ova l o f  sed im ents 

th ro u g h  dredg ing  activ ities. D redging can a ffe c t th e  seabed to p og ra p h y  and sed im en t 

com p o s itio n  by d irec t rem ova l o f  th e  substra tes  (Desprez, 2000; N ew ell e t al., 1998). In 

active  areas such as the  BPNS, d redged sites w ill rap id ly  be in fille d  by su rround ing  f in e  and 

m ob ile  sands (Desprez, 2000). In th is  s tudy, lim ite d  to  no changes in th e  sed im en t g ra in  size 

w e re  observed  6 - 8  m on ths a fte r cons tru c tio n , m os t like ly  due to  a fa s t recovery o f the  

sed im en to log ica l characte ris tics (Desprez, 2000; van  Dalfsen e t al., 2000), w h ich w ill 

s im u ltaneous ly  fa c ilita te  th e  m acro fauna l recovery (Bonne, 2010). Previous stud ies have 

illu s tra te d  th a t  sh o rt-te rm  dredg ing  ac tiv itie s  can have m in o r e ffec ts  on th e  sed im ents w h ile  

m acro b e n th ic  com m un ities  can be se rious ly  a lte red  fo r  a ce rta in  a m o u n t o f t im e  (Desprez, 

2000; Kenny and Rees, 1996; van Dalfsen e t al., 2000).

The OWF was com p le ted  w ith  th e  co n s tru c tio n  o f 48 ja cke t fo u n d a tio n s  in 2011 (B rabant et 

al., 2012). W ith  lim ited  samples in 2011 and 2012, no  d irec t changes in species com position  

cou ld  be de tec ted  on th e  T ho rn ton b a n k  in  th is  pe riod . Im pact sam ples cou ld  n o t be 

o b ta ined  in 2012 b u t e ffects to  th e  m acro fauna l co m m u n ity  w ere  also lacking be tw een  the  

edge and con tro l areas, w h ile  a s ig n ifica n t d iffe re n ce  in m acro fauna l co m m u n ity  was 

observed be tw e en  these areas a fte r co n s tru c tio n  o f  th e  GBFs in 2008. E ither th e  p re ­

c o n s tru c tio n  dredg ing  ac tiv ities  re la ted  to  GBFs w ere  m ore  in tense  o r th e  d is tu rbance to  the  

co m m u n ity  was missed by th e  lack o f sam ples in 2011 and a rap id  recovery by 2012. Bonne 

e t al. (2010) observed com parab le  resu lts on an ac tive ly  d redged sub tida l sandbank in th e  

BPNS (K w in tebank), w here  a recovery o f  th e  m acro b e n th ic  co m m u n ity  was suggested one 

yea r a fte r  cessation o f dredging. W ith  a rap id  recovery, th e  m acro b e n th ic  co m m u n ity  on the  

T ho rn ton b a n k  appears to  be ve ry  re s ilie n t and w e ll adap ted  to  physical d is tu rbances. Strong 

cu rren ts , cold w in te rs  and severe s to rm s fre q u e n tly  occu r in th e  BPNS causing na tura l 

d is tu rbances to  th e  seabed and n a tu ra lly  crea ting  dynam ic  m acro fauna l com m un ities  th a t 

are w e ll adapted to  change (Kenny and Rees, 1996). H ow ever, m any o th e r  an th ropogen ic  

a c tiv ities  have also dom ina ted  in these  areas such as beam  tra w l fisheries and sand 

e x tra c tio n  (Bonne, 2010; Eastw ood e t a l., 2007; Foden e t al., 2009; V anaverbeke e t al., 2007; 

Vanosm ael and Heip, 1984). B o ttom  fish in g  gears such as beam  tra w lin g  im p ac t the  

m a cro b e n th ic  com m un ities  by d is tu rb in g  th e  seabed up to  a dep th  o f  3 -  6 cm, subsequently  

a ffe c tin g  species abundance and d ive rs ity  by causing m o rta lity  and in ju ry  (de G roo t, 1984; 

R abaut e t al., 2008). Furthe rm ore , b o th  th e  T ho rn ton b a n k  and G oote Bank have a h is to ry  as 

sand ex trac tion  sites (Vanosmael and Heip, 1984), suggesting an a d d itio na l adap ta tion  o f the  

m a cro b e n th ic  co m m u n ity  on these  sandbanks to  in tense an th ro p o g en ic  stress. The im pact
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re la ted  to  th e  construc tion  o f six GBFs cou ld  th e re fo re  be com pa ra b le  to  th e  im pact 

associated to  previous sand e x tra c tio n  ac tiv ities  in th e  area.

A t p resen t, no substan tia l sh o rt- te rm  changes due to  th e  o p e ra tio n a l phase o f  th e  six GBFs 

w e re  observed a t a large spatia l scale. The observed  changes m ostly  fe ll w ith in  the  

accep tab le  range m easured by BEQI. As th e  en tire  OWF was on ly  co m p le ted  in 2012, i t  was 

to o  ea rly  to  d e tec t e ffects re la ted  to  th e  exclusion o f  beam tra w l fisheries , changing 

hydrodynam ics o r increased organ ic e n rich m e n t at a large-scale. As these e ffec ts  have been 

observed  in th e  area bu t at a sm alle r scale (Coates e t al., 2014), th e  m acroben th ic  

co m m u n ity  w ith in  th e  OWF shou ld  be close ly  fo llo w e d  up du ring  th e  com ing  decade.

4.3 Indicators: a quick tool to  pick up signals o f change?

The a p p lica b ility  o f BEQI in s igna lling  changes o f  th e  so ft-subs tra te  m acroben th ic  ecosystem  

w ith in  and a round th e  OWF on th e  T ho rn ton b a n k  was tes ted  using abundance, species 

n u m b e r and species com pos ition . The de tec ted  changes cou ld  be th e  resu lt o f  ce rta in  

an th ro p o g en ic  ac tiv ities , re la ted  to  th e  co n s truc tion  o f  th e  OWF, as exp la ined  above. The 

app lica tion  o f  b en th ic  indices such as BEQI, p rov ide  a fa s t to o l to  de te rm ine  i f  changes are 

accep tab le  o r n o t (Borja e t al., 2011; Josefson e t al., 2009). In m ost periods and assessments, 

th e  BEQI sta tus cou ld  be classified as good, w h ich  means th a t no unacceptab le  d iffe rences 

w ere  observed be tw een  th e  b e n th ic  characte ris tics  in th e  con tro l and im pac t areas. Changes 

ranged w ith in  th e  expected na tu ra l v a r ia b ility  o f  th a t area and year. The re fore , in d ica to r 

too ls  re in fo rce  th e  observed pa tte rn s  o f  th e  classical analyses in th is  s tudy  suggesting a 

su itab le  use to  p rov ide  m anagem ent advice. The d iffe re n t assessments (con tro l da taset, o r 

poo ling  o f  data) p resen t small changes in resu lts b u t w ith  certa in  cons is tent pa tte rn s  (Table 

8). The choice o f  th e  c o n tro l data is essentia l in th is  type  o f  assessment, w e used th re e  sets 

in th is  s tudy: (1) data com parison w ith in  th e  same year, (2) data fro m  th e  baseline T0 

m on ito r in g  period  (year 2005) o r (3) 'h is to r ic ' data fro m  th e  location (fro m  be fore  2005). In 

genera l, th e  assessment w ith  c o n tro l da ta  w ith in  th e  year reveals s ligh tly  h igher EQR values 

in th e  im pact site, com pared to  th e  use o f  te m p o ra l c o n tro l datasets. This can be re la ted  to  

th e  fa c t th a t th e  year- to - year v a ria b ility  o f ben th ic  characte ris tics included in te m p o ra l 

da tase ts a ffec ts  th e  assessment results. F u rthe rm ore , th e  n u m b e r o f samples has to  be high 

enough to  reach a certa in  con fidence  (s ta tis tica l p ow er). In th is  s tudy, d iffe re n t levels o f 

con fidence  (s ta tis tica l pow er) co rrespond  to  th e  d iffe re n t num ber o f samples available 

(Table 8). The re fore , it  is im p o rta n t to  have a balanced design (spa tia l-tem pora l and sam ple 

in te n s ity ) w ith in  m on ito r in g  p rog ram m es o f  an th ro p o g en ic  activ ities.
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5. Conclusions

The m acro fauna l co m m u n ity  on th e  T ho rn ton b a n k  has been shown to  be h igh ly  dynam ic and 

adapted  to  s h o rt- te rm  stress. The co m m u n ity  on th e  im pacted  sandbank show ed main 

d iffe rences w ith  th e  con tro l areas du ring  th e  c o n s tru c tio n  o f  g ra v ity  based founda tions , 

fo llo w e d  by a rap id  recovery. For m ost areas and  periods th e  BEQI in d ica to r had an 

accep tab le  s ta tus  score fo r  th e  b en th ic  cha rac te ris tics  be tw e en  th e  im p ac t and con tro l 

areas, ind ica ting  no severe im pacts on th e  ben th ic  s o ft  sed im en t co m m u n ity  a t th is  p o in t in 

tim e . H ow ever, cum u la tive  e ffects re la ted  to  th e  co n s truc tion  and o p e ra tio n  o f  several 

OWFs on th e  se d im e n t com pos ition , to p o g ra p h y  and m acro fauna l co m m u n ity  rem ains 

unknow n. A bundance  levels o f th e  m acro fauna l species m ig h t recover a fte r  co n s truc tion  but 

th e  risk exists th a t  th e  p re -im pacted  co m m u n itie s  w ill s h ift to  a d if fe re n t s ta te , possibly 

a ffe c ting  species a t a h igher tro p h ic  level (Kenny and Rees, 1996). This could especia lly be o f 

im p o rta n ce  in areas w he re  th e  m acrofauna is less res ilie n t to  an th ro p o g en ic  d isturbance. 

F u rth e rm o re , th is  s tudy  illu s tra te d  th e  e ffec tiveness o f  in d ica to r too ls , such as BEQI, as fast 

m e thods  to  p ro v id e  m anagem ent advice in im p ac t stud ies.
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Abstract

W ith  th e  w id e  scale co n s truc tion  o f  o ffsh o re  w in d  fa rm s (OWFs) th ro u g h o u t th e  en tire  North  

Sea, large areas are pe rm a n e n tly  be ing  closed to  beam  tra w l fisheries. Beam tra w lin g  has 

a ffected  m acroben th ic  assemblages fo r  cen turies . Due to  th e  p ro h ib itio n  o f  beam  tra w lin g  in 

m any OWFs, o p p o rtu n itie s  are c rea ted  to  investiga te  th e  p o te n tia l recovery o f  vu lne rab le  

species. The so ft-subs tra te  m acro b e n th ic  co m m u n ity  was investiga ted  fro m  2008 -  2012, 

b e fo re  and a fte r th e  cons truc tion  o f an OWF in th e  Belgian pa rt o f th e  N o rth  Sea, s itua ted  on 

th e  Bligh Bank. The fish e ry  exclusion area (21 km 2) w ith in  th e  OWF (No Fishery area) was 

com pared w ith  a su rro u n d in g  c o n tro l area w h e re  regu la r f ish in g  ac tiv ities  have been 

reg is te red  th ro u g h  vessel m o n ito r in g  system  (VMS) data. Three years a fte r th e  exclusion o f 

beam  tra w l fishe ries , sub tle  changes w ith in  th e  m acro b e n th ic  co m m u n ity  w ere  observed in 

th e  No Fishery area. The tu b e -b u ild in g  po lychaete  Terebe llidae  sp. (196 ± 151 ind m"2) and 

th e  ech inoderm  Echinocyam us pusillus  (73 ± 71 ind  m '2), sensitive  to  tra w lin g  activ ities, 

show ed an increased abundance in th e  No Fishery area in com parison  to  th e  fished area 

w he re  abundances w e re  observed o f  respective ly  62 ± 28 ind m"2 and 5 ± 2 ind m"2. W ith  an 

expansion o f  th e  w in d  fa rm  concession area to  238 km 2 in th e  fu tu re , th e  like ly  increase o f 

dense T erebe llidae  patches (possib ly  Lanice conch ilega  reefs) w ith in  th e  No Fishery area 

could create an ecologica l im p o rta n t large-scale re fug ium . This s tudy creates a baseline fo r  

th e  eva lua tion  o f lo n g -te rm  changes due to  th e  fish ing  im pacts and e ffects re la ted  to  th e  

presence o f  OWFs.

Keywords

F ishery exclusion - W ind  p o w e r - N o rth  Sea - S ho rt-te rm  - M acroben thos
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1. Introduction

The d e ve lo pm e n t o f  O ffshore W ind  fa rm s (OWFs) across th e  N o rth  Sea is increasing rap id ly 

to  create  renew ab le  energy sources as an a lte rna tive  fo r  fossil fue ls  (C orbetta  e t al., 2013). 

The seascape o f  th e  N o rth  Sea is being a lte red  in a la rge area, causing unknow n e ffec ts  to  

th e  m arine e n v iro n m e n t a t d iffe re n t scales. E nv ironm en ta l e ffec ts  o f OWFs to  th e  so ft- 

substra te  m acro fauna can be d iv ided  in to  re la tive ly  s h o rt- te rm  e ffec ts  (several m onths) 

during  th e  (pre -) co n s tru c tio n  phase (Coates e t al., su b m itte d ) and e ffec ts  re la ted  to  the  

m uch longer (> 20 years) o p e ra tio n a l phase. The o p e ra tio n a l phase o f  an OWF cou ld  a lte r 

th e  so ft substra te  m acro fauna l co m m u n ity  due to  changing cu rre n t regim es a t a large-scale 

(V anhe llem on t and Ruddick, 2014) and due to  th e  p ro h ib itio n  o f  beam  tra w l fishe ries  in 

m ost OWFs.

The N o rth  Sea has been heavily tra w le d  fo r  cen turies w ith  an increasing tre n d  in th e  1960s 

and 1970s (de G roo t, 1984; Jones, 1992; Kaiser e t al., 2002). Beam tra w lin g  has a d irec t 

physical im pac t by scraping and p lough ing  th e  seabed a t least up to  a dep th  o f 3 -  6 cm, re- 

suspending sed im en ts  and rem ov ing  o r dam aging non -ta rge te d  ben thos (Bergm an and Hup, 

1992; D ayton e t a l., 1995; Jones, 1992; Rabaut e t al., 2008). O ver th e  past decades, 

m acro fauna l assemblages in heav ily  tra w le d  areas have sh ifted  to w a rd s  an a lte rn a tive  state 

w ith  a dom inance o f  o p p o rtu n is tic , sho rt- lived  (1-3 years) and fas t-g row ing  species w ith  high 

rep roduc tion  rates (Collie e t al., 2000; Frid e t al., 2000; Jennings e t al., 2001; Kaiser e t al., 

2002; Kaiser and Spencer, 1996). Furthe rm ore , add itio na l fo o d  supplies due to  bycatch 

discards (Enever e t al., 2007) a ttra c t and increase abundances o f  scavenging and p re d a to ry  

species (e.g. A sterias rubens  and Pagurus sp.) to  these  fish ing  areas (D annheim  e t al., 2014; 

R um ohr and Kujawski, 2000).

Long-term  changes and p o ten tia l recovery o f  th e  m acrofauna are n o t on ly  depen d e n t on the  

freq u e n cy  and scale o f  tra w lin g  b u t also on th e  na tu re  o f  th e  sed im en ts  and th e  existing 

recovery p o ten tia l a fte r  na tu ra l d isturbances (Collie e t al., 2000; Kaiser e t  al., 2002). 

M acro fauna l assemblages in  sandy substra tes are adapted to  th e  high natura l stress o f  the  

area due to  s trong  tid a l cu rre n ts  and fre q u e n t s to rm s (R ijnsdorp e t al., 1998), leading to  a 

fas te r recovery a fte r the  physical d is tu rbance o f  an th ropogen ic  activ ities (Bonne, 2010; 

Coates e t al., s u b m itte d ). H ow ever, these  substra tes are m ostly  located in areas w h ich  have 

been sub jected  to  fre q u e n t tra w lin g  fo r  cen tu ries  (Kaiser e t al., 2002; R ijnsdorp e t al., 1998). 

Certain m acro fauna l species m a in ly  liv ing  in th e  upper layer o f  sandy sed im ents such as 

bivalves (e.g. Spisula  sp.), ech inode rm s (e.g. Echinocardium  co rda tum ) and tu b e  fo rm in g  

polychaetes (e.g. T erebe llidae  sp.) to g e th e r w ith  th e ir  associated species, are know n to  be 

h igh ly vu lne rab le  to  fre q u e n t tra w lin g  ac tiv ities  and have declined in abundance th ro u g h o u t 

th e  past ce n tu ry  (Bergm an and Hup, 1992; de G root, 1984; Jennings e t al., 2001; Kaiser and

48



Chapter 3

Spencer, 1996; Kröncke, 2011; Rabaut e t al., 2008; Tuck e t al., 1998). A lon g -te rm  s tudy  on 

th e  Dogger Bank, a fin e  sandy bank in th e  S outhern  N o rth  Sea, a ttr ib u te d  th e  disappearance 

o f dense Spisula  and M actra  patches th ro u g h o u t th e  20th ce n tu ry  to  th e  increased fish ing 

pressure (Kröncke, 2011). Kröncke (2011) observed th e  random  occurrence o f new  patches 

w h ich  w o u ld  d isappear a fte r  weeks o r m on ths  m ost like ly  due to  fish ing  pressure. These 

resu lts suggest th e  ab ility  o f  such bivalves to  re-estab lish  dense patches i f  tra w lin g  w ou ld  be 

p ro h ib ite d  ove r longer periods. In th e  Irish Sea, Kaiser and Spencer (1996) observed a higher 

abundance o f  tu b e  bu ild ing  po lychaetes such as Lagis ko ren i and T erebe llidae  sp. in unfished 

areas in com parison  to  fished  areas. L ikew ise, v ideo  analysis in a closed sandy bay o f f  th e  

coast o f  Scotland revealed a h ighe r n u m b e r o f  Lanice conch ilega  (Terebe llidae  sp.) beds in 

com parison  to  a bay open to  fre q u e n t tra w lin g  (D efew  e t al., 2012). The h igher occurrence 

o f  these  h a b ita t-s tru c tu rin g  beds w o u ld  lead to  th e  d e ve lo pm e n t o f  a m ore  diverse 

com m un ity , as closely associated species o f  th e  L. conch ilega  beds (e.g. Eum ida sanguinea) 

are know n to  be h igh ly  sensitive  to  fish e ry  im pacts (Rabaut e t al., 2008). The long -te rm  

p ro h ib itio n  o f  beam  tra w lin g  w ith in  OWFs cou ld  p rov ide  frag ile  species w ith  th e  t im e  to  re ­

establish, p o te n tia lly  increasing th e  h a b ita t com p le x ity  o f  th e  area (D efew  e t al., 2012).

A t p resent, th re e  OWFs have been cons truc ted  in th e  Belgian pa rt o f th e  N o rth  Sea (BPNS). 

The OWF cons truc ted  on th e  Bligh Bank was th e  f irs t to  cover a large area w ith  55 m onop ile  

founda tions . W ith in  the  Belgian OWFs all vessels, in c lud ing  beam  tra w l fisheries , are 

p ro h ib ite d . Data fro m  th e  sa te llite  based Vessel M o n ito r in g  System (VMS) is used to  

e s tim a te  fish ing  e ffo r t  over t im e  (Foden e t a l., 2010). VMS da ta  prov ides in fo rm a tio n  on th e  

pos ition  o f  fish ing  vessels la rge r than  15 m e te rs  (M ills  e t al., 2007). Vandendriessche e t al. 

(2013b) investiga ted  th e  presence o f Belgian and British fish ing  vessels a round th e  Belgian 

OWFs based on VMS data and visual obse rva tions o f  sm alle r vessels (< 15 m ). In th e  BPNS, a 

m axim um  o f 401 - 800 VMS reg is tra tions  have been de tected  pe r grid  cell (3 km 2) per year, 

w ith  a decreasing tren d  (51 -  200 VMS reg is tra tions) in m ore  o ffsh o re  areas. Inside th e  Bligh 

Bank OWF, 1 - 5 0  VMS reg is tra tions  pe r g rid  cell w ere  observed in 2010 and 2011. In 2011, a 

s ligh t increase in fish ing pressure was observed a round th e  w in d  fa rm  w ith  51 -  100 

reg is tra tions  pe r g rid  cell. Pecceu e t al. (2014) in co rpo ra ted  th e  a c tiv ity  o f  Dutch fish ing 

vessels in Belgian w ate rs  in th e  pe riod  2010 - 2012 and observed a h igher beam  tra w l 

in te n s ity  th a n  expected in th e  Belgian OWF area.

U n til now , th e  m acrofauna has n o t been investiga ted  w ith in  a large area closed to  fishery  

a c tiv ity  in th e  BPNS. The OWF creates an idea l s itua tion  to  record  and closely fo llo w -u p  any 

m acro b e n th ic  recovery processes re la ted  to  th e  p ro h ib itio n  o f  beam  tra w l fishe ries  du ring  a 

long  period and p o te n tia lly  act as a de -fa c to  M arine  P ro tected  Area (MPA) in th e  fu tu re . The 

m acro fauna l species in h a b itin g  th e  sandy substra tes o f th e  Bligh Bank fo rm  a typ ica l 

co m m u n ity  fo r  th e  BPNS, w h ich  has adapted  to  th e  na tura l stress o f  th e  area and
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an th ropogen ic  im pacts (e.g. beam  tra w l fisheries) (Reubens e t al., 2009). M ost m acroben th ic  

species w ith in  th is  com m un ity  are classified as frag ile  o r in te rm e d ia te  fo r  th e  b io log ica l t ra it  

'F ra g ility  to  d is tu rbance ' described by th e  M arine  Life In fo rm a tio n  N e tw o rk , MarLIN 

(w w w .m a rlin .a c .u k ). The recovery p o te n tia l o f  m acro fauna l com m u n itie s  in sandy sed im ents 

have o n ly  been derived  from  sh o rt- te rm  expe rim en ta l tra w lin g  stud ies. Collie e t al. (2000) 

suggested a recovery po ten tia l o f 100 days a fte r one tra w lin g  even t fo r  a m acroben th ic  

co m m u n ity  dom ina ted  by sh o rt- lived  species (1-3 years). W ith  a c lear h is to ry  o f fre q u e n t 

tra w lin g  in th e  sou the rn  N orth  Sea and an average rate o f  2 -  3 d is tu rbances pe r year (Collie 

e t al., 2000), a m uch longer recovery  tim e  is expected (R ijnsdorp e t al., 1998). Recovery rates 

o f  12 m on ths  to  4 years, a fte r  sed im en t ex trac tion  in te rm s  o f  abundance and d ive rs ity  

(N ew ell e t al., 1998), could suggest a possib le t im e fra m e  fo r  th e  increased re c ru itm e n t o f 

frag ile  organism s inside fishe ry  excluded areas (H idd ink e t  al., 2006).

The so ft sandy sed im ents and accom panying  m acrofauna w ere  sam pled a round (con tro l 

area) and inside (No Fishery area) th e  Bligh Bank OWF be fore  co n s truc tion  (2008), during

(2009) and 2 - 3 years a fte r cons tru c tio n  and th e  im p le m e n ta tio n  o f  a fishe ry  exclusion fo r 

th e  beam  tra w l fisheries (2011 -  2012). W e hypothesise th a t a fte r  th re e  years o f th is  pa rtia l 

fish e ry  exclusion the  m acro fauna l c o m m u n ity  inhab iting  th e  sandy substra tes o f th e  Bligh 

Bank w ill d e m onstra te  firs t signs o f  recovery, w ith  an increase in abundance o f  know n frag ile  

m acro b e n th ic  species to  the  area.

2 . M ateria l and methods

2.1 Study area

The Belgian OWF concession zone is s itua ted  a t th e  eastern side o f  th e  BPNS (Fig. 1). The 

Bligh Bank belongs to  th e  m os t eastern  p a rt o f th e  H inder Banks, a pp rox im a te ly  40 - 50 km 

o ffsh o re . The construc tion  o f  th e  firs t phase o f  th e  Bligh Bank OWF com m enced in 2009 and 

was com p le ted  in th e  f irs t ha lf o f  2010. The OWF consists o f 55 m onop ile  fo u n d a tio n s  w ith  a 

to ta l capacity o f  165 M W . The fo u n d a tio n s  are located 500 -  650 m apart a t a w a te r dep th  

rang ing be tw een  15 -  40 m. A ll vessels inc lud ing  beam  tra w l fisheries have been excluded 

fro m  th is  area since 2009 w ith  a 500 m sa fe ty  radius a round th e  OWF (Fig. 1 Blue area), 

c rea ting  a large area o f app ro x im a te ly  21 km 2 closed to  fish ing  activ ities.

2.2 Sampling design and trea tm ent

A Before, A fte r  C ontro l Im pact (BACI) design was app lied  w ith  th e  baseline s tudy  (Before) 

ca rried  o u t in 2008 in a random  s tra tif ie d  sam pling design. Since th e n , samples w ere  

co llec ted  du ring  au tum n (S eptem ber -  O ctober) in 2009 (construc tion  year), 2011 and 2012 

as m acroben th ic  densities are a t th e ir  h ighest fro m  th e  end o f  sum m er u n til late au tum n. 

Samples cou ld  n o t be o b ta ined  in 2010 as th e  research vessel was p roh ib ite d  fro m  en te rin g
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th e  w in d  fa rm . The co llec ted  samples on th e  Bligh Bank w ere  d iv ided  in to  tw o  areas: the  No 

Fishery area inside th e  500 m exclusion zone and a c o n tro l area ou ts ide  th e  exclusion zone. 

A ll s ta tio ns  w e re  pos itio n ed  to  cover th e  e n tire  a rea , inc lud ing  th e  gu llies and to p s  o f  th e  

sandbanks. Sam ples w ere co llected ins ide  th e  No F ishery area fro m  a sm all su rvey vessel 

(G eosurveyor IV) in 2011 and the  RV Simon Stevin in  2012. All o th e r sam ples w ere  obta ined 

fro m  th e  RV  Belgica (Table 1).

2°50'0"E

51°40'0"N

Km

Fig. 1. M a p  o f  th e  B e lg ian  p a r t  o f  th e  N o r th  Sea c o n ta in in g  th e  o ffs h o re  w in d  fa rm  co n ce ss io n  zone 

(re d  a rea ). The  B lig h  B ank o ffs h o re  w in d  fa rm  c o n s is tin g  o f  55  m o n o p ile  fo u n d a tio n s  (s ta rs ) w ith  

s a m p le s  ta k e n  in s id e  th e  N o F ishery  a rea  (b lu e  a rea ) and  c o n tro l s a m p le s  o u ts id e  th e  No F ish ery  area 

(h a tc h e d  a reas).

2.2 .1  B io tic  data

Samples w e re  co llec ted  by means o f  a 0.1 m 2 Van Veen grab, sieved o n -boa rd  ove r a 1 mm 

sieve ta b le  and subsequen tly  fixed  in an 8 % fo rm a ld e h yd e -se a w a te r so lu tio n . In th e  

la b o ra to ry , sam ples w ere  s ta ined w ith  1 % Rose Bengal and rinsed o ve r a 1 m m  sieve. A fte r 

so rtin g , o rgan ism s w ere  id e n tifie d  to  species level, w h e n e ve r possible, and subsequently 

s to re d  in a 4  % neu tra lised  fo rm a ld e h yde  so lu tio n . Biomass (mg) o r ash free  d ry  w e igh t 

(AFDW) was d e te rm in e d  fo r  every  species per sam ple  by a convers ion  fa c to r  o f  th e  w e t
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w e ig h t (Brey, 2001) o r  by regression fac to rs  o f th e  leng th  o r w id th  w ith  th e  AFDW . W hen 

n e ith e r convers ion  fac to rs  no r regressions ex is ted  fo r  a ce rta in  species, AFDW  was 

d e te rm in e d  by c rem ation . Samples w ere  d ried  fo r  48 h a t 60 °C and bu rned in a m uffle  

fu rn a ce  fo r  2 h a t 550 °C. The AFDW  was ca lcu la ted as th e  d iffe re n ce  be tw een  d ry  w e igh t 

(DW ) and ash w e ig h t (AW). The AFDW  o f E ch inocard ium  co rd a tu m  was excluded fro m  all 

analyses due to  th e  presence o f a fe w  large ind iv idua ls.

2 .2 .2  E nv ironm en ta l data

S ed im en t sam ples fo r  grain size analysis w e re  taken  as a subsam ple  (50 m l) fro m  th e  Van 

Veen grab. M ed ian  grain size d (0.5) was d e te rm in e d  on d ried  sam ples (60 °C) w ith  a 

M a lve rn  M asters izer 2000G, hyd ro  vers ion  5.40 (laser d iffra c tio n  m e thod ) (M a lve rn , 1999). 

G rain size frac tio n s  w e re  de te rm in e d  as vo lum e  percen tages w ith  a range fro m  fin e  clay (< 4 

pm ) to  coarse g rave l/she ll m ate ria l (max. 2 m m ). The to ta l organic m a tte r  co n te n t (TOM %) 

was m easured  per sam ple by app ly ing  th e  fo llo w in g  e q u a tio n : TOM  % = [(D W  -  AW ) /  (DW  - 

C rW )] X 100. DW was de te rm in e d  a fte r 48 h a t 60 °C and th e  A W  a fte r  2 h 20 m in a t 550 °C. 

Every used cruc ib le  was weighed (CrW) in o rd e r to  d e te rm in e  TOM %.

2.3 Data analysis

W ith  an unequa l set o f  rep licates ob ta ined  th ro u g h o u t th e  years, it  was op ted  to  se lect all 

f ir s t  rep lica tes o f  every  s ta tion . Species th a t w ere  no t sam pled  q u a n tita tiv e ly  w ith  th e  Van 

Veen grab (hype rben thos  except b u rro w in g  m ysids, m e ioben thos  and fish) w ere  excluded 

fro m  th e  da tase t to g e th e r w ith  e x tre m e ly  rare taxa, de fined  as species w ith  a un ique  

occu rrence  and a m ax im um  o f th re e  ind iv idua ls  per sam ple . C erta in species w e re  lum ped  to  

a h igher ta xo no m ic  level to  take  incons is ten t species id e n tif ic a tio n  in to  cons id e ra tio n  (e.g. 

A ric id e a  sp., C apite llidae , C irra tu lidae , D iastylis  sp., G lycera  sp., M ag e lo n a  sp., Spio  sp., 

T erebe llidae  sp.). A fte r  th e  data q u a lity  co n tro l, a to ta l se t o f  117 m acroben th ic  sam ples and 

105 taxa  w e re  fu r th e r  used fo r  analysis. The n u m b e r o f  ind iv idua ls  pe r m 2 (abundance), 

species richness (N0), Shannon W ie n e r d ive rs ity  index (H ') and biomass (AFDW) (m g m '2) 

w e re  ca lcu la ted. Results are expressed as m ean ± s tanda rd  e rro r (SE).

The P lym outh  R outines in M u ltiv a r ia te  Ecological Research (PRIMER) p rog ram m e (version 

6 .1 .6) w ith  th e  PERMANOVA add-on  so ftw a re  was used fo r  s ta tis tica l analyses (Anderson e t 

al., 2008; C larke and G orley, 2006). M u ltiv a r ia te  and un iva ria te  PERMANOVAs 

(P e rm u ta tio na l ANOVAs) w ere  carried  o u t in th is  s tudy  w ith  a tw o -fa c to r  design con ta in ing  

areas (No F ishery area and co n tro l)  and years (2008 - 2012) as fac to rs . Type III sum  o f 

squares was app lied  as th e  design was unbalanced, w ith  th e  num ber o f  p e rm u ta tio n s  set to  

9999 and th e  p e rm u ta tio n  o f residuals u nder a reduced m ode l. W hen th e  m ain  tes t showed 

a s ign ifican t in te ra c tio n  be tw een  fa c to rs , a p a ir-w ise  te s t was p e rfo rm e d  w ith in  th e
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in te ra c tio n  fa c to r. W hen th e  m ain PERMANOVA te s t showed s ign ifican t e ffec ts  fo r  fac to rs , a 

pa ir-w ise com parison  was app lied be tw een  levels o f  factors. A sign ificance level o f p < 0.05 

was app lied  fo r  a ll tests. Results fro m  th e  main Perm anova tes ts  can be consu lted  in 

addendum  II. The resem blance m easure Euclidean d istance was app lied fo r  th e  un ivaria te  

analysis o f to ta l density, d ive rs ity , biomass and th e  env iro n m e n ta l da ta  (grain size and 

TOM %). The resem blance m easure Bray-C urtis s im ila rity  was app lied fo r  th e  m u ltiva ria te  

analysis o f  abundance  and biomass data a fte r square  ro o t tra n s fo rm a tio n . H om ogene ity  o f 

d ispersions was te s te d  w ith  PERMDISP using d istances am ong cen tro ids . Data was log (x+1) 

tra n s fo rm e d  i f  PERMDISP was s ign ifican t, i f  th e re a fte r  PERMDISP was s till s ign ifican t the  

tra n s fo rm a tio n  w as preserved and PERMANOVA resu lts  w ere  ca re fu lly  in te rp re te d  since 

e ffec ts  can be a ttr ib u te d  to  bo th  loca tion  and d ispers ion . P rincipal coo rd ina tes analysis 

(PCO) was p e rfo rm e d  to  visualise th e  m u ltiva r ia te  da ta  a fte r ca lcu la tion  o f  distances among 

cen tro ids  fo r  levels o f th e  fa c to r  area o r year. Furthe rm ore , a SIMPER analysis was 

conducted  to  d e te rm in e  th e  species w ith  an im p o rta n t c o n trib u tio n  to  th e  s im ila rity  

(cum u la tive  a t 90% ) w ith in  com m un ities  in th e  No Fishery and c o n tro l area. Subsequently, 

th e  to ta l abundance  o f these  species was analysed w ith  PERMANOVA. The b io log ica l tra it  

'fra g ility  to  d is tu rbance ' o f  th e  m ain characte ris tics  species o f  th e  co m m u n ity  and key 

species th a t  are m ost frag ile  to  d is tu rbance  w e re  classified fro m  frag ile , in te rm e d ia te  to  

robus t accord ing to  th e  M arLIN database (w w w .m a rlin .a c .u k ).

3 Results 

3.1 Environm ental characteristics

The average m ed ian  grain size ranged be tw een  389 ± 9 pm  in th e  No Fishery area in 2012 

and 440 ± 16 pm  in the  con tro l area in 2009 (Table 1). The m ain PERMANOVA te s t showed a 

sign ificance fo r  th e  fa c to r area (p = 0.01) w ith  a h igher grain size in th e  co n tro l area. Total 

o rgan ic m a tte r  co n te n t in th e  sed im ents ranged be tw een  0.52 ±  0.05 % in th e  con tro l area in 

2011 and 0 .85  ± 0 .23  % in th e  No Fishery area in  2012 (Table 1). The m ain  PERMANOVA te s t 

show ed a s ign ificance  fo r  th e  fa c to r  yea r (p = 0.0443). Pair-w ise tes ts  show ed s ign ifican tly  

h igher TOM  co n ten ts  in 2012 in com parison to  2008 (p = 0 .0194) and 2011 (p = 0,0364).

3.2 M acrobenthic density, diversity and biomass

The m ean to ta l abundance in th e  c o n tro l area ranged be tw een  256 ± 30 ind m '2 in 2011 and 

458 ± 72 ind m '2 in  2012. A peak was m easured in th e  No fishe ry  area in  2012 w ith  an 

average abundance  reaching 1027 ± 701 ind  m '2, due to  a high average abundance o f 

Terebe llidae  sp. (196 ind m '2), Eum ida sangu inea  (112 ind m '2), Echinocyam us pusillus  (73 ind 

m '2) and H ete rom astus f i l i fo rm is  (64 ind m '2) a t one o r tw o  s ta tions (see A ddendum  II, Table 

1). A s im ila r peak in  average biomass was m easured in th e  No Fishery area in 2012 w ith  a
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va lue o f 5733 ±  4974 m g m '2. The m ain range in average biom ass ranged be tw e en  514 ± 111 

mg m '2 in th e  No Fishery area in 2011 and 1864 ± 511 m g m '2 in th e  c o n tro l area in 2012.

The m ean n u m b e r o f  species (N0) show ed a m in im u m  o f  9.8 ± 1.1 species pe r 0.1 m 2 in the  

co n tro l area in 2009 and a m axim um  n um ber o f  species pe r sam ple o f 14.7 ±  1.7 in the  

co n tro l area in 2012. The Shannon W ie n e r d ive rs ity  in d e x  (H ') show ed a s im ila r p a tte rn  w ith  

a range be tw e en  1.6 ± 0.2 in th e  con tro l area in 2008 and 2.2 ±  0.1 in th e  co n tro l area in 

2012. No s ig n ifica n t d iffe rences in year, area o r th e  in te ra c tio n  fa c to r  ye a r x area w ere 

observed fo r  all un iva ria te  b io tic  param eters (PERMANOVA).

Table 1. Number o f sampled stations from  2008 -  2012 in th e  No Fishery area and control area on 

the  Bligh Bank in the  Belgian part o f the North Sea. Mean to ta l abundance (ind m‘2), species number 

(per 0.1 m 2), Shannon H' diversity index, biomass (mg r r f2), median grain size (pm) and tota l organic 

m atter content (TOM %).

2008 2009 2 01 1 2 0 1 2

No F ishery area

# stations 6 16 9 9

Abundance (ind m ’2) 361 ± 7 2 434 ± 69 369 ±  87 1027 ± 701

Species num ber 10.3 ± 1 .7 11 ± 0 .9 10.4 ± 1 .4 12.3 ± 3 .4

Shannon H ’ 1.7 ± 0 .2 1.9 ± 0 .1 1.9 ± 0 .2 1.7 ± 0 .3

Biomass (mg m '2) 802 ± 253 1338 ± 370 514 ± 1 1 1 5733 ±  4974

MGS (pm ) 395 ± 8 411 ± 1 3 397 ± 8 389 ± 9

TOM % 0.59 ±0 .0 6 0.74 0.09 0.63 ± 0 .1 0 0.85 ± 0 .2 3

C o ntro l a rea

#  stations 15 25 18 18

Abundance (ind r r f2) 436 ± 67 345 ± 50 256 ±  30 458 ± 72

Species num ber 10.7 ± 1 .3 9.8 ± 1 .1 10.3 ±  1.2 14.7 ± 1 .7

Shannon H' 1.6 ± 0 .2 1.7 ± 0 .1 1.9 ± 0 .1 2.2 ± 0 .1

Biomass (mg r r f2) 1656 ± 3 2 0 1818 ± 3 6 0 1392 ± 479 1864 ± 5 1 1

MGS (pm ) 421 ± 1 0 440 ± 16 418 ±  12 409 ± 7

TOM % 0.59 ±0 .0 5 0.63 ± 0 .0 6 0.52 ±0 .0 5 0.75 ± 0 .0 7

3.3 M acrofaunal com m unity analysis

105 species w e re  id e n tif ie d  in b o th  areas fro m  2008 to  2012 w ith  38 M alacostraca species, 

36 po lychaete  species, 17 m ollusc species and 6 e ch inode rm  species as th e  fo u r  main 

ta xo n o m ic  groups.

The m ain PERMANOVA te s t showed a s ign ifican t d iffe re n ce  in m acroben th ic  com m un ity  

s tru c tu re  be tw e en  th e  tw o  areas (p  = 0.0061) and years (p = 0.0001) based on to ta l 

abundances. Pa ir-w ise tests  based on years show ed a s ign ifican t d iffe rence  in co m m u n ity
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s tru c tu re  be tw een  all years except 2008 -  2009 (Table 2). Based on to ta l biomass, th e  

m acroben th ic  co m m u n ity  s tru c tu re  also show ed a s ig n ifica n t d iffe rence  be tw een  bo th  areas 

(p = 0.0003) and years (p = 0.0001) in th e  main PERMANOVA test. Pair-w ise tests based on 

years also illu s tra te d  a s ign ifican t d iffe re n ce  be tw een  all years (Table 2). PCO p lo ts based on 

distances be tw een  cen tro ids  w ith  th e  fa c to r  yea r, c lea rly  illu s tra te  th e  changes in 

m acro b e n th ic  co m m u n ity  s tru c tu re  bo th  fo r  abundance (Fig. 2 Left) and biomass (Fig. 2 

Right) fro m  2 0 0 8 -2 0 1 2 .

Table 2. M ultivaria te pair-wise PERMANOVA analysis fo r  factor year to  determ ine significant 

differences (p < 0.05) in com m unity structure based on abundance and biomass.

A verage abundance Average biomass

Groups t p-va lue  (perm ) U nique  perm s t p-value (perm ) U nique perm s

2 0 0 8 -2 0 0 9 1.2892 0.0584 9922 1.397 0.0232 9916

2 0 0 8 -2 0 1 1 1.8533 0.0002 9917 1.8129 0.0002 9908

2 0 0 8 -2 0 1 2 2.2784 0.0001 9924 1.8455 0.0001 9907

2009 - 2011 1.9981 0.0001 9914 1.9873 0.0001 9917

2 0 0 9 -2 0 1 2 2.5152 0.0001 9918 2.1395 0.0001 9925

2 0 1 1 -2 0 1 2 1.7953 0.0003 9934 1.5056 0.0061 9907

10
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Fig. 2. PCO p lo t based on distances among centroids w ith  factor year as grouping factor fo r 

abundances (Left) and biomass (Right).

3.4  Characteristic species and dom inance

The main ch a rac te ris tic  species o f  th e  co m m u n ity  in every area w e re  d e te rm in e d  based on a 

SIMPER analysis and rep resen ted  in Table 3. Furthe rm ore , key frag ile  species o f  d istu rbance 

d e te rm in e d  w ith  th e  M arLIN  database (w w w .m a rlin .a c .u k ) e.g. (Echiocard ium  corda tum , 

Echinocyam us pusillus, Eum ida sangu inea , O phiura  ju v .)  w e re  added to  th e  tab le . All 

m acroben th ic  species in th e  c o m m u n ity  w e re  classified as fra g ile  o r in te rm e d ia te  to  

d is tu rbance .
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The m ain PERMANOVA te s t fo r  th e  to ta l abundance o f  Nephtys c irrosa  and Spiophanes  

bom byx  showed a s ign ifican t e ffe c t fo r  th e  fa c to r year (p  = 0.0128 and p  = 0.0025) w ith  a 

m ain decrease in abundance in  2012 (Table 4). Even a f te r  tra n s fo rm a tio n , PERMDISP was 

s ign ifican t (p = 0.001) fo r  th e  fa c to r  year fo r  abundances o f  5. bombyx.

Table 4. Univariate pair-wise PERMANOVA analysis fo r factor year to determ ine significant 

differences (p < 0.05) in to ta l abundance.

Groups

N ephtys cirrosa Spiophanes bom byx

T p-va lue  (perm ) U nique perm s t p-value (perm ) U nique perm s

2008 - 2009 19.91 0.0499 9846 13.51 0.1790 9859

2 00 8 -2 0 1 1 3.72 0.0004 9818 30.25 0.0035 9856

2008 - 2012 4.91 0.0001 9820 28.90 0.0048 9839

2009 - 2011 24.67 0.0141 9831 28.14 0.0043 9878

2009 - 2012 41.81 0.0001 9837 25.86 0.0066 9847

2 01 1 -2 0 1 2 24.66 0.0173 9852 10.35 0.3198 9738

The abundance o f  T e rebe llidae  sp. showed a s ign ifican t d iffe rence  fo r  th e  fa c to r  yea r (p  = 

0 .0224) (PERMANOVA). Pair-w ise tes ts  show ed an increase in th e  abundance o f  Terebe llidae  

sp. in  2012 in com parison  to  2009 (p = 0.0233) and 2011 (p = 0.0239). H ow ever, PERMDISP 

was s ign ifican t (p = 0 .021) fo r  th e  fa c to r  year even a fte r  tra n s fo rm a tio n , suggesting a high 

d ispers ion be tw een  sam ples. A s ign ifican t in te ra c tio n  fo r  th e  te rm  yea r x area (p = 0.0436) 

was m easured fo r  dens ities  o f  Gastrosaccus sp in ife r. Pair-w ise com parisons fo r  th e  te rm  year 

x  area fo r  pairs o f  levels o f th e  fa c to r  year, showed a s ign ifican t increase in dens ity  be tw een  

2009 and 2012 (p = 0 .0181) in th e  No Fishery area. Pa ir-w ise com parisons fo r  th e  te rm  yea r x 

area fo r  pairs o f  levels o f  th e  fa c to r  area, showed no s ign ifican t d iffe rences in abundance o f 

G. sp in ife r. PERMDISP was s ign ifican t fo r  th e  te rm  yea r x area (p = 0.0002), even a fte r 

tra n s fo rm a tio n , suggesting a high h e te rogene ity  in samples be tw een  years and areas. 

F u rthe rm ore , typ ica l frag ile  species expected to  show  v u ln e ra b ility  to  fish e ry  im pacts (e.g. 

Echinocardium  co rda tum  and Echinocyam us pusillus) did n o t show  any s ign ifican t d iffe rences 

in te rm s  o f abundance.

In te rm s  o f b iomass o n ly  S. bom byx  and G. sp in ife r  illu s tra te d  s ign ifican t d iffe rences. The 

to ta l b iomass o f  S. bo m byx  show ed a s ign ifican t d iffe re n ce  be tw een  years (p = 0.0006; 

PERMDISP p = 0 .001) w ith  a s ign ifica n tly  h igher biomass in  2008 (Table 5). The to ta l b iomass 

o f G. sp in ife r  was s ign ifica n tly  d if fe re n t be tw een th e  tw o  areas (p = 0.0044; PERMDISP p  =

0.001). D om inan t species are rep resen ted  in Table 6 w ith  a re la tive ly  s tab le  d is tr ib u tio n  over 

tim e  w ith  N. c irrosa  as th e  m ain d o m in a n t species in b o th  areas (11 -  35 %). H ow ever, in 

2012, B athypore ia  gu illia m son ia n a  do m in a te d  in th e  No Fishery area (20 %).
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Table 5. Univariate pair-wise analysis (PERMANOVA) fo r factor year to  determ ine significant 

differences (p < 0.05) in to ta l biomass fo r Spiophanes bombyx.

Groups t p-va lue  (perm ) U nique perm s

2008 - 2009 3.2083 0.0037 9845

2 0 0 8 -2 0 1 1 3.0173 0.0027 9852

2008 - 2012 2.9686 0.0034 9865

2 0 0 9 -2 0 1 1 1.9 0.0413 9910

2009 - 2012 1.6417 0.08 9903

2 0 1 1 - 2012 1.4794 0.1496 9848

Table 6. Dominant macrobenthic species from  2008 -  2012 in the No Fishery and control area. Mean 

contribution (%) to  the average abundance.

No Fishery area C ontro l

Species % Species %

2008 Nephtys cirrosa 35 Nephtys cirrosa 35

2009 Nephtys cirrosa 27 Nephtys cirrosa 28

2011 Nephtys cirrosa 16 Nephtys cirrosa 32

2012 Bathyporeia gu illiam soniana 20 Nephtys cirrosa 11

4 Discussion

W ith  th e  BACI design applied in th is  s tudy, w e w e re  able to  re la te  changes to  the  

m acro fauna  in t im e  w ith  changes observed be tw een  th e  unfished  and c o n tro l areas. The 

c o n tro l area was s itua ted  on th e  same sandbank as th e  unfished area to  ensure the  

co m p a ra b ility  o f  hab ita ts  and a s im ila r f ish in g  e f fo r t  in th e  past (Grizzle e t al., 2009). Three 

years a fte r  th e  p ro h ib itio n  o f fisheries was im p lem en ted  inside th e  Bligh Bank OWF, no 

s ign ifican t in te ra c tio n  e ffec ts  in abundance and biomass be tw een  th e  tw o  areas (unfished 

and co n tro l)  and years w ere  observed. M a in  changes illu s tra te d  th e  na tu ra l year- to -  year 

v a r ia b ility  in species com position  in b o th  areas. A th re e  yea r fish e ry  exclusion was possibly 

to o  sh o rt to  d e te rm in e  s ign ifican t changes to  th e  com p le te  m acro fauna l com m un ity . 

H ow ever, sub tle  changes w ith in  th e  m acro fauna l co m m u n ity  w ere  observed  in th e  unfished 

area in 2012 w ith  an unusua lly h igh abundance  fo r  ce rta in  species. The abundance o f the  

sand b u rro w in g  m ysid sh rim p  G. sp in ife r  show ed h igher d iffe rences in d ens ity  be tw een  the  

un fished  and c o n tro l areas in 2011 and 2012. An increase in m ean abundance o f  th e  tube  

bu ild in g  T erebe llidae  sp. was observed fro m  2008 to  2012 in bo th  areas. The abundance o f 

T e rebe llidae  sp. increased by a fa c to r 40 in th e  unfished  area (5 ±  3 ind m~2 to  196 ± 151 

ind m '2) in  com parison  to  a fa c to r  8 in th e  con tro l area (8 ±  3 ind m '2 to  62 ±  28 ind m '2). 

T he re fo re , w e can suggest th a t th e  re c ru itm e n t o f T erebe llidae  sp. was m ore  successful in
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th e  no fish e ry  area. However, th e  s ign ifican t PERMDISP resu lts suggest a high he te rogene ity  

o r patchiness o f th e  m acroben th ic  co m m u n ity  in these  areas. The h igh patchiness is 

illu s tra te d  by th e  high standard e rro r fo r  bo th  th e  to ta l abundance and biom ass o f  th e  

m a cro b e n th ic  co m m u n ity  in th e  No Fishery area in 2012. Nevertheless, prev ious stud ies in 

u n tra w le d  areas have de tected  s im ila r increased abundances o f  frag ile  m acroben th ic  

species. In th e  G erm an Bight, h igher energy flo w s  th ro u g h  O wenia fu s ifo rm is , a te re b e llid  

tu b e -b u ild in g  po lychaete , w ere  observed in u n tra w le d  areas w hen com pared  to  traw led  

areas (D annheim  e t al., 2014). M ost te re b e llid  ind iv idua ls  in ou r s tudy  w e re  to o  sm all to  be 

id e n tif ie d  to  species level. High densities o f Lanice-bed associated species (e.g. Eumida  

sanguinea  (112 ind m '2)) suggest th a t m ost te re b e llid  species id e n tif ie d  a t th e  Bligh Bank 

cou ld  be L. conchilega. Lanice conch ilega  patches have occasionally  been observed on a 

large-scale be fore , b u t m ostly  on a nearby sandbank (Tho rn tonbank) and never w ith  such 

high abundances o f  th e  associated species (Coates and V incx, 2010; De M aersschalck e t al., 

2006; Reubens e t al., 2009). H ow ever, th e  occurrence  o f o th e r Terebe llid  species in th is  area 

ca n n o t be ru led  ou t.

Increased densities o f  Lanice conch ilega  a round  a g ra v ity  based fo u nd a tio n  on the  

T ho rn ton b a n k  w ere  illu s tra te d  due to  th e  changing hydrodynam ics and depos itiona l f lo w  o f 

o rgan ic  m a tte r  in th e  wake o f th e  fo u n d a tio n  (Coates e t al., 2014). The increased densities 

w ere  re s tr ic te d  to  th e  im m ed ia te  v ic in ity  (< 50 m) o f  th e  fo u n d a tio n . The rich te re b e llid  

patches a t th e  Belw ind OWF w ere  observed fu r th e r  aw ay (> 200 m) fro m  th e  w in d  tu rb ines, 

w h e re  no d iffe rences in hydrodynam ics (Van den Eynde e t  al 2013) o r  s ign ifica n tly  increased 

levels o f  sed im en ta ry  organic m a tte r (th is s tudy) w e re  observed. Hence, w e suggest th a t  the  

d e tec te d  te re b e llid  patches w ith  th e ir  associated species are m ost like ly  re lated  to  th e  

p ro h ib it io n  o f  fish ing  w ith in  th e  OWFs and n o t due to  th e  physical presence and th e  a rtific ia l 

re e f e ffe c t o f  th e  w in d  tu rb ines  them se lves. H ow ever, an expansion o f  th e  observed sm all- 

scale e n rich m e n t by Coates e t al. (2014) is n o t ru led  o u t fo r  th e  fu tu re  and cou ld  be 

fa c ilita te d  by th e  p ro h ib itio n  o f  beam  tra w l fish ing . The q u a n tity  and dens ity  o f  te re b e llid  

pa tches cou ld  th e n  increase inside th e  unfished areas, s im u ltaneous ly  increasing th e  hab ita t 

c o m p le x ity  o f  th e  area (Defew  e t al., 2012; Petersen and M a lm , 2006). L im ited  stud ies have 

d e a lt w ith  th e  e ffec ts  o f  long -te rm  and large-scale p ro h ib itio n  o f tra w lin g  on th e  m acrofauna 

in  com parab le  hab ita ts . In th e  w este rn  G u lf o f  M a ine  an early  stage o f in fauna l recovery was 

illu s tra te d , w ith  a h ighe r abundance and d ive rs ity  in th e  sandy sed im ents o f a large area (30 

km x 110 km ) fo u r  to  six years a fte r fish e ry  c losure (Grizzle e t al., 2009). S im ilarly, a s tudy  

ca rried  o u t in th e  n o rth -w e s t M ed ite rra n e a n  Sea observed s ign ifican tly  h igher densities o f 

v u ln e ra b le  f i l te r  feed ing  organism s in m uddy sed im en ts  (2.7 km 2) a fte r  a 20 year fish ing 

p ro h ib it io n  (de Juan e t al., 2007). In te rm s  o f  biomass, recovery  rates are es tim a ted  to  be 

lo n g e r (H idd ink  e t al., 2006), in accordance w ith  o u r  resu lts as only th e  to ta l b iomass o f  S.
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b om byx  and G. sp in ife r  illu s tra te d  changes. T he re fo re , it  is expected th a t th e  patterns 

observed in  th is  s tu d y  w ill on ly  becom e s tronger a f te r  longer te rm  m on ito r in g  th ro u g h o u t 

th e  20 year concession period.

V arious stud ies have illu s tra ted  th e  vu ln e ra b ility  o f  ech inode rm s to  beam  tra w lin g  (Bergman 

and Hup, 1992; de G root, 1984; Jennings e t al., 20 0 1 ; M acD onald e t al., 1996; R um ohr and 

Kujawski, 2000). The sm alle r Pea urch in  Echinocyam us pusillus  show ed s ligh t changes w ith  

an increased average abundance in 2012 (73 ind m~2). W ith  a re p ro d u c tive  m a tu r ity  age o f 

one year (Fish and Fish, 1996), th is  species cou ld  be illu s tra tin g  th e  f irs t  signs o f recovery fo r 

frag ile  ech inode rm s in th e  area. W ith  a large v a r ia b ility  in abundance, add itiona l m on ito rin g  

w ill be needed to  co n firm  these find ings. The tim e  fra m e  app lied  in th is  s tudy was possibly 

to o  sho rt to  d e te c t changes in th e  abundance o f th e  la rge r Echinocardium  co rda tum  o r the  

sam pling  s tra te g y  w ith  th e  Van Veen grab was n o t e ffe c tive  enough to  d e tec t changes fo r  

th is  p a rticu la r species. Furthe rm ore , samples taken  o n  th e  gullies and tops  o f th e  sandbanks 

w e re  analysed to g e th e r in  th is  s tudy. As ech inoderm s  ty p ic a lly  occur in th e  gullies o f 

sandbanks (De Backer e t al., 2010), i t  w o u ld  be advisable to  focus on these  s ta tions  during 

fu tu re  sam pling  in o rd e r to  e ffic ie n tly  d e te c t any changes in th e  abundance o f E. corda tum . 

A d d itio n a lly , VMS data and visual observa tions revea led  th e  en trance  o f  beam  tra w l vessels 

in to  th e  OWF th ro u g h o u t th e  sam pling period (Pecceu e t al., 2014; Vandendriessche e t al., 

2011). Depending on th e  freq u e n cy  o f  traw lin g , an increase in dens ity  o f  frag ile  species w ill 

take  even longer (R ijnsdorp  e t al., 1998) p rov id ing  a v iab le  exp lana tion  fo r  w h y  th e  en tire  

m acro fauna l co m m u n ity  has n o t show n a s ign ifican t change a t th is  p o in t in tim e .

A changing m acro b e n th ic  co m m u n ity  and increased am oun ts  o f  dense te re b e llid  patches in 

th e  un fished  area w ill enhance th e  a ttra c tio n  o f  h ighe r tro p h ic  levels such as dem ersa l fish 

species w ith in  th e  OWF (B ergström  e t al., 2012; Kaiser e t al., 2002; Petersen and M alm ,

2006). A lthough  i t  appears to o  ea rly  to  de tec t s ign ifican t large-scale changes in the  

m acro b e n th ic  co m m u n ity , a s tudy  carried o u t on th e  d ie t o f  th e  com m on dab in 2010 did 

illu s tra te  a h ig h e r stom ach fu llness index inside a n o th e r Belgian OWF in com parison  to  a 

re fe rence  area (D erw eduw en  e t al., 2012; Vandendriessche e t al., 2013c). W ith  am phipods, 

decapods, m ysids and po lychaetes as th e  m ain p rey species o f  dab (Vandendriessche e t al., 

2013c), th e  increased abundance o f G. sp in ife r and T erebe llidae  sp. observed in  th is  study, 

w ill enhance th e  fo o d  a va ilab ility  fo r  dem ersa l fish species w ith in  th e  OWF. An increase o f 

th e  p re d a to ry  pressure  inside th e  OWF could also c la rify  w h y  so fa r, no sign ificant 

d iffe rences have been observed be tw een  th e  unfished  and c o n tro l areas. A t a large-scale (> 

180 m d is tance  fro m  th e  tu rb ines), no s ign ifican t a ttra c tio n  o f  dem ersa l fish  species w ith in  

th e  Belgian OWFs have thus  fa r  been recorded  (Vandendriessche e t  al., 2013a). However, 

la rge r ind iv idua ls  o f  plaice and tu rb o t w e re  observed w ith in  th e  Bligh Bank OWF, suggesting 

a re fug ium  e ffe c t due to  th e  p ro h ib itio n  o f  fish ing  ac tiv itie s  (de Juan e t al., 2007;
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V andendriessche e t a l., 2013c). Together w ith  a possib le  increase o f  te re b e llid  patches, the  

enclosed area w ith in  th e  OWF could evolve in to  an eco log ica l im p o r ta n t area d u rin g  the  

com ing  20 years.

5 Conclusions

W ith  signs o f a changing m acroben th ic  com m un ity , th e  area inside th e  OWF m ay be acting 

as a d e -fa c to  m arine  p ro tec ted  area (MPA) fro m  fish e ry  im pacts. A t th is  p o in t in tim e , the 

enclosed h a b ita t is n o t necessarily th e  m ost va lu a b le  area in th e  BPNS in te rm s  o f 

conse rva tion  (Inger e t al., 2009), as large-scale e ffec ts  o f  th e  physical presence o f  th e  OWF 

(e.g. changing hydrodynam ics and increased fo o d  a va ila b ility ) are s till unknow n. O ur results 

suggest th a t  th is  area could evolve in to  a rich and sh e lte re d  h a b ita t p rov id ing  a re fug ium  fo r 

fo ra g in g  and breed ing  organism s fro m  higher tro p h ic  leve ls (de Juan e t al., 2007; Rabaut et 

al., 2010). H ow ever, in accordance w ith  o th e r stud ies th e re  is s till a m a jo r know ledge  gap as 

to  h o w  th e  area w ill evolve in th e  long te rm  (> 20 years), u n derlin ing  th e  need fo r  fu rth e r 

lo n g -te rm  research a t d iffe re n t spatia l scales and tro p h ic  levels. W ith  a to ta l area o f 238 km 2 

w h ich  w ill p ro h ib it beam tra w l fishe ry  activ ities a fte r  c o n s tru c tio n  o f  all Belgian OWFs, an 

u nknow n  large-scale s itu a tio n  fo r  th e  Southern N orth  Sea w ill be created.
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Abstract

The g ro w ing  d e ve lopm en t o f o ffsh o re  w in d  e ne rgy  ins ta lla tio n s  across th e  N o rth  Sea is 

p roduc ing  n e w  hard an th ropogen ic  s truc tu re s  in th e  na tu ra l so ft sed im ents, causing changes 

to  th e  su rro u n d in g  m acrobenthos. The e x te n t o f  m o d ifica tio n  in perm eab le  sedim ents 

a round  a g ra v ity  based w in d  tu rb in e  in th e  Belgian p a r t o f  th e  N o rth  Sea was investiga ted  in 

th e  period  2011 - 2012, a long fo u r  g rad ien ts  (sou th -w e s t, no rth -eas t, sou th-east, n o rth ­

w e s t). S ed im en t g ra in  size s ign ifican tly  reduced fro m  412 ±  15 pm  a t 200 m  to  312 ± 3 pm  at 

15 m fro m  th e  fo u nd a tio n  a long th e  sou th -w e s t and n o rth -w e s t g rad ients. The organic 

m a tte r  c o n te n t increased fro m  0.4 ± 0.01 % a t 100 m to  2.5 ± 0.9 % a t 15 m fro m  th e  

fo u n d a tio n . The observed changes in e n v iro n m e n ta l characte ris tics tr igge red  an increase in 

th e  m acro b e n th ic  density  fro m  1390 ±  129 ind r r f2 a t  200 m  to  18583 ± 6713 ind m '2 a t 15 m 

to g e th e r w ith  an enhanced d ive rs ity  fro m  10 ± 2 a t 200 m  to  30 ± 5 species pe r 0.1 m 2 at 

15 m. S h ifts  in species dom inance  w ere  also de tec ted  w ith  a g rea te r dom inance  o f  the  

ecosystem -eng ineer Lanice conch ilega  (16 -  25 %) close to  th e  fo u n d a tio n . This study 

suggests a v iab le  p red ic tion  o f  th e  e ffec ts  o ffsh o re  w in d  fa rm s  cou ld  c rea te  to  th e  na tura lly  

occu rring  m acroben thos on a large-scale.

Keywords

B enth ic  eco logy - C om m un ity  com p o s itio n  - Perm eab le  sed im en ts  - E nv ironm enta l im pac t - 

Small scale - W ind  pow er - N orth  Sea
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1. Introduction

A n th ro p o g e n ic  s tructu res have becom e a w idesp read  phenom enon  in th e  m arine  

e n v iro n m e n t w ith  th e  presence o f m any sh ipw recks, coastal de fence  s truc tu res, o il and gas 

p la tfo rm s  and renew ab le  energy devices such as o ffsh o re  w in d  fa rm s (OWFs) (M o ffa t e t al., 

2010; OSPARcommission, 2009; Z intzen e t al., 2008). These hard substra tes create  a new  

h a b ita t w ith in  th e  natura l s o ft sed im ents in fluenc ing  th e  su rround ing  ben th ic  b iod ive rs ity  

(A m brose  and Anderson, 1990; Davis e t al., 1982; Langham er, 2010; Petersen and M alm ,

2006). W o rld w id e , ove r 70 % o f th e  co n tin en ta l shelves and coastal w a te rs  are covered by 

sandy, perm eab le  sed im ents (Boudreau e t al., 2001; Janssen e t al., 2005; M eysm an e t al.,

2007). H ighly perm eable  sed im ents (p e rm e a b ility  > IO "12 m 2) are characterised by a low  

organ ic  m a tte r co n ten t due to  high m ine ra lisa tion  ra tes  caused by advective  p o re -w a te r 

flo w s  (Rusch e t al., 2006). Typical m acroben th ic  assemblages o f  perm eab le  sed im ents are 

characte rised  by a lo w  density  and d ive rs ity , do m in a te d  by a fe w  species such as m ob ile  

po lychaetes (e.g. N ephtys cirrosa) and crustaceans (B a thypore ia  sp. and U ro thoe brevicorn is) 

(De M aersschalck e t al., 2006; Van Hoey e t al., 2004). The m acroben thos plays an essentia l 

ro le  in  th e  m arine  ecosystem  fu n c tio n in g  by degrad ing  o rgan ic m a tte r  and trans fe rrin g  

energy to  h ighe r levels in th e  m arine  food  w eb  (Hiscock e t al., 2006; N ew ell e t al., 1998), 

ac ting  as a food  source fo r  dem ersa l fish  species and crustaceans (Schuckel e t al., 2011; Sell 

and Kroncke, 2013). Changes to  th e  abundance o f  one o r m ore  m acroben th ic  species can 

cause exis ting  m acrofaunal com m un ities  to  s h ift to  a n o th e r s ta te  (Hiscock e t al., 2002), 

co n sequen tly  a ffe c ting  th e  e n tire  food  w eb  by a lte rin g  tro p h ic  in te rac tions.

M a c ro b e n th ic  assemblages w ith in  th e  so ft subs tra te  are h igh ly  dependen t on a w ide  va rie ty  

o f  e n v iro n m e n ta l cond itions such as se d im e n t grain size, hydrodynam ics, fo o d  a va ilab ility  

and tro p h ic  in te rac tions  (M a rtin  e t al., 2005; Snelgrove and Butm an, 1994; Van Hoey e t al., 

2004; Vanaverbeke e t al., 2011). W ith  an increasing dem and fo r  o ffsh o re  renew ab le  energy 

p ro d u c tio n  in Europe (C orbetta  e t al., 2013), th e  ins ta lla tio n  o f OWFs in the  na tu ra l, 

pe rm eab le  so ft sed im ents w ill m ost like ly  induce changes to  th e  su rround ing  s o ft-b o tto m  

e n v iro n m e n t (Gili, 2005; Petersen and M a lm , 2006). The m orpho logy  o f th e  na tura l seabed 

w ill in e v ita b ly  be a lte red  due to  p re -co n s tru c tio n  ac tiv itie s  o f OWFs depending on th e  

se lec ted  fo u nd a tio n  type. Seabed p rep a ra tion  ac tiv itie s  are pe rfo rm ed  p rio r to  th e  

in s ta lla tio n  o f g rav ity  fo u n d a tio n s  and inc lude  d redg ing  and d rillin g , w h ich causes re ­

suspension o f  sed im ents and physical rem ova l o f  th e  na tura l so ft substra te  and its  

associated m acroben th ic  assemblage (Hiscock e t al., 2002; Peire e t al., 2009; Petersen and 

M a lm , 2006). Various stud ies have observed changes to  th e  sed im ento log ica l characte ris tics 

due to  m od ifie d  local c u rre n t flo w s  and th e ir  crea tion  o f  she lte red  areas d ire c tly  a round 

a rt if ic ia l fo u n d a tio n s  (A iro ld i e t al., 2005; Leonhard and Pedersen, 2005; Schröder e t al., 

2006). Consequently, th e  native  m acroben thos  cou ld  s h ift to  species w h ich  are m ore
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adapted  to  th e  changed sed im ents. The local b io d ive rs ity  a round OWFs increases due to  the  

co lon isa tion  o f th e  founda tions  by ep ifauna l ha rd -su b s tra te  re la ted  species such as 

cn idarians and mussels (K erckho f e t al., 2009; K rone e t al., 2013; W ilhe lm sson and M alm ,

2008). The ha rd -subs tra te  ep ifauna enrich  th e  su rround ing  sed im en ts  th ro u g h  the  

depos itiona l f lo w  o f  faecal pe lle ts  and de tritus , increasing food  a va ila b ility  to  th e  seabed 

d ire c tly  u n d e r and a round th e  hard-substra tes (M a a r e t al., 2009; M cK indsey e t al., 2011; 

Ysebaert e t al., 2009). This process can lead to  an e n rich m e n t o f  th e  m acro b e n th ic  biomass 

and abundance  in th e  so ft-subs tra te  a round fo u n d a tio n s  (Coates e t al., 2011; M aa r e t al.,

2009). Changes to  th e  na tu ra l sed im en t m o rp h o lo g y  a round OWFs, due to  p re -cons truc tion  

w o rks  o r  changing  hydrodynam ics, could decrease th e  p e rm e a b ility  o f  sed im ents. This 

process w ill fa c ilita te  th e  re te n tio n  o f  deposited o rgan ic  m a tte r  (Janssen e t al., 2005), 

increasing fo o d  a va ila b ility  to  th e  m acroben thos even fu rth e r. O th e r m echanism s in fluenc ing  

se d im e n t p e rm e a b ility  inc lude  th e  tra n s p o rt o f  o rgan ic  partic les (e.g. d e tr itu s  and faecal 

pe lle ts) in th e  sed im en ts  (V o lkenborn e t al., 2007a) by advective  p o re -w a te r flo w s  (H uette l 

and Rusch, 2000), resu lting  in th e  physical b ioc logg ing o f  in te rs tit ia l spaces and fu rth e r 

reduc tion  o f  th e  sed im en t p e rm e a b ility  (Zetsche e t a l., 2011).

Previous stud ies concern ing  th e  e ffec ts  on m acro fauna  around a rtif ic ia l substra tes have 

de tec ted  a w id e  range o f  co m m u n ity  changes w h e re  th e  in te n s ity  m a in ly  depends on the  

e x te n t o f  physical m od ifica tio n s  and b io log ica l fac to rs  such as p reda tion  (M aa r e t al., 2009; 

M a rtin  e t al., 2005; OSPARcommission, 2009; Schröder e t al., 2006). H ow ever, te m p o ra l and 

spatia l scale e ffec ts  are equa lly  im p o rta n t in th e  assessment o f  co m m u n ity  changes 

(OSPARcommission, 2009), b u t la rge ly unknow n fo r  OWFs. On a sm all-scale, M a rtin  e t al. 

(2005) observed an overa ll increase in th e  local species d ive rs ity  a round  d iffe re n t coastal 

de fence  s truc tu re s  in Europe, w ith  a pa tchy d is tr ib u tio n  o f  e n v iro n m e n ta l and biological 

fac to rs . Sm all-scale e ffec ts  (1 m -  1 km ) have m a in ly  been d e tec ted  sh o rtly  a fte r the  

co n s tru c tio n  o f  an a rtific ia l s truc tu re . One year a f te r  th e  ins ta lla tio n  o f a research p la tfo rm  

in th e  G erm an Bight, changes w e re  observed up to  a d istance o f  15 m w ith  higher 

abundances o f  m ob ile  p reda to rs  and a decline  o f  typ ica l so ft subs tra te  species (Schröder et 

al., 2006). Larger scale changes to  th e  m acro b e n th ic  assemblages are c lose ly  linked to  the  

reg iona l e n v iro n m e n ta l processes (sed im ent characte ris tics  and cu rren ts ) o f  th e  area (M a rtin  

e t al., 2005). Coastal de fence  s truc tu res, w h ich w e re  closely located to  each o th e r, showed 

d iffe rences  in species com pos ition  and tro p h ic  s tru c tu re  bo th  in Spain and th e  UK (M a rtin  et 

al., 2005). On a reg iona l scale, a rtif ic ia l s truc tu res  can also act as s tepp ing  stones fo r  the  

d ispersal o f  th e  larval stages o f non-ind igenous species (ICES, 2012; OSPARcommission, 

2009). The co m m u n ity  could be a ffec ted  by changes in co m p e tit io n  o r p reda tion  betw een 

species, co n sequen tly  m o d ify in g  tro p h ic  links in  th e  fo o d  w eb. This cou ld  be o f  concern in 

th e  lon g -te rm  as m any OWFs are being construc ted  in th e  e n tire  N o rth  Sea (ICES, 2012).
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In th e  Belgian p a rt o f th e  N o rth  Sea (BPNS) th e  f ir s t  OWF was cons truc ted  in 2008 w ith  six 

g ra v ity  based w in d  tu rb in e  fou nd a tio n s  (GBF) (B rabant e t  al., 2012). A rapid co lon isa tion  o f 

th e  hard  subs tra te  by ep ifauna l organism s was obse rved  w ith  th e  crea tion  o f  an in te rtid a l 

m usse l-barnacle  be lt on ly  tw o  years a fte r co n s tru c tio n  (K erckho f e t al., 2009). A m u lti­

species co m m u n ity  established on th e  subtida l pa rt o f  th e  fo u n d a tio n  w ith  tw o  tu b e -b u ild in g  

am ph ipods  as som e o f  th e  m ost abundan t species (K e rckh o f e t al., 2010). Four years a fte r 

co n s tru c tio n , a to ta l o f  84 ep ifauna l species had a lrea d y  been observed (De M esel e t al., 

2013). A round  th e  GBF, an a ttra c tio n  o f  pou ting  (T risop te rus luscus) and A tla n tic  cod (Gadus 

m orhua ) was also observed (Reubens e t al., 2013). Increased densities o f  fo rag ing  fish  and 

crustaceans can increase p re d a to ry  pressure to  th e  su rro u n d in g  m acro fauna l assemblages 

(Am brose and A nderson, 1990; Schröder e t al., 2006). M aa r e t al. (2009) observed a 

decreased m acro fauna l biomass a t a local scale a round a tu rb in e  fo u n d a tio n  in  D enm ark and 

re la ted  th is  to  th e  enhanced abundance and th e re fo re  p re d a to ry  pressure o f shore crabs. 

The so ft-su b s tra te  m acrofauna was w id e ly  s tud ied on a large-scale be fo re  and a fte r  th e  GBFs 

w e re  cons tru c te d  w ith  baseline samples collected in 2005  and fro m  2008 t i l l  p resen t (Coates 

and V incx, 2010; De M aersschalck e t al., 2006; Reubens e t al., 2009). Samples w ere  no t on ly 

co llec ted  on th e  im pacted  sandbank b u t also on a ne ig h bo u rin g  sandbank as a reference. 

The c o m m u n ity  show ed resilience to  d is tu rbances lin ked  to  (p re -) cons truc tion  activ ities 

w ith  a fas t recove ry  po ten tia l and no o pe ra tiona l e ffe c ts  on a large-scale fo u r  years a fte r  the 

c o n s tru c tio n  o f  six GBFs (Coates e t al., subm itted ).

Up to  now , in fo rm a tio n  concern ing  th e  sm all-scale e ffe c ts  (< 200 m) o f  th e  presence o f  GBFs 

to  th e  su rro u n d in g  perm eab le  sed im ents and m acro fauna  was lacking. W ith  an increasing 

dem and fo r  OWFs in th e  N o rth  Sea it  is im p o rta n t to  d e te rm in e  if  and h o w  th e  m acroben th ic  

assem blage is changing a t d iffe re n t spatia l scales. In th is  study, th e  m acro fauna l co m m u n ity  

w as sam pled  in close v ic in ity  to  one GBF, th re e  and fo u r  years a fte r  cons truc tion . The main 

hypo thes is  can be d iv ided  in th re e  sections: 1) th e  se d im e n ta ry  characte ris tics o f  perm eable  

sed im en ts  change in close v ic in ity  to  a GBF 2) th e  o rgan ic  m a tte r  co n ten t in th e  su rround ing  

seabed increases and 3) th e  m acroben th ic  c o m m u n ity  com pos ition  o f th e  surround ing  

seabed changes. A long  fo u r  transects, th e  so ft subs tra tes  w e re  sam pled w ith  a Van Veen 

g rab fro m  a d istance o f 15 m to  200 m away fro m  one GBF. To d e te rm in e  any e ffec ts  on the  

m acroben thos , dens ity , d ive rs ity  and biomass w e re  m easured around th e  fo u n d a tio n  du ring  

a pe riod  o f  tw o  years.

2. M ate ria l and methods

2 .1 . Study site

The f ir s t  o ffsh o re  w in d  fa rm  in th e  BPNS was ins ta lled  on the  T ho rn tonbank  in  2008. As pa rt 

o f  th e  Zeeland Ridges, the  T ho rn ton b a n k  is located in th e  eastern  pa rt o f  th e  BPNS, a lm ost
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para lle l to  th e  coastline  and 27 km o ffsh o re  (Fig. 1). The m ain t id a l f lo w  is o rien te d  on a 

sou th -w es t — n o rth -e as t axis w ith  a tid a l range o f  4 - 5 m du ring  spring t id e  (Van den Eynde 

e t al., 2010). The na tu ra l s o ft se d im e n t in th e  area consists o f  m ed ium  sands w ith  a gra in  size 

be tw een  250 and 500 pm  (De M aersschalck e t al., 2006). Sam pling was ca rried  o u t a round 

one o f six g ra v ity  based w in d  tu rb in e  fo u n d a tio n s  (D5, coo rd ina tes WGS 84: 51° 32.88 'N  -  

2°55.77'E). The fo u n d a tio n s  are located 500 m a p a rt fro m  each o th e r a t a dep th  o f  22.5 m at 

m ean lo w  w a te r  du ring  sp ring  t id e  (MLW S). The fo u nd a tio n s  have a base d ia m e te r o f 23.5 m 

on th e  seabed w ith  a su rro u n d in g  scour p ro te c tio n  system  (bou lders) consis ting  o f a f ilte r  

layer (crushed grave l) w ith  a d ia m e te r o f 55.5 m and an u pper a rm o u r laye r (quarried  rock) 

w ith  a d ia m e te r o f  51 m (Peire e t al., 2009) (Fig. 2). A ll fo u n d a tio n s  are connected  by pow er 

cables, a rr iv in g  and leaving th e  fo u n d a tio n s  a t th e  n o rth -e a s t side.

2.2 . Sample collection and trea tm en t

2.2.1. B io log ica l data

Over a pe riod  o f  tw o  years (2011 - 2012) m acroben th ic  sam ples w e re  co llec ted  du ring  late 

spring (30th M ay 2011 and 11th June 2012) by means o f  a transec t design as e ffec ts  were 

p red ic ted  to  occur along g rad ien ts  de fined  by th e  m ain tid a l cu rren ts. Four transects  (sou th ­

w est, n o rth -eas t, sou th -eas t and n o rth -w e s t) a round th e  g ra v ity  based tu rb in e  (Fig. 1) w ere 

sam pled, tw o  pa ra lle l and tw o  pe rp e n d icu la r to  th e  d o m in a tin g  tid a l f lo w . A long  every 

transect, th e  m acroben thos  was co llec ted  w ith  a Van Veen grab (surface area 0.025 m 2) 

fro m  a sm all su rvey  vessel (GEO.xyz bvba) at 15, 25, 50, 100 and 200 m d is tance, s ta rting  

from  th e  edge o f  th e  scou r p ro te c tio n  bou lders in o rd e r to  increase th e  d e te c tio n  o f small- 

scale changes to  th e  m acroben thos  due to  th e  physical presence o f th e  fo u n d a tio n . Three 

rep licates w e re  o b ta ine d  a t every loca tion  (Table 1). R eal-tim e p o s itio n in g  was ensured by 

an on -board  surveyor. R ep lica tion  was lim ite d  on th e  sou th -eas t g ra d ie n t in 2012 due to  

d e te r io ra tin g  w e a th e r co n d itio n s  du ring  sam pling. The presence o f  high p o w e r cables on the  

seabed re s tr ic te d  sam p ling  on th e  n o rth -e a s t g ra d ie n t to  100 and 200 m in bo th  years.

A ll samples w e re  sieved o n -boa rd  ove r a 1 m m  sieve ta b le  and fixed  in an 8 % fo rm a ld e h yde - 

seaw ater s o lu tio n . In th e  la b o ra to ry , sam ples w ere s ta ined w ith  1 % Rose Bengal and rinsed 

over a 1 m m  sieve. A fte r  so rting , organ ism s w ere  id e n tif ie d  to  species level, w henever 

possible, and su b sequen tly  s to re d  in a 4  % neutra lised  fo rm a ld e h yde  so lu tio n . Biomass or 

ash free  d ry  w e ig h t (AFDW) was d e te rm in e d  fo r  every  species pe r sam ple by a conversion 

fa c to r  o f  th e  w e t w e ig h t (Brey, 2001) o r  by regression fac to rs  o f  th e  leng th  o r w id th  w ith  the  

AFDW. W hen  n e ith e r convers ion  fac to rs  n o r regressions existed fo r  a ce rta in  species, AFDW 

was d e te rm in e d  by c rem a tio n . Samples w e re  d ried  fo r  48 h a t 60 °C and bu rned  in a m uffle  

fu rnace  fo r  2 h a t 550 °C. The AFDW  was ca lcu lated as th e  d iffe re n ce  be tw een  th e  dry 

w e ig h t (DW ) and ash w e ig h t (AW).
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Fig. 1 Upper map: Map of the Belgian part o f the North Sea w ith  the designated w ind farm 

concession area (red area), the power cable from  C-Power runs to the port o f Ostend (black line). 

Map below: The gravity based foundations (D4 -  D6) are represented by stars and the surrounding 

scour protection boulders by circles. The black dots represent the sampling positions around the D5 

gravity based foundation in fou r directions (south-west, north-west, south-east and north-east) and 

five distances (15 m -  200 m). Power cables arrive and leave at the north-east side, represented by 

the black line. The foundations are located on the Thorntonbank, 27 km offshore.
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Base 0  2 3 .5  m

A r m o u r  la y e r  0  51  m

F ilte r  la y e r  0  55 .5  m

Fig. 2  S c h e m a tic  re p re s e n ta tio n  o f  th e  g ra v ity  based fo u n d a t io n  c o n s tru c te d  on  th e  T h o rn to n b a n k  

w ith  a base d ia m e te r  o f  2 3 .5 m , a rm o u r  la y e r  o f  51  m  and  f i l t e r  la y e r o f  5 5 .5  m . A d a p te d  f ro m  Rum es 

e t a l. (2 01 3 ).

2.2.2. Environm enta l data

Data fo r  w a te r  te m p e ra tu re  (°C), s ign ifican t wave he igh t (m) and tides  (TAW, Tw eede 

A lgem ene W aterpassing) w ere  recorded fro m  th e  W e s th in d e r m easuring pylon (MP7) and a 

m easurem ent buoy a t Ostend (M o n ito r in g  N e tw o rk  Flemish Banks). Sed im ent sam ples fo r  

g ra in  size analysis w e re  taken  as a subsam ple  (50 ml) fro m  th e  Van Veen grab. M ed ian  grain 

size d (0.5) was de te rm in e d  on d ried  samples (60 °C) w ith  a M a lvern  M aste rs izer 2000G, 

hyd ro  vers ion  5 .40  (laser d iffra c tio n  m ethod ) (M a lve rn , 1999). Grain size fra c tio n s  w ere 

de te rm in e d  as vo lum e  percentages w ith  a range fro m  fin e  clay (< 4 pm ) to  coarse 

g rave l/she ll m ate ria l (max. 2m m ). The to ta l organic m a tte r  co n te n t (TOM %) was m easured 

pe r sam ple by app ly ing  fo llo w in g  e q u a tio n : TOM  % = [(D W  -  AW ) /  (DW  - CrW )] x 100. DW 

was de te rm in e d  a fte r 48 h a t 60 °C and th e  AW  a fte r  2 h 20 m in  a t 550 °C. Every used 

cruc ib le  was w eighed (CrW) in o rd e r to  d e te rm in e  TOM  %.
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Ta b le  1. N u m b e r o f  re p lic a te d  m a c ro b e n th ic  sa m p le s  a ro u n d  th e  g ra v ity  based  fo u n d a t io n  o n  th e  

T h o rn to n b a n k  in  th e  sp rin g  o f  2 0 1 1  a nd  201 2 . F o u r g ra d ie n ts  s a m p le d : s o u th -w e s t (SW ), n o r th -w e s t 

(N W ), s o u th -e a s t (SE) a nd  n o r th -e a s t (NE) a lo n g  f iv e  d is ta n c e s  (15 m -  2 0 0  m ) f r o m  th e  fo u n d a t io n  

(N A  =  N o t A p p lica b le ).

D istance 3 0 /0 5 /2011 1 1 /0 6 /20 1 2

SW NW SE NE SW NW SE NE

15 m 3 3 3 NA 3 3 1 NA

25 m 3 3 3 NA 3 3 1 NA

50 m 3 3 3 NA 3 3 1 NA

100 m 3 3 3 3 3 2 1 3

200 m 3 3 3 3 3 3 1 3

2.3 . Data analysis

Before  analysis, th e  n u m b e r o f  ind iv idua ls  per m 2 (abundance) was d e te rm in e d  and a data 

q u a lity  con tro l was carried o u t; e.g. species th a t w ere  n o t sam pled q u a n tita tiv e ly  

(hyperbenthos, m eioben thos  and fish ) w e re  excluded from  th e  da tase t to g e th e r  w ith  

e x tre m e ly  rare taxa, here de fined  as species w ith  a un ique  occu rrence  and a m axim um  o f 

tw o  ind iv idua ls  pe r sam ple. The da tase t was checked fo r  incons is ten t species id e n tifica tion s ; 

lum p ing  certa in  species to  genera o r  fa m ily  level (e.g. A n thozoa, A ric id e a  sp., H a rm o th o e  sp., 

Phyllodoce  sp., Spio sp. and C irra tu lidae ). Species richness (N0) and d o m in a n t species w ere 

ca lcu la ted  fo r  all samples. A to ta l set o f  91 sam ples and 94 species was ob ta ined .

The P lym outh R outines In M u ltiv a r ia te  Ecological Research (PRIMER) p rog ram m e, version 

6.1.6 w ith  PERMANOVA add-on  s o ftw a re , was app lied  fo r  s ta tis tica l analyses (Anderson e t 

al., 2008; C larke and G orley, 2006). A sign ificance leve l o f p  < 0.05 was used in all tests. 

Results w ere expressed as m ean ± standard  e rro r (SE). M u ltiv a r ia te  and un iva ria te  

p e rm u ta tion a l ANOVAs (PERMANOVA) w ere  carried o u t w ith  a 3 -fa c to r design in c lud ing  year 

(Ye), g rad ien t (Gr) and d istance (Di) analysed in th is  o rde r. Results fro m  th e  m ain  Permanova 

tests can be consu lted  in addendum  III. W ith  an unequa l num ber o f  rep licates, th e  design 

was unbalanced. There fore , a Type III sum  o f  squares was app lied  w ith  th e  n u m b e r o f 

p e rm u ta tion s  set to  9999 and th e  p e rm u ta tio n  o f residuals under a reduced m od e l. W hen 

th e  m ain te s t show ed s ign ifican t in te ra c tio n s  be tw een  fac to rs , a pa ir-w ise  com parison  was 

p e rfo rm e d  w ith in  th e  in te ra c tio n  fa c to r. W hen th e  m ain te s t show ed s ign ifican t e ffec ts  o f 

fac to rs , a pa ir-w ise  com parison  was app lied  be tw e en  levels o f  fac to rs . The resem blance 

m easure Bray-Curtis s im ila rity  was used fo r  m u ltiva r ia te  analysis o f th e  b io tic  da ta  (density 

and biomass) a fte r  sq u a re -ro o t tra n s fo rm a tio n , visualised by a princ ipa l coo rd ina tes  (PCO) 

analysis. The h o m ogene ity  o f  d ispersions was te s te d  w ith  PERMDISP using distances am ong 

cen tro ids . If  PERMDISP was s ig n ifica n t (p < 0.05), data was log (x+1) tran s fo rm e d .
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Euclidean d istance s im ila rity  m atrices w ere  app lied  fo r  e n v iro n m e n ta l data (grain size and 

TOM  %) and th e  un ivaria te  analysis o f  to ta l density , b iom ass and d ive rs ity . Before analysis o f 

th e  e n v iro n m e n ta l variables, da ta  was no rm a lised . To d e te rm in e  th e  co rre la tion  be tw een  

th e  m u ltiva r ia te  resem blance m a tr ix  o f  abundance da ta  (square ro o t tra n s fo rm a tio n , Bray- 

Curtis s im ila rity ) and th e  resem blance m a trix  o f  e n v iro n m e n ta l variab les grain size and TOM 

% (log (x+1) tra n s fo rm a tio n , norm a lised , Euclidean d is tance) a s tep -w ise  DistLM was applied 

(w ith  th e  AIC se lec tion  c r ite r io n ) to  establish h o w  m uch th e  e n v iro n m e n ta l data de te rm ined  

th e  va ria tio n  in m u ltiva ria te  abundance.

3. Results

3 .1 . Environm ental variables

On th e  30th M ay 2011 th e  average w a te r te m p e ra tu re  (m easured a t W e s th in d e r MP7) 

ranged b e tw e en  13.1 -  13.3 °C and th e  s ign ifican t w ave  h e ig h t flu c tu a te d  be tw een  40 and 

50 cm. On th e  11th June 2012 th e  average w a te r te m p e ra tu re  m easured be tw een  13.5 - 1 3 .6  

°C w ith  a s ig n ifica n t wave he igh t increasing fro m  60 cm to  100 cm. High w a te r (4.08 m TAW) 

was a t 10.44h in Ostend on 30th M ay 2011 and a t 17.15h on 11th June 2012 (4.17m  TAW).

The m ean gra in  size around th e  fo u n d a tio n  ranged be tw een  312 ±  3 pm  a t 15 m on the  

n o rth -w e s t g ra d ie n t and 427 pirn a t 15 m  on th e  sou th -eas t g ra d ie n t in 2012 (Fig. 3 A + B). 

The main PERMANOVA te s t (3 -fa c to r design) show ed s ig n ifica n t in te rac tions  fo r  th e  term s 

Ye X  Gr (p = 0 .0109) and G r x Di (p  = 0 .0001) (A ddendum  III). Pair-w ise com parisons fo r  the  

te rm  Ye x  Gr fo r  pairs o f  levels o f  th e  fa c to r  year, show ed  s ign ifica n tly  h igher mean grain 

sizes in 2012 in com parison to  2011 (p  = 0 .0103) on th e  sou th -eas t g ra d ie n t. Pair-wise 

com parisons fo r  th e  te rm  Gr x Di fo r  pairs o f  levels o f  th e  fa c to r  d istance always showed 

s ign ifica n tly  lo w e r mean gra in  sizes c loser to  th e  fo u n d a tio n , in com parison  to  th e  fu rth e s t 

s ta tions  at 100 m o r 200 m on th e  so u th -w e s t and n o rth -w e s t g rad ien ts  (Fig. 3 A).

S ta tions a t 15 to  50 m on th e  so u th -w e s t g ra d ie n t all had s ign ifican tly  lo w e r m ean grain sizes 

in  com parison  to  100 m rang ing  fro m  315 ±  21 pm  a t 15 m to  a m axim um  o f 403 ± 17 pm  at 

100 m in 2011 (Table 2). On th e  n o rth -w e s t g rad ien t, th e  m ean grain size a t 15 m was 

s ig n ifica n tly  lo w e r to  100 m and 200 m to g e th e r w ith  a s ign ifican t d iffe rence  be tw een  25 m 

and 200 m  (Fig. 3 A). The m ean gra in  size on th e  n o rth -w e s t g ra d ie n t ranged be tw een  311 ± 

3 pm  a t 15 m  in 2012 and 412 ±  15 p m  a t 200 m in 2011. On th e  sou th -eas t g rad ien t, a 

s ign ifica n tly  h igher mean gra in  size was observed  a t 15 m (p = 0.004) in com parison  to  50 m 

w ith  a peak o f 427  pm a t 15 m in 2012.
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T a b le  2 : P a ir-w ise  PER M ANO VA te s t fo r  te rm  G r x Di f o r  p a irs  o f  le ve ls  o f  fa c to r  d is tan ce , w ith in  leve l 

s o u th -w e s t a nd  n o r th -w e s t o f  th e  fa c to r  g ra d ie n t to  d e te rm in e  s ig n if ic a n t d if fe re n c e s  (p  < 0 .0 5 ) in 

m e d ia n  g ra in  size.

so u th -w e s t g rad ie n t n o rth -w e s t g rad ien t

t  p-value (perm ) U nique perm s t  p-va lue  (pe rm ) U nique perm s

15 m -1 0 0  m 4.041 0.0061 8691 39.368 0.0065 8828

25 m -1 0 0  m 3.010 0.0221 8815 10.259 0.3203 8813

50 m -1 0 0  m 6.328 0.0026 8739 0.474 0.6522 6847

15 m - 200 m 1.484 0.1742 8720 66.227 0.0018 8769

25 m - 200 m 0.096 0.9167 8716 34.025 0.0146 8848

50 m - 200 m 2.306 0.0524 8805 17.112 0.1381 8914

15 m - 2 5  m 1.649 0.1682 8791 14.886 0.1538 8761

15 m - 5 0  m 0.032 0.9726 8783 32.553 0.0141 8882

25 m -  50 m 2.780 0.0162 8860 13.131 0.2304 8869

100 m - 200 m 2.889 0.0246 8784 2.621 0.0346 8835
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Fig. 3  A -B : M e a n  s e d im e n t g ra in  size (u m ) ± s ta n d a rd  e r ro r  a nd  C-D: m e a n  o rg a n ic  m a tte r  c o n te n t 

(T O M  % ) ±  s ta n d a rd  e r r o r  a lo n g  fo u r  g ra d ie n ts  (s o u th -w e s t, n o r th -w e s t,  s o u th -e a s t a nd  n o r th -e a s t)  

a nd  f iv e  d is ta n c e s  (15 m  -  2 00  m ) a ro u n d  a g ra v ity  based fo u n d a tio n .
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In 2011, th e  m ean to ta l o rgan ic m a tte r co n te n t (m ass %) show ed a m in im u m  o f 0.36 ± 0.01 

% a t 100 m  on th e  sou th-east g rad ie n t and a m ax im u m  o f 2.0 ± 1.3 % a t 25 m on th e  n o rth ­

w e s t g ra d ie n t (Fig. 3 C + D). The to ta l organic m a tte r  co n te n t ranged fro m  0.52 % at 50 m on 

th e  sou th -eas t g ra d ie n t to  2.46 ± 0.9 % a t 15 m on  th e  so u th -w e s t g ra d ie n t in 2012. The 

m ain PERMANOVA tes t (3 -fac to r design) o n ly  show ed  a sign ificance fo r  th e  fa c to r  yea r (p =  

0.0008) w ith  s ign ifica n tly  h ighe r o rgan ic m a tte r c o n te n t in 2012 com pared  to  2011.

3 .2 . M acrobenthic  data

3.2.1. M a cro b e n th ic  density , d ive rs ity  and biomass

The h ighest m ean m acroben th ic  dens ity  (62227 ± 54445 ind m '2) was m easured in 2011 at 

25 m fro m  th e  fo u n d a tio n  on th e  sou th -w e s t g ra d ie n t due to  th e  dom inance  o f  Asterias  

rubens  ju v . D isregard ing A. rubens  ju v ., th e  h ighest mean m acroben th ic  densities in 2011 

and 2012 w ere  bo th  m easured on th e  so u th -w e s t g ra d ie n t a t 15 m d istance fro m  the 

fo u n d a tio n  w ith  respective ly  9339 ± 3073 ind m '2 and  18583 ± 6713 ind nT2 (Fig. 4  A). The 

m ain PERMANOVA te s t dem onstra ted  s ign ifican t in te ra c tio n s  fo r  th e  te rm s  Ye x Gr (p = 

0 .043) and Gr x Di (p = 0.001) fo r  densities (A ddendum  III). Pair-w ise com parisons fo r  the  

in te ra c tio n  te rm  Ye x Gr fo r  pairs o f  levels o f  th e  fa c to r  year, o n ly  show ed s ign ifican tly  low er 

m ean densities in 2012 com pared to  2011 at th e  so u th -e a s t g ra d ie n t (p = 0.0202) (Fig. 4 B). 

PERMDISP show ed a s ign ifican t e ffe c t (p = 0.0004) fo r  th e  te rm  Ye x Gr, suggesting a high 

d ispersion be tw e en  samples. As fo r  pa ir-w ise  com parisons o f  th e  in te ra c tio n  te rm  Gr x Di fo r  

pairs o f  levels o f  th e  fa c to r  d istance, s ign ifican t resu lts  w e re  m easured on th e  no rth -w es t, 

so u th -w e s t and sou th -east g rad ien ts. On th e  n o rth -w e s t g rad ien t, s ign ifica n tly  h igher mean 

m a cro b e n th ic  densities w ere  m easured a t 15 m in com parison  to  50 m (p = 0.0075) and 200 

m (p = 0 .032) (Fig. 4  A). On th e  so u th -w e s t g rad ien t, s ign ifican tly  h ighe r m ean densities w ere 

m easured in sam ples taken  closer to  th e  fo u n d a tio n  (15, 25 and 50 m) in com parison  to  both 

100 m  and 200 m (Table 3). On th e  sou th -east g ra d ie n t, s ig n ifica n tly  lo w e r abundances w ere 

m easured  a t 200 m  in com parison  to  50 m (p = 0 .0095) and 100 m (p = 0 .0018) d istance (Fig. 

4  B).

The m ean n u m b e r o f species (N0) in sam ples fro m  15 m to  200 m ranged be tw een  9.7 ± 2.3 

species pe r 0.1 m 2 a t 200 m on th e  n o rth -w e s t g ra d ie n t in 2011 and 30.3 ± 4.9 species per 

0 .1 m 2 a t 15 m on th e  so u th -w e s t g ra d ie n t in 2012 (Fig. 4  C + D). S ign ifican t in te ractions 

w e re  observed  fo r  th e  te rm  Gr x Di (p = 0.0007) fro m  th e  m ain  PERMANOVA tes t. Pair-wise 

com parisons fo r  pairs o f levels o f  th e  fa c to r  d is tance, revealed s ign ifican t d iffe rences in 

d is tance  on th e  n o rth -w e s t and so u th -w e s t g rad ien ts. On th e  n o rth -w e s t g rad ien t, a 

s ig n ifica n tly  h ighe r n u m b e r o f  species per sam ple was m easured a t 15 m in com parison to  

50 m (p = 0 .0218). F lowever, a s ign ifican tly  lo w e r species richness was m easured at 50 m 

com pared  to  100 m  (p = 0.0352). On th e  so u th -w e s t g rad ien t, a s ign ifica n tly  h igher num ber
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o f  species was m easured a t 15, 25 and 50 m in com parison  to  100 and 200 m (Table 3). No 

s ig n ifica n t d iffe rences w ere  observed on th e  n o rth -e a s t and sou th -eas t g rad ients.
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Fig. 4 A - B: Mean tota l abundance (ind m '2) ± standard error, C - D: mean number o f species per 

sample (per 0.1 m2) ± standard error and E - F: mean biomass (mg r r f2) ± standard error along four 

gradients (south-west, north-west, south-east and north-east) and five distances (15 m -  200 m) 

around a gravity based foundation.
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Table 3. Pair-wise PERMANOVA test fo r te rm  Gr x Di fo r pairs o f levels o f factor distance, w ith in  level 

south-west o f fac to r gradient to  determ ine significant differences (p < 0.05) in average abundance 

and number o f species.

A v erag e  abu ndance Species richness

t p -va lu e  (p erm ) U n iq u e perm s t p -value (p erm ) U n iq u e perm s

15 m -1 0 0  m 6.7366 0.0027 8820 4.8095 0.0023 5782

25 m -1 0 0  m 4.8598 0.0033 8773 5.4893 0.0025 3204

50 m -1 0 0  m 8.2993 0.0025 8667 5.2015 0.0016 4287

15 m - 200 m 7.7533 0.0021 8713 4.7958 0.003 7002

25 m - 200 m 5.6638 0.0022 8745 5.4467 0.0031 7479

50 m - 200 m 10.655 0.0027 8617 5.1236 0.0025 7463

15 m - 25 m 0.48572 0.6344 8863 0.13169 0.8998 8121

15 m - 50 m 2.0238 0.077 7926 1.2155 0.2647 8334

25 m - 50 m 1.4672 0.1813 7951 1.226 0.2494 6581

100 m - 200 m 1.4658 0.1866 5382 9.71E-02 0.9284 3852

The species E chinocard ium  co rd a tu m  was excluded fro m  th e  biom ass analysis due to  

ex tre m e  o u tlie rs  caused by a fe w  large specim ens. W ith o u t th is  species, th e  average to ta l 

b iomass be tw e en  15 and 200 m ranged fro m  1504 mg m '2 a t 25 m on th e  south-east 

g ra d ie n t in 2012 to  13461 ±  6101 mg m '2 at 25 m on th e  so u th -w e s t g ra d ie n t in 2011 (Fig. 4  E 

+ F). In b o th  years, th e  average to ta l b iomass on th e  sou th -w e s t g rad ien t was again highest 

in  close v ic in ity  to  th e  tu rb in e  and decreased w ith  increasing d istance fro m  th e  scour 

p ro te c tio n  system . The average to ta l b iomass on th e  so u th -w e s t g ra d ie n t in 2011 ranged 

fro m  3450 ±  2343 mg m '2 a t 200 m to  13461 ±  6101 m g m '2 a t 25 m and fro m  2316 ± 407 mg 

m '2 a t 200m  to  12009 ±  7385 m g m '2 a t 15 m in 2012. F iowever, no s ign ifican t in te rac tions  in 

b iomass w e re  m easured fo r  fac to rs  Ye, Gr and Di o r  any o f th e  in te ra c tio n  te rm s 

(PERMANOVA). The m ain species, c o n trib u tin g  to  th e  high biomass values a t 25 m on the  

so u th -w e s t g ra d ie n t in 2011, w e re  A. rubens ju v ., A. rubens, O phiura  o p h iu ra  and Nephtys  

cirrosa. In 2012, A. rubens, Lanice conch ilega  and Spiophanes bom byx  co n tr ib u te d  to  the 

h igh biom ass values at 15 m d is tance  on th e  so u th -w e s t g rad ien t.

3.2 .2  C o m m u n ity  analysis and d o m in a n t species

A to ta l o f  94 species w e re  id e n tifie d  w ith  4 m a jo r taxo no m ic  groups: 39 species o f 

M alacostraca , 31 po lychaete  species, 12 m ollusc species and 7 ech inode rm  species. 

Analysing m acroben th ic  co m m u n ity  s truc tu re  based on to ta l densities, s ign ificant 

in te ra c tio n s  w e re  fo u nd  fo r  th e  te rm  Gr x Di (p = 0.0001) in th e  m ain PERMANOVA te s t (see 

A ddendum  III). Pair-w ise tes ts  fo r  th e  te rm  G r x Di fo r  pairs o f  levels o f  th e  fa c to r  d istance, 

showed a s ig n ifica n t d iffe re n ce  in co m m u n ity  s truc tu re  on th e  sou th -eas t g ra d ie n t betw een 

50 m  and 200 m  (p = 0 .0114). On th e  n o rth -w e s t and so u th -w e s t g rad ien ts , s ign ifican t
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d iffe rences w e re  m a in ly  de tected  be tw een samples taken  closer to  th e  fo u n d a tio n  (15 m - 

50 m) and sam ples co llected  fu r th e r  away a t 100 m and 200 m (Table 4). Furthe rm ore , a 

s ign ifican t d iffe re n ce  in  co m m u n ity  com position  was observed  b e tw e e n  bo th  years (p =

0 .0001).

No s ign ifican t d iffe re n ce  in co m m u n ity  s tru c tu re  w ith  d is tance  w as observed  on th e  n o rth ­

east g rad ien t. A  PCO p lo t illu s tra tes  th e  d iffe rence  in c o m m u n ity  s tru c tu re  w ith  samples 

taken  fro m  15 m to  50 m on th e  sou th -w est g rad ien t, c lus te red  to  th e  le ft o f th e  p lo t in bo th  

years (Fig. 5).

Table 4. M ultivariate abundance analysis, w ith the pair-wise PERMANOVA test fo r term  Gr x Di for 

pairs o f levels o f factor distance (15 m -  200 m) fo r the south-west and north-west gradients.

t

s o u th -w est g rad ien t  

p-value (p erm ) U n iq u e  perm s t

n o rth -w e s t g rad ien t  

p -va lu e  (p e rm ) U n iqu e perm s

15 m -1 0 0  m 3.0622 0.0025 8897 2.1201 0.0025 8929

25 m -1 0 0  m 2.8367 0.0027 8929 1.3979 0.0824 8911

50 m -1 0 0  m 2.5593 0.0022 8909 1.1416 0.2769 8903

15 m - 200 m 2.8698 0.0022 8917 2.5183 0.0028 8893

25 m - 200 m 2.6384 0.0028 8924 1.8396 0.017 8888

50 m - 200 m 2.273 0.0049 8921 1.2938 0.1209 8876

15 m - 25 m 0.9325 0.4893 8917 1.035 0.3766 8858

15 m - 50 m 1.6755 0.0337 8916 1.6325 0.0269 8942

25 m - 5 0  m 1.3803 0.1118 8857 0.96857 0.4647 8859

100 m - 200 m 1.2469 0.176 8892 1.3099 0.1469 8926

The co m m u n ity  s tru c tu re  based on biomass again show ed a s ign ifican t in te ra c tio n  fo r  th e  

te rm  Gr x Di (p = 0.0001) in th e  main PERMANOVA tes t. Pair-w ise tests fo r  pairs o f levels o f 

th e  fa c to r  d istance show ed s im ila r results to  th e  abundance analysis, w ith  a s ign ifican t 

d iffe re n ce  in c o m m u n ity  s tru c tu re  a t s ta tions  sam pled close to  th e  tu rb in e  (15 m  - 50 m) 

w ith  sam ples taken  a t 100 m  and 200 m on th e  n o rth -w e s t and sou th -w e s t g rad ien ts  (Table 

5). No s ign ifican t d iffe rence  in  co m m u n ity  s truc tu re  based on biomass was observed on th e  

n o rth -e as t and sou th-east g rad ien ts. PERMDISP showed a s ligh t y e t s ign ifican t e ffe c t fo r  the  

te rm  Gr x Di (p = 0.0493). Furthe rm ore , a s ign ifican t d iffe re n ce  in co m m u n ity  com position  

was observed  be tw een  bo th  years (p = 0.0001).

Results o f  th e  s tep -w ise  DistLM showed th a t  th e  env iro n m e n ta l p re d ic to r variab les  gra in  size 

and to ta l o rgan ic  m a tte r  co n te n t exp la ined 15.6 % o f th e  va ria tion  in co m m u n ity  s truc tu re  

to g e th e r and 10.8 % (p = 0 .0001) and 4.7 % (p = 0 .0002) fo r  grain size and to ta l organic 

m a tte r  c o n te n t separate ly.
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The main d o m in a n t species in 2011 on all g ra d ie n ts  was A. rubens  ju v . (19 -  52 %) up  to  a 

d istance o f  50 m, w ith  a m ax im um  mean dens ity  o f  55169 ± 53387 ind r r f2 at 25 m on the  

so u th -w e s t g ra d ie n t (Table 6). From  100 m onw ards , A. rubens  ju v . was replaced by Spio sp. 

as d o m in a n t species (21 -  67 %) o ve r all gradients.
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Fig. 5 PCO plot (Principal Coordinates analysis) based on macrobenthic densities around a gravity 

based foundation on four gradients: south-west (SW), north-west (NW), south-east (SE) and north­

east (NE) along five d iffe rent distances 15 m, 25 m, 50 m, 100 m and 200 m.

Table 5. M ultivaria te biomass analysis, w ith  the pair-wise PERMANOVA test fo r te rm  Gr x Di fo r pairs 

o f levels o f factor distance (15 m -  200 m) fo r the south-west and north-west gradients.

t

s o u th -w e s t g ra d ie n t  

p -va lu e  (p e rm ) U n iqu e perm s t

n o rth -w e s t g rad ien t  

p -va lu e  (p e rm ) U n iq u e  perm s

15 m -1 0 0  m 2.9839 0.0022 8861 1.6422 0.0151 8907

25 m -1 0 0  m 2.5183 0.0029 8872 1.2391 0.1597 8938

50 m -1 0 0  m 2.1991 0.0069 8844 0.97485 0.522 8899

15 m - 200 m 3.115 0.0019 8863 2.0417 0.0032 8882

25 m - 200 m 2.577 0.0035 8916 1.6562 0.0159 8923

50 m - 200 m 2.1883 0.0058 8867 1.1995 0.184 8867

15 m -2 5  m 0.8348 0.6616 8904 0.94249 0.5531 8905

15 m - 50 m 1.8419 0.0168 8860 1.6099 0.0221 8948

25 m - 50 m 1.2452 0.1819 8866 1.2685 0.1428 8920

100 m - 200 m 1.048 0.3654 8916 1.1599 0.2511 8973
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On th e  n o rth -w e s t and sou th-east g rad ients, Spio sp. also d o m in a te d  fro m  15 m to  50 m (18 

-  63 %). A s ign ifican t in te ra c tio n  fo r  th e  te rm  Ye x Gr (p = 0.0014) was m easured fo r  

densities o f Spio sp. (PERMANOVA). Pair-w ise tests  fo r  pa irs  o f leve ls o f th e  fa c to r  g rad ien t 

show ed s ign ifican tly  h igher densities o f Spio sp. on th e  n o rth -w e s t (p = 0 .0002) and so u th ­

east (p = 0.0001) g rad ien ts  in 2011, com pared to  th e  so u th -w e s t. A co m p le te  s h ift in 

d o m in a n t species was observed in 2012, w ith  s ign ifican tly  lo w e r dens ities  o f  Spio  sp. on th e  

n o rth -w e s t (p = 0 .0001) and sou th -east (p = 0.0003) g rad ien ts . M ain  d o m in a n t species on th e  

sou th -w est g ra d ie n t sh ifte d  to  Lanice conchilega  (24 -  25 %) and Spiophanes bom byx  (20 -  

21 %) up to  50 m. Both species dom ina ted  a t 15 m on th e  n o rth -w e s t g rad ie n t w ith  24 % fo r  

S. bom byx  and 16 % fo r  L. conch ilega. As in 2011, Spio sp. was th e  m ain  d o m in a n t species on 

all g rad ien ts a t 100 m.

4 . Discussion

O ur investiga tions in th e  im m e d ia te  v ic in ity  o f  an o ffshore  g ra v ity  based w in d  tu rb in e  show 

th a t changes to  th e  se d im e n ta ry  characteristics (grain size d is tr ib u tio n s  and o rgan ic  m a tte r) 

occur d irec tly  a round  th e  tu rb in e , inducing  an im p o rta n t im pac t on th e  associated so ft-  

sed im en t m acrofauna.

4.1  Sedim ent characteristics close to  the foundation

The sed im ents d ire c tly  a round th e  tu rb in e  are classified as m ed ium  sands (250 - 500 pm ). A 

fin e r grain size was observed close to  th e  tu rb in e  (15 - 50 m) in com parison  to  sta tions 

pos itioned  fu r th e r  aw ay (100 - 200 m) on th e  n o rth -w e s t and so u th -w e s t g rad ients, w ith  an 

in te r-annua l va ria tio n  in g ra in  size d is tribu tio n  on th e  sou th -eas t g rad ien t.The high spatia l 

and te m p o ra l v a r ia b il ity  observed does n o t co incide w ith  resu lts fo u nd  a t a large-scale on 

th e  T ho rn ton b a n k  be fore  and a fte r cons truc tion  (Coates e t al., su b m itte d ), ind ica tin g  a 

d irec t e ffec t o f  th e  presence o f  th e  fo u n d a tio n  on th e  seabed characteris tics. T w o causes are 

suggested as th e  m ain d rive rs  fo r  these  observed pa tte rns. F irst o f  all, p re -cons truc tion  

ac tiv ities  in th is  area o f  th e  sandbank included dredg ing o f  na tu ra l sands (Van den Eynde et 

al., 2010) and rep la ce m e n t by a fo u nd a tio n  layer, con ta in ing  crushed grave l. A fte r  

cons truc tion , a scour p ro te c tio n  system , consisting o f a f i l te r  and upper a rm o u r layer, was 

ins ta lled  to  p reven t e rosion (Peire e t al., 2009). These ac tiv ities  w ill have a ffec ted  th e  

sed im ento log ica l characte ris tics  o f  th e  seabed around th e  fou nd a tio n s  considerab ly. This 

can pa rtia lly  exp la in  th e  g ra d ie n t o f  increasing gra in  size w ith  increasing d istance fro m  the  

fo u n d a tio n . A second reason fo r  th e  spatia l and yea rly  v a r ia b ility  and re fin e m e n t process is 

th e  changing hydrodynam ics a round th e  fo u nd a tio n . The main t id a l cu rren ts  on th e  

T ho rn ton b a n k  are d irec ted  on a n o rth -e a s t - sou th -w est axis, crea ting  certa in  areas o f low  

cu rre n t speed in th e  wake o f  th e  fo u nd a tio n  (Hiscock e t al., 2002; Van den Eynde, 2005; 

Z e ttle r and Pollehne, 2006).
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As samples close to  th e  fo u nd a tio n  w e re  absent on th e  n o rth -e as t g ra d ie n t these s ta tem en ts  

cou ld  on ly  be based on th e  results observed  on th e  sou th -w e s t g rad ien t. H ow ever, s im ila r 

resu lts w ere fo u nd  in th e  Danish Horns Rev OWF w ith  a tendency  to  a lo w e r grain size a t 5 m 

and 25 m, com pared to  100 m d is tance  a round several m o n o p ile  founda tions , due to  a 

redu c tio n  in cu rre n t speed close to  th e  fo u n d a tio n  (Leonhard and Pedersen, 2005). A s tudy 

ca rried  o u t around FINO 1, a G erm an o ffshore  research p la tfo rm , fo u n d  h igh ly 

he terogeneous sed im ents up to  5 m aw ay fro m  th e  p la tfo rm . The re-suspension o f  fine , 

m ob ile  sands away fro m  th e  fo u n d a tio n  was suggested w ith  th e  accum u la tion  o f coarse, 

dead shells close by due to  changes in local cu rre n t speeds (Hiscock e t al., 2002; S chröder et 

al., 2006). FINO 1 is an open ja cke t s tru c tu re  w ith  fo u r  piles, a llow ing  th e  m ain  c u rre n t f lo w  

to  pass th ro u g h  th e  cons truc tion . H ow ever, in o u r s tudy  w e  investiga ted  a large GBF w ith  a 

d ia m e te r o f 23.5 m w h e re  decreased cu rre n t flo w s  w ill p reven t th e  re-suspension o f  f in e r  

sands along certa in  grad ien ts close to  th e  tu rb in e .

In o u r  study, a tre n d  to  h igher o rgan ic m a tte r  co n te n t was observed a t 15 m and 25 m away 

fro m  th e  fo u nd a tio n  on th e  so u th -w e s t g rad ie n t (Fig. 3 C), possibly due to  th e  f lo w  o f  th e  

m ain tid a l curren ts  in th is  d irec tio n . In th is  case, hydrodynam ics cannot be th e  o n ly  d riv ing  

fo rce , as a peak o f  organic m a tte r was also m easured a t 15 m on th e  sou th -east g ra d ie n t in 

2012. It is genera lly  accepted th a t th e  hard -substra te  ep ifauna g row ing  on fou nd a tio n s  

c o n trib u te  to  th e  o rgan ic m a tte r  in p u t on th e  seabed by sed im e n ta tio n  o f  faeces and 

d e tritu s  (Barros e t al., 2001; M aa r e t al., 2009; Z e ttle r  and Pollehne, 2006), thus m od ify in g  

th e  sed im en ta ry  hab ita t and th e  b io d ive rs ity  s truc tu re  o f th e  so ft-subs tra te  m acrofauna 

(Coates e t al., 2011; Ysebaert e t al., 2009). An extensive co lon isa tion  o f  th e  GBF (discussed in 

th is  s tudy) by 84 ep ifauna l species have been recorded since cons truc tion  (De M esel e t al., 

2013). T oge the r w ith  o u r results, w e  suggest th a t th e  hard -substra te  ep ifauna is c o n trib u tin g  

to  a h igher organic m a tte r  in p u t o n to  th e  seabed, resu lting  in changing sed im ento log ica l 

co n d itio ns  d ire c tly  a round th e  fo u n d a tio n . Sedim ents on th e  T ho rn ton b a n k  are h igh ly  

pe rm eab le  because o f  th e ir  m ed ium  gra in  size (Vanaverbeke e t al., 2011), resu lting  in a rapid 

m ine ra lisa tion  o f  deposited o rgan ic  m a tte r (Rusch e t al., 2006) due to  an increased pore- 

w a te r  f lo w  w ith in  th e  sed im ents (p o re -w a te r advection) (Janssen et al., 2005). W ith  a grain 

size re fin e m e n t close to  th e  fo u n d a tio n , p e rm e a b ility  w ill d im in ish , increasing th e  a va ilab ility  

o f  o rgan ic m a tte r  w ith in  th e  sed im ents (Janssen e t al., 2005). W ith  a lack o f  rep lica tio n  on 

th e  sou th-east g rad ie n t in 2012 and absent samples close to  th e  fou nd a tio n  on th e  n o rth ­

east g rad ien t, s ign ifican t d iffe rences  be tw een  g rad ien ts  cou ld  no t be observed. However, 

th e  average percentage o f  o rgan ic m a tte r  c o n te n t was much h igher in ou r s tudy, com pared 

to  samples taken  at a la rge r scale on th e  T ho rn ton b a n k  be fo re  and a fte r co n s truc tion  (De 

M aersschalck e t al., 2006; Reubens e t al., 2009). An average m axim um  o f 1.15 % was 

recorded  on a ne ighbouring  sandbank in au tum n (Coates e t al., subm itted ) in com parison  to
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a m axim um  o f 2.5 ± 0.9 % a t 15 m fro m  th e  fo u n d a tio n  in 2012, w h ich  is m ore  than  double 

th e  am o u n t. It m ust be taken in to  cons ide ra tion  th a t th e  o rgan ic  m a tte r in p u t in to  the 

se d im e n t varies w ith  th e  tim e  and m agn itude  o f  sp ring  p h y to p la n k to n  b loom  (Franco e t al., 

2007; Vanaverbeke  et al., 2004). However, no g rea t d iffe re n ce  in o rgan ic  m a tte r co n te n t was 

m easured be tw een  spring (0.52 ± 0 .04  %) and a u tum n  (0.60 ± 0.02 %) in samples taken 

b e fo re  co n s truc tion  on th e  T ho rn ton b a n k  (De M aersschalck e t al., 2006). These results 

illu s tra te  a fo u nd a tio n  e ffe c t on th e  to ta l o rgan ic  m a tte r  close to  th e  fo u n d a tio n , regardless 

o f  th e  sam pled  g rad ients. This cou ld  suggest a h ig h e r im portance  o f  th e  increased f lo w  o f 

o rgan ic  m a tte r  to  th e  seabed, possib ly o ve rrid in g  th e  local h yd rodynam ic  effects.

4 .2  M acrobenthic response

An e n rich m e n t o f th e  so ft-se d im e n t m acroben th ic  assemblage a round  th e  fo u n d a tio n  was 

m a in ly  m easured on th e  sou th -w est g rad ie n t w ith  a s ign ifican t increase in abundance and 

species richness in close v ic in ity  to  th e  fo u n d a tio n . The d iffe rences  in m acroben th ic  

assem blage, w ith  d istance b u t also g rad ien t, cou ld  be exp la ined  by changing hydrodynam ic 

processes a round th e  fo u n d a tio n . In th e  w ake o f  th e  fo u n d a tio n , tid a l f lo w  w ill decrease 

(H iscock e t al., 2002), p roduc ing  she lte red  hab ita ts  and enhancing  larval se ttle m e n t (Qian,

1999) and re c ru itm e n t o f m acroben th ic  species m a in ly  a long th e  so u th -w e s t and north -east 

g rad ien ts . The presence o f  sand p its  (4 -  4.5 m dep th ) on th e  so u th -w e s t g rad ien t, due to  

d redg ing  w o rks  p rio r to  cons tru c tio n  (Van den Eynde e t al., 2010), cou ld  also enhance the  

e n tra p m e n t o f  larvae on th is  g rad ien t. Extra refuge areas are p roduced w he re  th e  cu rren t 

ve loc itie s  reduce and th e  conce n tra tio n  o f  larvae on th e  seabed can increase. The reduced 

c u rre n t f lo w  increases th e  depos itiona l f lu x  o f  o rgan ic  m a tte r  o n to  th e  seabed fro m  the  

fo u lin g  ep ifauna l organism s, c o n tr ib u tin g  to  th e  changing su rround ing  m acrobenth ic  

assem blage by increasing food  a va ila b ility  (M cK indsey e t al., 2011; Ysebaert e t al., 2009). A 

s ig n ifica n tly  enriched abundance and biom ass o f th e  b e n th ic  m acro fauna was observed on 

th e  n o rth -e as t side o f a GBF in th e  Danish Nysted OWF (M aa r e t al., 2009). The enhanced 

s e d im e n ta tio n  o f  ep ifauna l faecal pe lle ts  and d e tritu s  in th is  d ire c tio n , due to  th e  main 

cu rre n ts , was seen as th e  key d riv in g  fo rce . H ow ever, changing local hydrodynam ics was no t 

exc luded as an in fluenc ing  fa c to r. The m acro fauna l co m m u n ity  a round  an o ffshore  wave 

energy co n ve rte r o f f  th e  Swedish coast was also r icher than  a t a re fe rence  site  due to  

h yd ro d yn a m ic  changes, o rgan ic e n rich m e n t b u t also decreased gra in  sizes (Langhamer, 

2010).

In o u r  s tudy, th e  e n rich m e n t o f m acro fauna l abundance and biomass, in close v ic in ity  to  the  

fo u n d a tio n , was m a in ly  re la ted  to  th e  occu rrence  o f  th e  ju v e n ile  phase o f  th e  hard substra te  

re la ted  species A sterias rubens  ju v . and th e  tu b e -b u ild in g  po lychaetes Lanice conchilega  and 

Spiophanes bom byx. Kerckhof e t al. (2012) fo u n d  a s trong  increase in th e  re la tive  abundance
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o f  A. rubens  on  th is  fou nd a tio n  in th e  spring o f  2011. However, th e  dom inance o f  A. rubens  

ju v . on th e  seabed disappeared in 2012. The abundance o f  ju ve n ile  s ta rfish  has a high yearly  

v a r ia b ility  due to  large annual va ria tions  in re c ru itm e n t in te n s ity  w h ich  depend on food 

a v a ila b ility  and te m p e ra tu re  (Guillou e t al., 2012). The exact t im e  o f  spaw n ing  during 

s p ring tim e  can va ry  betw een A p ril-M a y  w ith  se ttle m e n t occu rrin g  be tw een June-August 

(N ichols and Barker, 1984). It is possib le th a t  sam pling  was carried  o u t be fo re  th e  se ttle m e n t 

o f  A. rubens  larvae to o k  place in 2012, o r th e  re c ru itm e n t cou ld  have been lo w e r due to  

m ore  un favourab le  env ironm en ta l cond itions . The la tte r  is m ost p laus ib le  as low  densities o f 

A. rubens  ju v . w ere  m easured in  2012. This decreased dom inance  possibly p rov ided  L. 

conch ilega  and S. bom byx  w ith  th e  o p p o r tu n ity  to  expand th e ir  dom inance  bo th  on the  

s o u th -w e s t (up to  25 m) and th e  n o rth -w e s t g rad ien ts  (up to  15 m ) in com parison  to  2011. 

The tu b e -d w e llin g  te rebe llid  po lychaet L. conch ilega  o fte n  co -dom ina tes w ith  5. bom byx, a 

se lective  depos it feeder, w h ich  is know n to  be pos itive ly  associated w ith  L  conchilega  

(R abaut e t al., 2007). Lanice conch ilega  occurs in sed im ents rang ing  fro m  m ud to  coarse 

sands (D egraer e t al., 2006; H artm ann-S chröder, 1996) w ith  a p re fe rence  fo r  m uddy and fine  

sed im en ts  (Van Hoey e t al., 2008). Previous research observed an increase in  th e  fin e r 

se d im e n t frac tio n s  o f th e  seabed a round a d u lt L. conch ilega  as i t  a c tive ly  bu ilds tubes from  

coarser partic les (Rabaut e t al., 2007) and in fluences local hydrodynam ics by decreasing 

b o tto m  c u rre n t flo w s  near dense assemblages (Eckman, 1983). As a w e ll-know n  ecosystem - 

eng inee r (Rabaut e t al., 2007; Van Hoey e t al., 2008), th e  high abundance o f  L. conchilega  

c lose to  th e  fo u n d a tio n  has th e  p o te n tia l to  enhance th e  a lready observed changes in 

h yd rodynam ic  flo w , grain size d is tr ib u tio n  and fo o d  ava ilab ility  in o u r s tudy. T he re fo re , the  

h a b ita t com p le x ity  and he te rogene ity  a round th e  fou nd a tio n  w ill increase even m ore. This 

w o u ld  expla in th e  s ign ifican tly  h ighe r m acroben th ic  abundances and species richness 

observed  close to  th e  fou nd a tio n  m a in ly  on th e  so u th -w e s t and n o rth -w e s t g rad ien ts  w here  

L. conch ilega  dom ina ted . Various o th e r s tudies also fo u n d  a s ign ifican t and positive  

co rre la tio n  be tw een  th e  m acroben th ic  abundance, d ive rs ity  and biomass w ith  increasing 

densities o f L. conchilega  bo th  fo r  in te rtid a l (Callaway, 2006; De Sm et e t al., 2013; Zuhlke, 

2001) and sub tida l areas (Rabaut e t al., 2007; Van Hoey e t al., 2008).

The e n rich m e n t o f th e  m acrofaunal co m m u n ity  a round th e  fo u n d a tio n  can serve as an 

a d d itio n a l fo o d  source fo r  h ighe r tro p h ic  levels (Schuckel e t al., 2011), possib ly  a ttra c tin g  

m ore  dem ersa l fish species inside th e  OWF. In 2009 and 2010 th e  d ie t o f  dab w ith in  th e  w ind 

fa rm  did s trong ly  d iffe r  fro m  th e  re fe rence  area w ith  a h igher stom ach fu llness index, 

suggesting a h igher food  ava ilab ility  (D erw eduw en  e t al., 2012). However, obse rva tions a t a 

sm all-scale (< 500 m) w ere lim ite d  to  pelagic fish  (Reubens e t al., 2013) w ith  a main 

p re d a tio n  res tr ic te d  to  ha rd-substra te  ep ifauna l species (Reubens e t al., 2011). Furthe rm ore , 

aggregations o f  L. conchilega  have been show n to  serve as nurseries fo r  plaice (Rabaut e t al.,
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2010). T he  p o te n tia l expansion o f L. conch ilega  in  th e  lon g -te rm  and th e  crea tion  o f 

she lte red  areas a round th e  fou nd a tio n s  could c re a te  an ideal (re fuge) h a b ita t fo r  juven ile  

fla tfis h  species on a sm all-scale. T oge the r w ith  th e  exclusion o f  fisheries inside OWF, these 

re fuge  h a b ita ts  could evo lve in to  im p o rta n t eco log ica l system s on a la rger scale in the  

fu tu re .

The m a cro b e n th ic  com m un ities  o f th e  BPNS w ere  a rranged in to  10 assemblages, re flecting 

d iffe re n ce s  in sed im en ta ry  characteristics (Van H oey e t a l.( 2004). Before cons truc tion , the  

m a cro b e n th ic  co m m u n ity  on th e  T ho rn ton b a n k  was characterised by a lo w  average species 

richness (6 ± 0.6 -  13 ± 0.8 species per 0.1 m 2) and abundance (231 ±  49 ind m '2-  472 ± 74 

ind m ‘2) (Coates e t al., su b m itte d ), inhab iting  m ed ium  sands con ta in ing  a lo w  organ ic m a tte r 

c o n te n t (De M aersschalck e t al., 2006). The na tive  m acroben thos  was m ain ly  dom ina ted  by 

th e  species p o o r N ephtys c irrosa  and O phelia  lim a c in a  -  Glycera lap idum  com m un ities  (De 

M aersscha lck e t al., 2006; Van Hoey e t al., 2004). In th e  p resen t study, a h ighe r average 

species richness (10 ± 2 - 30 ± 5 species per 0.1 m 2) and abundance (1390 ± 129 ind t r f2 -  

18583 ± 6713 ind m '2) was observed, co inc id ing  w ith  a s h ift in d o m in a n t species. Therefore, 

it  can be concluded th a t  th e  co m m u n ity  has evo lved aw ay fro m  th e  N. c irrosa  and O. 

lim a c in a  -  G. lap idum  com m un ities . W ith  an increased abundance and decreasing sed im ent 

gra in  size, w e  suggest th a t  th e  m acroben th ic  co m m u n ity  is sh iftin g  to w a rd s  a va ria tion  o f the  

rich A b ra  a lba  -  M yse lla  b id e n ta ta  co m m u n ity , no rm a lly  fo u nd  in sha llow  and m uddy sands 

(Van Hoey e t  al., 2004).

4.3  Advice fo r fu ture  m onitoring

D espite th e  spatia l and te m p o ra l dev ia tions fro m  an ideal sam p ling  design, ou r results reveal 

a lte red  m acro fauna l co m m u n itie s  in close v ic in ity  to  a g ra v ity  based fo u n d a tio n . To our 

know ledge, th is  is th e  f ir s t  sm all-scale s tudy  th a t has observed  a s ign ifican t e n rich m e n t o f 

th e  so ft-su b s tra te  m acro fauna l assemblages in th e  v ic in ity  o f  a GBF and th is  du ring  tw o  

consecutive  years. The local e ffec ts  o f  OWFs on m acroben th ic  assemblages shou ld  be 

inc luded  in  fu tu re  m on ito r in g  p rogram m es a round OWFs. A lte rn a tive  sam pling  m ethods 

such as Scuba D iving techn iques  cou ld  be app lied  to  sam ple close to  fou nd a tio n s  and in 

cha lleng ing  areas (e.g. n o rth -e a s t g rad ien t in th is  study). H ow ever, it  is advisable to  focus on 

a single sam p ling  te ch n iqu e  w ith in  one s tudy  design.

W ith  th e  co n s tru c tio n  o f  an a d d itio na l 48 tu rb in e s  w ith in  th is  w in d  fa rm  and the  

d e v e lo p m e n t o f several o th e r  OWFs n o t o n ly  in th is  area b u t th e  en tire  N orth  Sea, the  

observed resu lts  can suggest a v iab le  p red ic tion  to  an overa ll change in th e  m acrobenth ic  

c o m m u n itie s  a t a la rger scale w ith  u nknow n  ecological responses to  ex is ting  fo o d  w eb 

in te ra c tio n s . How ever, i f  th e  observed e n rich m e n t o f th e  m acrofauna spa tia lly  increases, 

dem ersa l fish  species cou ld  be a ttra c te d  to  th e  OWFs c rea tin g  ecologica l im p o rta n t refuge
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areas. Food w eb  analysis is a logical next step in fu tu re  research, p ro v id in g  a m ore  rigorous 

and com prehens ive  unders tand ing  o f  th e  ecologica l processes (Fry, 2006) occu rring  around 

OWFs. Iso tope  analysis com bined w ith  o th e r techn iques such as stom ach  co n te n t analysis, 

th e  use o f  lip id  b iom arkers and iso tope  m ix ing m odels can be used to  acquire know ledge on 

th e  s tru c tu re  and th e  s ta b ility  o f th e  fo o d  webs a round OWFs (R ooney e t al., 2006; Rooney 

and M cCann, 2012; Thom pson e t al., 2012). These techn iques  can p rov ide  ins igh t in to  the  

te m p o ra l and spatia l va ria tion  o f  food  source a v a ila b ility  and in to  th e  fe e d ing  habits o f 

ce rta in  fish  species a round a rtific ia l reefs (Braeckm an e t a l., 2012; M ab louké  e t al., 2013); all 

o f  w h ich  is ind ispensable  know ledge fo r  fu tu re  m anagem ent o f these  areas. Furthe rm ore , 

th e  research shou ld  also be expanded to  th e  th re e  fo u n d a tio n  types  (GBF, m on o p ile  and 

ja c k e t fo u n d a tio n ) construc ted  in th e  BPNS as d iffe re n t physical and b io tic  in te ra c tio n s  can 

occur.
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Abstract

The seabed o f th e  Belgian o ffsh o re  w in d  fa rm  concession zone is characterised by m edium  

g ra ined , pe rm eab le  sed im ents. S ed im ents w ith  a high p e rm e a b ility  are w e ll oxygenated 

w h ich  acce lera tes th e  m ine ra lisa tion  o f  d epos ited  organic m a tte r  a fte r phy top lank ton  

b loom s. Research around an o ffsh o re  w in d  tu rb in e  in  th e  Belgian p a rt o f  th e  N orth  Sea has 

revea led an e n rich m e n t o f th e  m acro b e n th ic  com m un ity , to g e th e r w ith  sed im en t 

re fin e m e n t up to  a 50 m d is tance  a round th e  fo u n d a tio n . W ith  an increasing d e ve lo pm e n t o f 

o ffsh o re  w in d  fa rm s in th e  N o rth  Sea, th e re  is a need to  unders tand  how  th e  a ltered 

se d im e n t characteristics cou ld  a ffe c t th e  fu n c tio n in g  o f  these  sed im ents. In th is  p ilo t study, 

tw o  e xp e rim en ta l cham ber experim en ts  w e re  se t-up  to  assess th e  f ilt ra t io n  capacity  and 

fluxes  across th e  se d im e n t-w a te r in te rfa ce  o f th re e  se d im e n t types w ith  decreasing 

p e rm e a b ility  be fo re  and a fte r  th e  a d d itio n  o f  d ia tom  (Skeletonem a costa tum ) cells. A s tirrin g  

d isk was ins ta lled  to  create  advective  p o re -w a te r flo w s  in  th e  perm eab le  sed im ents . A fte r 

se d im e n t re fin e m e n t, w a te r p e n e tra tio n  dep th  (co loured  w ith  Rhodam ine W T dye) 

decreased fro m  6.5 ± 0.2 cm in th e  se d im e n t w ith  high p e rm e a b ility  to  0.8 ± 0 cm in the  

se d im e n t w ith  lo w  pe rm e a b ility . A s im ila r tre n d  was observed a fte r  th e  add ition  o f the  

ch a in -fo rm in g  S. costa tum  cells in th e  second e xpe rim en t. A fte r  an incuba tion  o f  23 h, the  

up take  o f  d ia to m  cells in to  th e  se d im e n t reduced w ith  decreasing p e rm e a b ility . The 

advective  p o re -w a te r f lo w  in th e  high pe rm eab le  sed im ents fa c ilita te d  th e  m inera lisa tion  o f 

added o rgan ic  m a tte r (d ia tom  cells) as re flec ted  by th e  high S ed im ent C om m un ity  Oxygen 

C onsum ption  (SCOC) rates (23.7 ± 1.9 m m o l 0 2 m '2 d '1). Low est SCOC rates w e re  measured 

in  th e  lo w  perm eab le  sed im ents 4.8 ±  0.1 m m o l 0 2 r r f2 d '1 w he re  so lu te  exchange m ainly 

re lies  on m o lecu la r d iffus ion . A decrease in  th e  m ine ra lisa tion  o f  organic m a tte r  was 

observed  in th e  sed im ents w ith  low  p e rm e a b ility  in com parison  to  th e  high perm eable 

sed im en ts , w ith  a reduc tion  in  th e  NH4+ (am m on ium ) flu x  (fro m  2228 ± 782 pm o l m '2 d '1 to  

834  ± 100 pm ol m '2 d '1) and NOx (n itra te  + n itr ite )  flu x  (from  239 ± 156 pm o l m ‘2 d-1 to  96 ± 

31 pm o l m '2 d '1) in to  th e  w a te r co lum n. W e cou ld  th e re fo re  conclude th a t th e  re fin e m e n t o f 

pe rm eab le  sed im ents a round o ffsh o re  w in d  fa rm s could a ffe c t th e  m ine ra lisa tion  processes 

o f  o rgan ic m a tte r  by decreasing th e  exchange ra te  o f  so lu tes in to  th e  sed im ent.

Keywords

Sed im en t re fin e m e n t - P e rm eab ility  - M in e ra lisa tio n  processes - SCOC
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1. Introduction

A nnua l p hy top lank ton  blooms, w h ich  m ain ly  consist o f  d ia tom s (Reid e t al., 1990; Rousseau 

e t al., 2002) and th e  h a p tophy te  Phaeocystis (Lance lo t e t  al., 2005), are a m a jo r source o f 

o rgan ic  m a tte r  in N orth  Sea sed im en ts  du ring  spring. A p p ro x im a te ly  20 % o f th e  p rim ary  

p ro d u c tio n  (organic m atte r) has been m easured to  reach th e  seabed a fte r a spring 

p h y to p la n k to n  b loom  (Lancelot e t  al., 2005; P rovoost e t al., 2013). The se ttle d  pa rticu la te  

o rgan ic  m a tte r (phy tode tritus ) is buried  in to  th e  sed im ents w h e re  it  is m inera lised  to  

ino rgan ic  n u trie n ts  by the  m icrob ia l com m un ity , fu e llin g  th e  phy top la n k to n  w ith  n u trien ts  

(B lackburn, 1988; M idde lbu rg  e t al., 2004). Oxygen plays a cruc ia l ro le  in th e  ben th ic  

deg rada tion  process o f organic m a tte r  (G lud, 2008). For exam ple, a m m o n iu m  (NH4+) oxidises 

in to  n itra te  (N 0 3') using oxygen as an e lec tron  accep to r (B illen, 1982). Sed im ent 

characte ris tics h igh ly  a ffect oxygen concen tra tions  and hence th e  e ffic iency o f  sed im en t- 

w a te r exchange rates o f n u trie n ts . In fin e  gra ined (m uddy), cohesive sed im ents , oxygen 

co n cen tra tions  sharp ly  decrease w ith  dep th  (G lud, 2008), lim itin g  aerob ic m inera lisa tio n  o f 

o rgan ic  m a tte r  to  th e  sed im en t surface (< 0.5 cm ) unless sed im en ts  are a c tive ly  m ixed  by 

o rgan ism s (b io tu rb a tion ), o r  w h e re  b io -irr ig a tio n  prov ides th e  de e pe r sed im en t layers w ith  

oxygen (Braeckman e t al., 2010). M o lecu la r d iffu s io n  be tw een  th e  sed im ents and overly ing  

w a te r  is th e  key pa rtic le  tra n s p o rt m echanism  in fin e  sed im ents (H uette l and Gust, 1992). 

Sed im ents w ith  a m ed ium  gra in  size (> 250 pm ) have a p e rm e a b ility  exceeding IO '12 m 2 and 

con ta in  pressure driven advective  p o re -w a te r flo w s  a t th e  se d im e n t-w a te r in te rface  which 

tra n s p o rt o rgan ic  m a tte r  in to  de e pe r layers o f  th e  sed im ents (Ehrenhauss and H ue tte l, 2004; 

H u e tte l and Rusch, 2000; P recht and H uette l, 2003). P erm eab ility  is a m easure o f  th e  ab ility  

o f  a m ate ria l (such as a sed im en t) to  tra n s p o rt flu ids . The p o re -w a te r tra n s p o rt is in itia te d  

w hen  b o tto m  curren ts  in te ra c t w ith  th e  seabed top og ra p h y  (H uette l and Rusch, 2000; 

P recht and H uette l, 2003). F u rthe rm ore , these  pe rm eab le  sed im ents are w e ll oxygenated 

(Ziebis e t al., 1996), acce lera ting th e  m inera lisa tion  o f o rgan ic m a tte r  and th e  recycling o f 

n u tr ie n ts  (Ehrenhauss e t al., 2004a; Ehrenhauss e t al., 2004b; H uette l and Rusch, 2000).

S ed im en t re fin e m e n t can g re a tly  in fluence  th e  se d im e n t-w a te r exchange rates (ben th ic - 

pelagic coup ling), w h ich in its tu rn  a ffec ts  th e  m inera lisa tion  rates o f o rgan ic m a tte r  in the  

sed im en ts  (Ehrenhauss e t al., 2004b). The sm a lle r in te rs tit ia l space in fin e r sed im ents 

o b s tru c t th e  advective p o re -w a te r flow s , th e re b y  decreasing flu id  exchange rates betw een 

th e  sed im en t and th e  overly ing  w a te r  co lum n (Ehrenhauss and H uette l, 2004; H u e tte l and 

Rusch, 2000; P recht and H u e tte l, 2003). Enhrenhauss and H ue tte l (2004) m easured a 

decrease in p o re -w a te r exchange rates fro m  20 I m"2 d’1 in h igh ly perm eab le  sed im en ts  (500 

-  1000 pm ) to  0 I m"2 d '1 in less perm eab le  sed im en ts  (63 -  125 pm) s im u ltaneous ly  

decreasing th e  tra n sp o rt d e p th  o f  o rgan ic m a tte r (e.g. d ia tom s) fro m  5.5 cm to  0.3 cm. 

Decreasing p o re -w a te r exchange rates crea te  s low e r m inera lisa tion  rates in refined
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sed im en ts  due to  th e  lo w e r oxygen and organ ic m a tte r  p e n e tra tio n  dep ths  (Ehrenhauss and 

H ue tte l, 2004; Ehrenhauss e t al., 2004b).

W ith  an increasing  d e ve lopm en t o f  o ffsh o re  cons truc tions , th e re  is a need to  understand 

h o w  th e  b iogeochem ica l p roperties  o f th e  na tu ra l so ft sed im ents su rround ing  these 

co n s tru c tio n s  cou ld  change. The Belgian o ffsh o re  w in d  fa rm  concession zone is characterised 

by m ed iu m  gra ined sed im en ts  w hich cove r 70 % o f  th e  co n tin en ta l shelves w o rldw ide  

(Emery, 1968). A sm all-scale s tudy a round one g ra v ity  based fo u n d a tio n  in th e  Belgian part 

o f  th e  N o rth  Sea (BPNS) investigated th e  m acro fauna l com m un ities  a long  fo u r  grad ients 

(sou th -w e s t, no rth -eas t, sou th -east and n o rth -w e s t) (Coates e t al., 2014). A reduc tion  in 

se d im e n t g ra in  size up to  a 50 m distance fro m  th e  fo u nd a tio n  was observed along the  

so u th -w e s t and n o rth -w e s t g rad ien ts. The p e rm e a b ility  o f  th e  m ed ium  gra ined  sed im ents (> 

200 um ) in  th e  BPNS have been derived  fro m  gra in  size analysis (W ilson e t al., 2008) and 

exceeded IO"10 m 2 (Vanaverbeke e t al., 2011). In close v ic in ity  to  th e  fo u n d a tio n , th e  low est 

p e rm e a b ility  ca lcu la ted was 9.2 IO"12 m 2 at th e  so u th -w e s t g rad ien t du ring  a p ilo t study at 

one  and seven m ete rs  fro m  th e  fo u n d a tio n , suggesting a decreasing p e rm e a b ility  around 

g ra v ity  based w in d  tu rb in e s  in th e  BPNS (See A ddendum  III, Fig. 2). Furthe rm ore , an 

increased ch lo rophy ll o  co n cen tra tion  was also m easured a long th e  sou th -w e s t g ra d ie n t in 

samples taken  a t one and seven m eters fro m  th e  fo u n d a tio n  in 2010 (A ddendum  III, Fig. 1).

The aim  o f  th is  s tudy  was to  investiga te  w h e th e r a decreasing p e rm e a b ility  o f sub tida l 

sed im en ts  o f  th e  BPNS, due to  th e  co n s tru c tio n  o f  o ffsh o re  w in d  tu rb in e s , w o u ld  affect 

m in e ra lisa tio n  processes. N atu ra l, pe rm eab le  sand fro m  an o ffshore  sandbank was m ixed 

w ith  com m erc ia l and in te rtid a l sed im en t to  c rea te  th re e  a rtif ic ia l se d im e n t types w ith  a 

decreasing p e rm e a b ility . An expe rim en ta l approach investiga ting  th e  a b io tic  processes o f 

th e  th re e  se d im e n t types was app lied  in th is  p ilo t study. D iffe rences in th e  b io tic  processes 

w ill need to  be added to  fu tu re  expe rim en ts  in o rd e r to  achieve a co m p le te  unders tand ing  o f 

th e  ben th ic  ecosystem  fu n c tio n in g  a round o ffsh o re  w in d  fa rm s. W e hypo thesise  th a t 1) th e  

oxygen and n u tr ie n t fluxes across th e  se d im e n t-w a te r in te rface  and, 2) th e  a b ility  to  f i lte r  

d ia to m  cells fro m  th e  w a te r co lum n w ill be a ffec ted  in re fined  sed im ents fro m  th e  BPNS due 

to  a decrease in p o re -w a te r f lo w  in th e  in te rs tit ia l spaces o f  th e  sed im ents.

2. M ate ria l and methods

2 .1 . Field sam pling and sedim ent refinem ent

The e xp e rim e n ta l se t-up  o f th is  s tudy  requ ired  d if fe re n t sed im en ts  o f decreasing 

p e rm e a b ility . H igh ly pe rm eab le  sed im ents and natura l seaw a te r w e re  co llec ted  fro m  the  

o ffsh o re  s ta tio n  330 (51°26.0 ' N ; 02°48.5 ' E, 20 m  dep th ) on th e  G oo te  Bank in th e  Belgian
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p a rt o f  th e  N o rth  Sea (BPNS). Sam pling was pe rfo rm e d  w ith  a Van Veen g rab (0.1 m 2) from  

th e  R V Simon Stevin in M arch 2013.

P rio r to  th e  e xp e rim e n t, th e  perm eable  sed im en t was d ried  a t 60 °C fo r  72 h to  des troy  all 

m etazoan fauna and stored in seaw ater to  a llow  b ac te ria l co lon isa tion  o f th e  sed im ent 

(Ehrenhauss and H uette l, 2004). S ed im ent grain sizes w e re  m easured w ith  th e  M alvern  

M aste rs ize r 2000G, hyd ro  vers ion  5.40 (laser d iffra c tio n  m e thod ) (M a lve rn , 1999). S tation 

330 consists o f  m ed ium  sands w ith  a m edian grain size (d50) o f 388 pm  and 239 pm  fo r  th e  

f ir s t  decile  o f th e  gra in  size d is tr ib u tio n  (d i0 ). The se d im e n t p e rm e a b ility  fo r  s ta tio n  330 is 

es tim a ted  a t 1.8 x IO"11 m 2, calcu lated and co rrected  fro m  th e  em pirica l re la tio n  accord ing to  

Hazen kH = 1.1019 * IO 3 m '2 s *  d2i 0 *  v  (kH = p e rm e a b ility  and v  = k in e m a tic  v iscosity) (Rusch 

e t  al., 2001).

Fine, cohesive sands w ith  a low  p e rm e a b ility  w e re  co llec ted  fro m  an in te rtid a l m ud fla t 

(Paulina) located a long the  W este rn  Sche ld t estuary  in  th e  N e therlands (51°21.4 ' N ; 3° 

42 .85 ' W ) in February 2013. The sed im ents co llected a t Paulina had a m ed ian  grain size o f 

139 pm , d io o f  45 pm  and an es tim a ted  p e rm e a b ility  o f  6.5 IO '13 m 2. The com m erc ia lly  

ava ilab le  sand had a m edian gra in  size o f  191 pm , d i0 o f  128 pm  and an estim ated 

p e rm e a b ility  o f  5.2 IO '12 m 2.

To rem ove all o rgan ic  m a tte r, th e  Paulina sand was b u rn t fo r  4 h in a m u ffle  fu rnace  at 

550 °C, th o ro u g h ly  washed w ith  d is tilled  w a te r and subsequen tly  d ried  a t 60 °C (Ehrenhauss 

and H ue tte l, 2004). The sand fro m  s ta tion  330 was n o t b u rn t to  ensure bacteria l ac tiv ity  

th ro u g h o u t th e  experim ents. The pe rm eab le  sands w e re  a rtif ic ia lly  m ixed w ith  Paulina 

se d im e n t and com m erc ia lly  available sand to  ob ta in  sed im en ts  w ith  th re e  d iffe re n t levels o f 

p e rm e a b ility : high, in te rm e d ia te  and lo w  (Table 1).

Table 1. Sediment characteristics o f the three sediment treatm ents. d10 = firs t decile o f the grain size 

d istribution, d50 = median grain size, kH = permeability.

Levels o f  p e rm e a b ility M ix tu re d io  (Mm) d 50 (p m ) kH (m 2)

High 100 % 330 238.9 387.7 1.8 x IO '11

In te rm ed ia te 50 % com m ercia l sand - 50 % 330 143.5 276.9 6.5 x IO '12

Low 8 0%  P au lina -2 0 %  330 57.0 199.4 1.0 X 10‘12
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2.2 . Experim ental set-up

2.2.1. C u ltu ring  algae

A stra in  o f  th e  d ia tom  Skeletonem a costa tum  was ob ta ined  fro m  th e  Labora to ire  d'Ecologie 

des Systèm es A qua tiques  fro m  th e  U nivers ité  L ibre  de Bruxelles (ULB). Skeletonem a  

costa tum  is a ch a in -fo rm in g  d ia tom  na tu ra lly  o ccu rrin g  in th e  BPNS (Rousseau e t al., 2002; 

Takabayashi e t al., 2006). The d ia tom s w ere  cu ltiva te d  in s te rile  na tura l sea w a te r (31 PSU), 

enriched  w ith  a f /2  c u ltu re  m ed ium  (G uilla rd , 1975) a t  15 °C d u rin g  30 -  40 days in a 12 h : 

12 h lig h t and da rk  reg im e. D ia tom  counts w ere app lied  under an inve rted  Cari Zeiss 

m icroscope (400 x m agn ifica tion ).

Sampling port

Input replacement 
water

Output water 
sample

Rotating disk

Sediment

Fig. 1 Experimental set-up, benthic chamber w ith  rotating disk to  create advective pore-water flows 

w ith in  the sediment.

2 .2.2. B enth ic  s tirr in g  cham bers

The expe rim en ts  w e re  ca rried  o u t in a c lim a te  co n tro lle d  room  set to  15 °C. T hree  cy lindrica l 

cores (19 cm d iam e te r, 28 cm high) w e re  used fo r  each sed im en t typ e  in bo th  experim en ts  

(Fig. 1) w ith  10 cm o f  se d im e n t and 5.1 I o f na tu ra l sea w a te r (31 PSU, 15°C) sam pled a t th e  

o ffsh o re  s ta tio n  330 . In each cham ber, th e  w a te r was s tirred  by h o rizo n ta lly  ro ta tin g  disks o f 

17 cm d ia m e te r ro ta tin g  5 cm above th e  sed im en t a t 60 rpm . The disk ro ta tio n  creates an
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a rtif ic ia l pressure g rad ien t in th e  w a te r co lum n, genera tin g  lo w e s t pressure a t th e  centre 

and h ighest a t th e  edge (Ehrenhauss and H uette l, 2004; H u e tte l and Rusch, 2000).

2.2.3. F iltra tio n  capacity  m easurem ents

To es tim a te  th e  w a te r pen e tra tio n  dep th  in th e  sed im en ts , a tra c e r dye R hodam ine-W T 

(1 %) was added to  th ree  ben th ic  s tirr in g  cham bers fo r  every  se d im e n t typ e . A fte r  the  

a d d itio n  o f  20 m l R hodam ine to  th e  w a te r co lum n, th e  e xp e rim e n t was run  in to ta l darkness 

fo r  48 h to  avo id  th e  pho tochem ica l decay o f R hodam ine  (W ilson  e t al., 1986). The 

p e n e tra tio n  de p th  o f th e  red dye in to  th e  sed im en t was m easured  a t tw o  pos itions along the  

ou ts ide  o f  th e  core a fte r 6, 24 and 48 h. The ra te  o f  decrease in R hodam ine dye 

co n ce n tra tio n  in th e  w a te r co lum n was m easured by ta k in g  a 10 m l w a te r  sam ple a t T0, 2 h 

(T ib  4  h (T2 )/ 6 h (T3), 24 h (T4) and 48 h (T5). Absorbance  levels w e re  m easured w ith  a 

sp e c tro p h o to m e te r (UV-1601) a t 540 nm. The decrease in R hodam ine dye concen tra tion  

was ca lcu la ted  fro m  th e  slope o f th e  linea r regression o f  th e  decreased co n cen tra tion  in 

t im e  and expressed in m m o l m '2 d '1.

2.2.4. M easurem en ts  o f  se d im e n t-w a te r fluxes

During a second expe rim en t, th e  oxygen and n u tr ie n t flu xes  (NH4 + and N 0 3'+  N 0 2') across 

th e  se d im e n t-w a te r in te rface  w ere  investigated fo r  th e  th re e  se d im e n t types. The 

e xp e rim e n t was firs t incubated  w ith o u t algae to  d e te rm in e  oxygen and n u tr ie n t fluxes 

be fo re  o rgan ic m a tte r  add ition  (Ehrenhauss e t al., 2004b). Each core was h e rm e tica lly  sealed 

w ith  an a ir - t ig h t lid, to  insure accura te  resp ira tion  m easurem ents , and incubated  in th e  dark 

fo r  ap p ro x im a te ly  23 h. The S ed im ent C om m unity  Oxygen C onsum ption  (SCOC) in th e  w a te r 

co lum n was co n tinuous ly  m easured in m m ol I '1 th ro u g h  oxygen sensor spots w h ich  were 

a ttached  to  th e  inside o f th e  core and connected to  a f ib re -o p t ic  oxygen m e te r (F ireSting  0 2) 

th ro u g h  a spo t a d a p te r and f ib re -o p tic  cable (Pyro-Science). The oxygen flu x  was calcu lated 

fro m  th e  slope o f  th e  linear regression o f th e  decreased oxygen concen tra tion  in t im e  and 

expressed in m m o l r r f2 d"1. W a te r samples (20 m l) fo r  n u tr ie n t m easurem ents w ere  taken 

th ro u g h  th e  o u tp u t sam pling p o rt at regu la r t im e  in te rva ls  (a t th e  s ta rt and every  3 h) 

th ro u g h o u t th e  e xpe rim en t. The sam pled w a te r vo lu m e  was s im u ltaneous ly  replaced w ith  

na tu ra l seaw a te r fro m  th e  s ta tio n  330 (31 PSU, 15 °C) th ro u g h  th e  in p u t sam pling  po rt. 

W a te r sam ples w ere  filte re d  th ro u g h  25 m m  GF/F f ilte rs  (W hatm an), frozen  im m ed ia te ly  

(-20 °C) and la te r analysed using au tom a ted  c o lo rim e tr ic  techn iques a fte r  de fros ting . 

N u trie n t fluxes (nm o l m '2 d '1) w ere  calcu lated fro m  th e  d iffe rence  be tw een  th e  f in a l and 

in itia l sam ple co n cen tra tion  ove r tim e . No com pensa tion  was m ade fo r  th e  d ilu tio n  due  to  

rep la ce m e n t w a te r  as th e  a d d itio n  (2 %) was expected to  be neglig ib le .
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Identica l m easurem ents w ere  carried o u t du ring  a second run o f th e  e xpe rim en t, a fte r the  

add ition  o f  20 m l live algae cu ltu re . The cell num bers o f S. costa tum  added pe r tre a tm e n t 

w ere  7.6 ±  1.6 cells m l'1 (h igh ly  pe rm eab le  sed im ent), 14.9 ± 2 cells m i'1 ( in te rm ed ia te  

sed im en t) and 25.5 ± 2.3 cells m l'1 (low  perm eab le  sed im ent). A pa rt fro m  th e  20 m l w a te r 

sam ple fo r  n u tr ie n t m easurem ents, an add itio na l 5 m l was ob ta ined  fo r  d ia to m  cell counts 

du ring  th e  same tim e  in te rva ls . The sam ples w ere fixed  w ith  200 pi e thano l and s to red  fo r 

la te r analysis. Three d ia to m  cell counts w ere  pe rfo rm e d  on 1 m l o f  every sam ple in 

suspension cu ltu re  p la tes (21 cm 2 w ells) w ith  an inve rted  Cari Zeiss m icroscope (400 x 

m agn ifica tion ). Cell coun ts  o f th e  rem a in ing  d ia tom s in th e  w a te r co lum n  provided 

add itiona l in fo rm a tio n  on th e  f i lt ra t io n  capacity o f  th e  th re e  sed im en t types.

2.3 . Statistical analysis

R 3.0.2 so ftw a re  (w w w .r-p ro je c t.o rg ) was app lied fo r  s ta tis tica l analyses. H om ogene ity  o f 

variances w ere  tes ted  w ith  th e  Levene's te s t. For th e  f i lt ra t io n  capacity e xpe rim en t, one -w ay 

ANOVAs w e re  app lied  to  d e tec t any d iffe rences  am ong tre a tm e n ts  (sed im en t types). Tukey 

HSD-post hoc tes ts  w ere  carried  o u t to  d e te rm in e  pa ir-w ise tests be tw een  trea tm e n ts . For 

th e  flu x  expe rim e n t, tw o -w a y  ANOVAs w e re  carried  o u t to  d e te rm ine  any in te ra c tio n  e ffects 

(st x a) be tw een  fac to rs  se d im e n t ty p e  and th e  add ition  o f algae. W hen a s ign ifican t 

in te ra c tio n  was m easured be tw een  fa c to rs , a pa ir-w ise Tukey HSD post hoc te s t was 

p e rfo rm ed  w ith in  th e  in te ra c tio n  fa c to r. A ll results are expressed as average ± SE o f  the  

th re e  replicates.

3. Results

3.1 . Filtration capacity o f the  sediments

A fte r  a 48 h incuba tion  pe riod , th e  p e n e tra tio n  dep th  o f th e  R hodam ine dye was 

s ign ifican tly  d iffe re n t be tw e en  all th re e  sed im en t types (ANOVA F2,is = 266.5 p  < 0 .05; Tukey 

HSD te s t a ll p  < 0 .001) (Fig. 2). The h ighest p e n e tra tio n  de p th  was m easured in th e  h igh ly 

perm eable  sed im en t w ith  an average dep th  o f 6.5 ±  0.2 cm. The p e n e tra tio n  dep th  

decreased w ith  decreasing p e rm e a b ility  w ith  4.2 ±  0.4 cm in th e  in te rm e d ia te  and 0.8 ±  0 cm 

in th e  low  pe rm eab le  sed im ents .

The co n cen tra tion  o f R hodam ine dye decreased over t im e  in th e  w a te r  co lum n in every se t­

up (Fig. 3). The rate o f  decreasing dye concen tra tion  increased w ith  th e  sed im en t 

pe rm e a b ility . The h igh ly  pe rm eab le  se d im e n t illu s tra ted  a high f ilt ra t io n  capacity  w ith  a 

decrease o f  th e  dye co n ce n tra tio n  in th e  w a te r co lum n by -0.432 ± 0 m m o l m '2 d '1. The 

f i lt ra t io n  capac ity  o f th e  in te rm e d ia te  and lo w  pe rm eab le  sed im ents was lo w e r w ith  

respective ly  -0.216 m m ol r r f2 d '1 and -0.288 ± 0.038 m m ol m '2 d '1. Only one rep lica te  was 

app lied fo r  th e  in te rm e d ia te  se d im e n t typ e  as un re liab le  m easurem ents, suggesting  th e  dye
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concen tra tion  increased in th e  w a te r co lum n, w ere  excluded. No s ign ifican t d iffe re n ce  was 

m easured be tw een  th e  high and lo w  perm eable  sed im en t (ANOVA F2 ,3 = 5.4 p = 0.1023).

H  I L

Level o f  P e rm e a b ility

Fig. 2 P ene tra tion  de p th  in sed im ents w ith  a level o f pe rm e a b ility  fro m  High (H), In te rm e d ia te  (I) to  

Low (L) a fte r 48 h incuba tion  pe riod  w ith  Rhodamine dye.

-0.50 J
H I L

Level o f P erm eability

Fig. 3 Rate o f decreasing Rhodam ine concen tra tion  (m m ol m '2 d '1) in sed im ents w ith  a level o f 

pe rm ea b ility  fro m  High (H), In te rm e d ia te  (I) to  low  (L) a fte r 48 h incubation  period.

A fte r th e  a d d itio n  o f live  d ia to m  cells in th e  second e xpe rim en t, a reduc tion  o f  cells p resent 

in th e  w a te r co lum n was observed  th ro u g h o u t th e  24 h incuba tion  pe riod  (Fig. 4). A 

reduc tion  fro m  7.6 ± 1.6 cells m l'1 to  0.4 ± 0.4 cells m l'1 was measured in th e  o ve rly ing  w a te r

1 0 0
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o f th e  h igh ly  perm eable  sed im en t, w h ile  th e  incuba tion  in lo w  perm eab le  sed im en t hard ly 

show ed a decrease (25.5 ± 2.7 cells m l'1 to  22.6 ± 1.4 cells m l'1).
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Fig. 4 Diatom cell counts (m l1) remaining in the w ater column during 24 h incubation period for 

sediments w ith  a High (open circles), Intermediate (triangles) and Low (full circles) permeability.

3.2 . Sedim ent Com m unity Oxygen Consumption (SCOC) rates

To d e te rm in e  th e  d iffe rence  in SCOC rates be tw een  th e  th re e  sed im en t types, the  

e xp e rim e n t was run  w ith  and w ith o u t th e  a d d itio n  o f algae (S. costa tum ) (Fig. 5). Tw o-w ay 

ANOVA illu s tra te d  a s ign ifican t in te ra c tio n  e ffe c t be tw een  th e  fac to rs  sed im en t typ e  and 

a d d itio n  o f  algae (F2,u  = 18.187, p  < 0.001). W ith o u t algae, th e  SCOC ra te  o f  th e  in te rm e d ia te  

se d im e n t was s ign ifican tly  lo w e r th a n  th e  high (Tukey HSD, p  = 0 .002) and low  perm eable  

(Tukey HSD, p  < 0 .001) sed im ents . A fte r  th e  add ition  o f algae, th e  SCOC ra te  o f  th e  highly 

pe rm eab le  sed im en t was s ign ifica n tly  h igher in com parison to  th e  lo w  perm eab le  sed im ent 

(Tukey HSD, p  = 0.008). The low  pe rm eab le  sed im en t also illu s tra te d  a s ign ifican t decrease in 

SCOC ra te  (Tukey HSD, p  < 0 .001) a fte r  th e  add ition  o f  algae. No s ign ifican t d iffe rence  in 

SCOC rates w ere  m easured be fo re  and a fte r the  add ition  o f  algae in th e  high and 

in te rm e d ia te  perm eab le  sed im ents (Tukey HSD, p  > 0.005).

1 0 1



Chapter 5

■ Without algae 

With algae

H I L
L e v e l o f  P e rm e a b ility

Fig. 5 The sediment community oxygen consumption (SCOC) rates (mmol 0 2 m '2 d '1) in sediments 

w ith  a level o f permeability from  High (H), Intermediate (I) to  Low (L) w ith  and w ithou t the addition 

o f algae (S. costatum).

Level o f  P e rm e ab ility

-100
H I L

Leve l o f  P e rm e ab ility

Fig. 6 NH4+ and NOx (N 03' + N 02') flux (nmol m ‘2 d'1) in sediments w ith a level o f perm eability from 

High (H), Intermediate (I) to  Low (L) before the addition o f algae.
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3 .3 . Dissolved inorganic nitrogen (DIN) fluxes

Before  th e  add ition  o f algae, th e  sed im ents acted as an NH4+ sink w ith  th e  strongest NH4+ 

in flu x  m easured  in th e  low  perm eab le  sed im en ts  (-895 ±  222 pm ol m -2  d-1) (Fig. 6A). A fte r 

th e  a d d itio n  o f algae, th e  NH4+ flu x  changed and sed im en ts  released NH4+ in to  th e  w a te r 

co lum n (Fig. 7A). The e fflux  o f  NH4+ fro m  th e  h igh ly  perm eab le  sed im ents was 5.5 and 2.6 

tim e s  th e  e fflu x  m easured fro m  th e  in te rm e d ia te  and lo w  pe rm eab le  sed im ents. T w o-w ay 

ANOVA m easured a s ign ifican t d iffe re n ce  in NH4+ flu x  be tw een  th e  e xp e rim e n t carried o u t 

w ith  and w ith o u t th e  add ition  o f  algae (Fi,12 = 13.834, p = 0.003).

Before  th e  a d d itio n  o f algae, a decreasing tre n d  in NOx (N 0 3'  + N 0 2’ ) e ffluxes was observed 

w ith  decreasing p e rm e a b ility  (Fig. 6B). The e fflu x  o f  NOx in th e  h igh ly  perm eab le  sedim ents 

w as 3.7 and 11 tim es h igher in com parison  to  th e  NOx e fflu x  m easured in th e  in te rm e d ia te  

and lo w  pe rm eab le  sed im ents. Fluxes decreased s lig h tly  a fte r  th e  a d d itio n  o f  algae (Fig. 7B). 

In th e  in te rm e d ia te  sed im en t th e  NOx flu x  was d irec ted  in to  th e  sed im ent. T w o-w ay ANOVA 

d id n o t d e te c t any s ign ifican t d iffe rences in NOx fluxes  be tw een  expe rim en ts  o r sed im ent 

types.
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Fig. 7 NH4+ and NOx (N03‘ + N 02‘) flux (pmol m '2 d'1) in sediments w ith a level o f permeability from 

High (H), Interm ediate (I) to  Low (L) after the addition o f algae (S. costatum).
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4. Discussion

W ith in  th is  s tudy, ce rta in  lim ita tio ns  w ere  observed d u rin g  th e  p re p a ra tion  phase o f  th e  

th re e  se d im e n t types. By m ixing se d im e n t types co llec ted  fro m  tw o  co m p le te ly  d iffe re n t 

s ites, in itia l s itua tions  o f  o rgan ic m a tte r  c o n te n t cou ld  s till have been d iffe re n t even a fte r 

p re -tre a tm e n t procedures. The fin e s t se d im e n t co llec ted  fro m  th e  Paulina m u d fla t was 

b u rn t and washed to  rem ove all o rgan ic m a tte r, fo llo w in g  th e  p rocedures o f  Ehrenhauss and 

H u e tte l (2004). For th is  specific sed im en t, th e  p re - tre a tm e n t p rocedures need to  be fu r th e r  

te s te d  and ad justed  fo r  fu tu re  expe rim en ta l se t-ups. The com m e rc ia lly  ava ilab le  sand, used 

to  o b ta in  th e  in te rm e d ia te  sed im ent, cou ld  have d iffe rences in m inera l com position  

com pared  to  th e  natura l sand due to  m echanica l and chem ica l p u rifica tio n  techniques 

app lied  in th e  indus try . Furthe rm ore , a com p le te  hom ogen isa tion  o f  th e  m ixed sedim ents 

was o fte n  d if f ic u lt  to  achieve a t th e  s ta rt o f  th e  expe rim e n t. H ow ever, th e  m ain results o f 

th is  p ilo t  s tudy are com parab le  w ith  e a rlie r find ings  fro m  s im ila r expe rim en ts  (Ehrenhauss 

and H ue tte l, 2004; Ehrenhauss e t al., 2004b; H u e tte l and Gust, 1992; H ue tte l and Rusch,

2000) and show  clear d iffe rences in w a te r  p e n e tra tio n  d e p th , f ilt ra t io n  capacity  and fluxes o f 

DIN across th e  se d im e n t-w a te r in te rface  be tw e en  sed im en ts  w ith  d iffe re n t pe rm eab ility . 

T he re fo re , w e believe th a t th e  o b ta ined  resu lts fro m  th is  s tudy  rep resen t a s im u la tion  o f th e  

e ffec ts  o f  th e  re fin e m e n t o f  sed im ents on th e  b iogeochem ica l p rope rties  o f  sed im ents in th e  

BPNS.

4 .1 . F iltration capacity

The a rtif ic ia l re fin ing  o f  perm eable  sed im en ts  fro m  th e  BPNS show ed a decreased w a te r 

p e n e tra tio n  dep th  in th e  sed im en t and a decreased tra p p in g  o f  Skeletonem a costa tum  cells, 

re fle c tin g  a less e ffic ie n t ben th ic -pe lag ic  coup ling . W ith  a high uptake o f th e  R hodam ine dye 

in th e  h igh ly  perm eab le  sed im ent, a s tron g  advective  p o re -w a te r f lo w  was illu s tra te d . The 

in te rm e d ia te  and low  perm eable  sed im en ts  c lea rly  obs truc ted  th e  advective  f lo w  o f the  

co lou red  w a te r in to  deeper layers o f  th e  sed im ents. C om parably, a decreased uptake o f  th e  

ch a in -fo rm in g  d ia tom  cells was observed in th e  lo w  pe rm eab le  sed im en t resu lting  in a low e r 

e ffic ie n cy  o f  th e  uptake o f  organic m a tte r  a fte r  se d im e n t re fin e m e n t. These resu lts are 

com parab le  w ith  previous stud ies w h e re  H u e tte l and Rusch (2000) observed a doubled 

d eg rada tion  o f  algae cells in perm eab le  sed im en ts  com pared  to  im perm eab le  bo ttom s. The 

up take  o f  algae is n o t on ly  de te rm in e d  by se d im e n t p e rm e a b ility  and advective  p o re -w a te r 

flow s, th e  cha in  length o f d ia tom  cells are o f  equal im portance . W ith  an average size o f  5. 

co s ta tum  cells be tw een  5 and 10 pm , Ehrenhauss and H uette l (2004) observed th a t S. 

co s ta tum  chains cou ld  n o t pen e tra te  in to  sed im en ts  w ith  a p e rm eab ility  b e lo w  7 x IO '12 m 2 

as po re  sizes w ere  to o  sm all (30 -  53 pm  d ia m e te r). T oge the r w ith  decreased advective 

p o re -w a te r flow s, th e  tra n s p o rt o f d ia to m  cells was res tr ic te d  to  th e  u pper 0.3 - 0.7 cm in
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th e  low  pe rm eab le  sands com pared  to  5.5 cm in th e  h igh ly  perm eab le  sands (Ehrenhauss 

and H ue tte l, 2004).

The decreased filte r in g  capab ility  in re fined  sed im en ts  can lead to  an accum ula tion  o f 

organ ic m a tte r  in  th e  upper cen tim e tres  o f th e  seabed, even fo rm in g  accum ulated 

aggregates a t th e  sed im en t surface (Ehrenhauss and H uette l, 2004; Ehrenhauss e t al., 

2004a). C onsequently, m o lecu la r d iffus ion  becom es th e  m ost im p o rta n t physical tra n sp o rt 

process. T h e re fo re  b io tu rb a tio n  processes by o rgan ism s are essential m echanism s in low  

pe rm eab le  sed im en ts  to  assist in th e  so lu te  tra n s p o rt and m ine ra lisa tion  processes 

(B raeckm an e t al., 2010). For years, perm eable  sands w ere  v iew ed  as large e m p ty  deserts 

p o o r in o rgan ic  m a tte r  w ith  a lo w  co n tr ib u tio n  to  n u tr ie n t cycling (Boudreau e t al., 2001). 

H ow ever, th e  resu lts fro m  th is  and previous s tirr in g  cham ber experim en ts  propose 

pe rm eab le  sed im ents , in ene rge tic  coastal areas such as th e  BPNS, to  be im p o rta n t and fast 

f ilte rs  fo r  o rgan ic  m a tte r  and ph y top la n k to n  cells, vastly  c o n trib u tin g  to  th e  recycling 

process o f  n u tr ie n ts  (Ehrenhauss and H uette l, 2004; Ehrenhauss e t  al., 2004a; Ehrenhauss et 

al., 2004b; H u e tte l and Gust, 1992; H ue tte l and Rusch, 2000; Janssen e t al., 2005). There fore , 

a redu c tio n  in p e rm e a b ility  can g re a tly  a ffec t th e  ben th ic -pe lag ic  coup ling  by decreasing the  

up take  and recyc ling  o f  organic m a tte r  a fte r p h y top la n k to n  b loom s.

4 .2 . Organic m a tte r mineralisation

Oxygen is an im p o rta n t so lu te  regu la ting  m inera lisa tion  processes o f o rgan ic m a tte r  in  the  

seabed (G lud, 2008; M id d e lb u rg  e t al., 2004; Ziebis e t al., 1996). The se ttle d  pa rticu la te  

o rgan ic  m a tte r  is buried  in to  th e  sed im ents w here  th e  degrada tion  in to  carbon d iox ide  and 

a m m o n iu m  (NH4+) takes place. Subsequently, oxygen oxid ises am m on ium  in to  n itr ite  (N 0 2‘) 

and n itra te  (N 0 3‘). N itra te  can fu r th e r  be d e n itrifie d  in to  n itro g e n  gas. A ll com ponen ts  o f  the  

n itro g e n  cycle s low ly  escape back in to  th e  w a te r co lum n (B illen, 1982; Billen and Lancelot, 

1988). M easu ring  th e  oxygen and n u tr ie n t fluxes across th e  se d im e n t-w a te r in te rface  

p rov ides in fo rm a tio n  on how  m inera lisa tion  processes change w hen  p e rm e a b ility  decreases.

B efore  algal a d d itio n  in th e  second cham ber e xpe rim en t, SCOC rates s ign ifica n tly  decreased 

in  th e  in te rm e d ia te  sed im ents in com parison to  th e  h igh ly  perm eab le  sed im en t (Fig. 5). This 

cou ld  be re la ted  to  an a rte fa c t due to  th e  use o f  com m e rc ia lly  availab le sand and the  

d iff icu ltie s  to  p roduce hom ogenous m ixed sed im ents. SCOC rates o f th e  sub tida l highly 

pe rm eab le  sed im en ts  w e re  expected to  be qu ite  lo w  due to  th e  lo w  organ ic m a tte r  co n ten t 

d u rin g  th is  t im e  o f  th e  yea r (M arch) (Franco e t al., 2010). A SCOC va lue  be tw een  5 - 1 0  m m ol 

0 2 m '2 d '1 w as m easured a t s ta tion  330 in A pril by Franco e t al (2010). They considered these 

ra tes  to  be unde re s tim a te d  due  to  th e  lack o f  advective  p o re -w a te r tra n s p o rt during  

m easurem ents  (Janssen e t al., 2005), w h ich  is con firm ed  by o u r e xp e rim e n t w ith  a SCOC 

va lue  o f 30 .3  m m ol 0 2 m ’2 d '1 in th e  h igh ly  perm eab le  sed im ent.
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Previous stud ies have illu s tra ted  th e  s tim u la tion  o f  oxygen consu m p tio n  a fte r  th e  add ition  o f 

a d ia to m  pulse (Ehrenhauss and H uette l, 2004), as oxygen is d ire c tly  used to  m inera lise  the  

added o rgan ic  m a tte r  (Ehrenhauss e t al., 2004b). H ow eve r, SCOC ra tes w e re  lo w e r a fte r  the  

a d d itio n  o f algae in ou r s tudy, bu t n o t s ig n ifica n tly  fo r  th e  h igh ly  pe rm eab le  and 

in te rm e d ia te  sed im ents. In th e  lo w  perm eable  sed im en t, th e  decrease in SCOC ra te  a fte r the  

a d d itio n  o f algae cou ld  be a com b ina tion  o f th e  in su ffic ie n t rem ova l o f  o rgan ic m a tte r  in the  

se d im e n t m ix du ring  p re -tre a tm e n t procedures (increasing  th e  SCOC ra te  be fo re  algae 

a d d itio n ) and an experim en ta l a rte fa c t due to  th e  fre q u e n t in tru s io n  o f  lig h t th ro u g h o u t the  

e xpe rim e n t. In th e  fin e  sed im en t, liv ing d ia tom s w e re  h a rd ly  tra p p e d  in to  th e  sedim ent, 

accum u la ting  th e  cells in th e  w a te r co lum n and enhanc ing  oxygen p ro d u c tio n  which 

decreased SCOC rates a fte r th e  add ition  o f algae. A co m p le te  exclusion o f  lig h t in to  the  

cham bers has to  be taken in to  considera tion  fo r  fu tu re  expe rim en ts . A d d itio n a lly , SCOC 

ra tes  declined  s ign ifica n tly  w ith  decreasing se d im e n t p e rm e a b ility  a fte r th e  add ition  of 

d ia to m  cells (Fig. 5). S im ilarly, Ehrenhauss and H u e tte l (2004) m easured h ighest oxygen 

consu m p tio n  rates in in te rm e d ia te  and h igh ly  pe rm eab le  sands a fte r  algae a d d itio n . The 

advective  oxygen tra n s p o rt in perm eab le  sed im ents enhances th e  a va ila b ility  o f  oxygen 

w ith in  th e  sed im ents , crea ting  a fa s te r m ine ra lisa tion  o f  n u trie n ts . A fte r  th e  a d d itio n  o f 

algae, DIN fluxes d id increase s ligh tly  w ith  increasing p e rm e a b ility  a fte r an incuba tion  period 

o f  23 h. A h ighe r e fflux  o f NH4+ was m easured in th e  h ig h ly  perm eab le  se d im e n t (bu t no t 

s ign ifican tly ), illu s tra tin g  an up take  o f th e  p a rticu la te  o rgan ic  m a tte r  (d ia to m  cells) w h ich is 

degraded in to  NH4+ in th e  sed im ents. The possible decreased up take  o f o rgan ic m a tte r in to  

th e  lo w  pe rm eab le  sed im ents cou ld  have p roduced th e  lo w e r  NH4+ e fflux. Ehrenhauss e t al. 

(2004b) also observed th e  fas tes t m inera lisa tion  process in  h igh ly  pe rm eab le  sedim ents. 

H ow ever, th e y  m easured h igher NOx (N 0 3~ + N 0 2') co n ce n tra tio n s  th a n  NH4+ a fte r an 

incu b a tion  o f  132 h. The incuba tion  period  in o u r s tu d y  (23 h) m ay have been to o  sho rt to  

c o m p le te  m inera lisa tio n  processes, suggested by high NH4+ bu t lo w e r NOx e ffluxes (Fig. 7). 

B e fo re  th e  a d d itio n  o f algae (Fig. 6), n itr ific a tio n  in th e  sed im en t (w itnessed fro m  th e  NOx 

e fflu x ) used NH4+fro m  th e  w a te r co lum n as a source (w itnessed  fro m  th e  NH4+ in flux ). A fte r 

th e  a d d itio n  o f  algae, NH4+ fro m  th e  degradation  o f  th e  added o rgan ic m a tte r  was th e  source 

o f  n itr ific a tio n . It m ust be taken  in to  cons ide ra tion  th a t th e  reduc tion  o f  oxygen in  the 

w a te rco lu m n  th ro u g h o u t th e  e xpe rim en t could have in fluenced th e  n u tr ie n t fluxes as 

oxygen is essentia l in th e  m inera lisa tion  process.

4 .3 . The indirect effect around offshore wind turbines

O ur e xp e rim e n ta l resu lts suggest th a t th e  re fin e m e n t o f  sed im ents a round w in d  tu rb in e s  in 

o ffsh o re  w in d  fa rm s  (Coates e t al., 2014) cou ld  lead to  a redu c tio n  in th e  advective  tran sp o rt 

th ro u g h  th e  sed im ents , w h ich  brings along a decrease in o rgan ic m a tte r cycling (Ehrenhauss 

e t al., 2004b). W ith  th e  extensive co lon isa tion  o f th e  fo u n d a tio n  by ha rd -subs tra te  ep ifauna l
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species (De M ese l e t al., 2013), th e  depos ition  o f  o rgan ic m a tte r on th e  seabed w ill be 

enhanced in these  areas due to  th e  h igher depos itiona l f lo w  o f faecal pe lle ts  and de tritu s  

(Coates e t al., 2014). A round  an o ffshore  w in d  tu rb in e , h ighest ch lo rophy ll a concentra tions 

( 0 - 2  cm ) w e re  m easured a long  a so u th -w e s t g ra d ie n t (see A ddendum  III), suggesting a 

g rea te r accum u la tion  o f  th e  deposited  de tritu s  on  th is  side o f th e  fo u nd a tio n  due to  

d o m in a tin g  cu rre n t regim es in th is  d ire c tio n  and th e  w ake e ffe c t o f  th e  fo u n d a tio n  (Coates 

e t al., 2014). T oge the r w ith  a decreased p e rm e a b ility  and a subsequent redu c tio n  in so lute 

tra n sp o rt to  deepe r layers, th e  depos ited  organic m a tte r  could considerab ly  accum ula te  in 

th e  upper ce n tim e tre s  o f  th e  seabed a round o ffsh o re  w in d  tu rb in e s  (Ehrenhauss and 

H uette l, 2004). H ow ever, fu r th e r  de ta iled  research is requ ired  to  investiga te  th e  e ffec ts  o f 

sed im en t re fin e m e n t to  th e  b e n th ic  ecosystem  fu n c tio n in g  a round o ffshore  w in d  fa rm s as 

b io logica l processes o f th e  m acro fauna w ere  n o t in co rp o ra ted  in to  th is  expe rim e n t.

F u rthe rm ore , Coates e t al. (2014) observed a s h ift and e n rich m e n t o f  th e  m acroben th ic  

co m m u n ity  in  close v ic in ity  to  an o ffsh o re  w in d  tu rb in e  w ith  a dom inance  o f  th e  tu b e - 

bu ild ing  ecosystem  eng inee r Lanice conchilega. In te rtid a l stud ies have observed  th e  e ffe c t o f 

b io tu rb a tin g  ecosystem  eng ineers to  m ain ta in  pe rm eab le  sed im ents and co u n te r the  

expansion o f  m ud fla ts  (V o lkenborn  e t al., 2007a; V o lkenbo rn  e t al., 2007b). H ow ever, th is 

p ilo t s tudy  on ly  focused on th e  a b io tic  processes w ith in  th e  sed im en ts  and d id no t 

inco rp o ra te  e ffec ts  re la ted  to  th e  increased abundance o f m acroben th ic  species a round th e  

o ffshore  w in d  fa rm s. The im portance  o f th e  m acroben th ic  fu n c tion a l b io d ive rs ity  has m ain ly  

been d e tec ted  in fine , lo w  pe rm eab le  sands (Braeckman e t al., 2014) stressing th e  necessity 

to  include b io tic  processes in to  fu tu re  experim ents. Inco rpo ra ting  food  w eb  dynam ics and 

energy flo w s  o f  key organism s in to  fu tu re  experim en ts  w ill p rov ide  a dd itiona l in fo rm a tio n  on 

th e  b en th ic  ecosystem  fu n c tio n in g  o f sub tida l perm eable  sed im ents a round o ffshore  w ind 

fa rm s in th e  BPNS.
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Chapter 6

1. O verall aim  of this PhD

W ith  th e  ins ta lla tion  o f  O ffshore w in d  fa rm s (OWFs) th ro u g h o u t th e  en tire  N orth  Sea, 

num erous  hard substra tes are be ing in tro d u ce d  in to  na tu ra lly , so ft sandy sed im ents. Up till 

recen tly , sand extrac tion , d redg ing  and beam  tra w l fishe ries  w ere  th e  th re e  m ain activ ities 

a ffe c ting  th e  so ft sed im en t m acroben thos in th e  Belgian pa rt o f th e  N o rth  Sea (BPNS). The 

in tro d u c tio n  o f  an add itiona l a n th ropogen ic  im p ac t a ffe c tin g  th e  physical characteristics o f 

th e  seabed raises concerns on how  th e  local m acroben thos inhab iting  th is  se d im e n t w ill be 

a ffec ted  to g e th e r w ith  th e  m ine ra lisa tion  processes th e re in . There fore , th e  overa ll a im  o f 

th is  PhD thesis  was re lated  to  un rave lling  th e  response o f  th e  m acroben thos to  the  

co n s tru c tio n  and ope ra tiona l phases o f  OWFs. A m ulti-sca le  approach was app lied  in th is  

thesis  to  id e n tify  1) large-scale e ffec ts  re la ted  to  th e  cons truc tion  o r  o pe ra tiona l phases o f 

OWFs and 2) small-scale changes in  th e  o p e ra tio n a l phase o f  one fo u n d a tio n . In the  

fo llo w in g  chapte r, the  m ain resu lts o f th e  conducted  research are discussed and set in to  a 

w id e r eco log ica l con text. From  o u r o b ta ined  know ledge, recom m enda tions fo r  fu tu re  

research and env ironm en ta l m on ito r in g  a round OWFs are suggested.

2. M acrobenthic com munities inhabiting the  sandbanks around offshore wind farms

Before  th e  construc tion  o f  OWFs in th e  BPNS, th e  T ho rn tonbank , Bligh Bank and reference 

bank (G oo te  Bank) had s im ila r m acroben th ic  com m un ities , characterised by a low  species 

abundance and d ivers ity . Inhab iting  m ed ium , sandy sed im ents, th e  m acroben th ic  

c o m m u n ity  was m ain ly  characterised by th e  N. c irrosa  and Ophelia borea lis -  G lycera 

lap idum  co m m u n itie s  (Van Fioey e t al., 2004). Being p a rt o f  tw o  d iffe re n t sub tida l sandbank 

system s (Fiinderbanks and Zeelandbanks), th e  Bligh Bank and G oote Bank d id illu s tra te  slight 

d iffe rences  in b io tic  and sed im en to log ica l characteristics due to  a h igher coastal in fluence  at 

th e  G oo te  Bank (Van Hoey e t al., 2005; V anaverbeke e t al., 2000). O ur results correspond to  

p rev ious h a b ita t m apping carried  o u t on th e  BPNS w h e re  m acroben th ic  com m un ities  have 

been docum en ted  to  illu s tra te  an eas t-w es t and onshore -o ffsho re  g ra d ie n t (Degraer e t al.,

2008). Futu re  m on ito rin g  a round th e  o ffsh o re  w in d  fa rm s need to  take  these  d ifferences 

in to  account and select re levan t re fe rence  areas w ith  b e tte r  corresponding  b io tic  and ab io tic  

characte ris tics.

A p ro fo u n d  know ledge o f  th e  te m p o ra l v a r ia b ility  o f th e  m acro b e n th ic  com m un ities  in both 

th e  re fe rence  and concession areas was needed to  d is tingu ish  na tura l fro m  an thropogen ic  

tr igge red  flu c tu a tio n s  re la ted  to  th e  in s ta lla tio n  o f OWFs. Betw een 1980 and 2012 th e  

m a c ro b e n th ic  com m un ities  illu s tra te d  a s trong  na tu ra l, te m p o ra l va ria b ility  and a 

c o m m u n ity  th a t is w ell adapted to  lon g -te rm  na tura l d isturbances, corresponding  w ith  

s im ila r s tud ies  in nearby coastal reg ions (Frid, 2011; Kröncke e t al., 2011; Van Floey e t al., 

2007b). H ow ever, the  co n s tru c tio n  (dredg ing) ac tiv ities  re la ted  to  th e  g rav ity  based
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fo u nd a tio n s  (GBFs) in 2008 w ere  capable o f  genera ting  s h o rt- te rm  changes to  the  

m acro b e n th ic  co m m u n ity  on th e  T ho rn ton b a n k . A recovery o f  th e  m a cro b e n th ic  co m m u n ity  

com p o s itio n  was observed in these  areas a fte r cons tru c tio n . H ow ever, prev ious research 

show ed th a t m acroben th ic  com m un ities  recove r m ore  s lo w ly  a fte r  an th ropogen ic  stress in 

te rm s  o f  biomass (H idd ink e t al., 2006). The sh o rt- te rm , large-scale changes in the  

m acro b e n th ic  co m m u n ity  com pos ition , due to  th e  cons truc tion  ac tiv itie s  o f  OWFs, have not 

been de tected  before  in o th e r OWF m on ito r in g  stud ies. L indeboom  e t al. (2011) d id  no t 

d e te c t any sta tis tica l d iffe rences in m acro b e n th ic  com m u n itie s  be tw e en  th e  im pacted and 

re fe rence  areas a t a large-scale a fe w  m on ths  a fte r th e  co m p le tio n  o f  th e  OWF Egmond aan 

Zee (OWEZ) in th e  Dutch coastal zone. The typ e  o f  insta lled  fo u n d a tio n  and related 

co n s tru c tio n  activ ities  could im pose d iverse im pacts to  th e  m acroben thos. M onop ile  

fo u n d a tio n s  w e re  insta lled  a t OWEZ w h ich  invo lve  m uch less seabed p repa ra tion  (dredging) 

a c tiv itie s  in com parison to  th e  GBFs cons truc ted  a t th e  T h o rn ton b a n k , w h e re  a g rea t deal o f 

sand was dredged and re located. O ur resu lts illu s tra te d  com parab le  ou tcom es to  various 

stud ies concern ing th e  im pacts o f  d redg ing  and sand ex trac tion  ac tiv itie s  (Boyd e t al., 2005; 

Desprez, 2000). This suggests th a t th e  co n s truc tion  phase o f OWFs creates s im ila r e ffects to  

th e  m acro b e n th ic  com m un ities  in  th e  seabed in com pars ion  to  o th e r  an th ropogen ic  im pacts 

(De Backer e t al., in press).

H ow ever, w ith  th e  cons truc tion  o f  m any o ffsh o re  fou nd a tio n s , th e  o pe ra tiona l phase can 

en fo rce  a w ide  range o f  add itiona l changes to  th e  seabed e ith e r re la ted  to  th e  p ro h ib itio n  o f 

beam  tra w l fisheries o r to  th e  changing hydrodynam ics and increased food  ava ilab ility  

(th ro u g h  fo u lin g  organism s on th e  found a tio n s ) (Fig. 1).

The p ro h ib it io n  o f beam  tra w l fishe ries  inside OWFs, creates a un ique  o p p o rtu n ity  fo r  

researchers to  d e te rm ine  how  th e  cessation o f  cen tu ries  o f  beam  tra w lin g  w ill a lte r  the  

m acroben thos. In th is  study, sub tle  changes a t species level w ere  de tected  in th e  no fishe ry  

area on th e  Bligh Bank w ith  a s ligh t increase in dense tu b e -b u ild in g  te re b e llid  patches w ith  a 

high h e te rogene ity  in th e  area. Regular beam  traw le rs  w ere  s till observed w ith in  th e  OWF 

w h ich  cou ld  have slow ed d ow n  th e  recovery p o ten tia l o f long-lived m acroben th ic  organism s 

such as th e  ech inoderm  E chinocard ium  co rda tum . A dd itiona lly , th e  m on ito r in g  o f  th is  

species m igh t be m ore e ffic ie n t w ith  an a lte rn a tive  sam pling  stra tegy as th e  Van Veen grab 

can o n ly  sam ple small areas. Especially as th e  sm alle r Pea Urchin Echinocyam us pusillus  did 

sh o w  h ighe r abundances w ith in  th e  no fish e ry  area b u t then  again w ith  a high degree o f 

patchiness. S im ilar to  th e  resu lts o f  th is  s tudy, o n ly  sub tle  changes w e re  observed to  th e  

m acroben thos  five  years a fte r  th e  co n s truc tion  o f  th e  OWEZ w ind  fa rm  in th e  Dutch coastal 

zone w ith  la rge r shell lengths o r w id th s  o f  th e  bivalves Tellina fa b u la  and Ensis d irectus  

(Bergm an e t al., 2012). Both ou r s tudy and th e  s tudy  a t OWEZ suggest a longer period  is
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needed to  d e te c t th e  possible recovery p o te n tia l o f  th e  so ft substra te  m acroben th ic  

com m u n itie s  a fte r  centuries o f  beam  traw lin g .

A b io t ic  e f fe c ts B io t ic  e f fe c ts

A c t iv i ty

ID reogm g and 
disposa l

O p era tio na l l / l  s truc tu res  
p n ase  K

H a b ita t  m o r p h o lo g y ,  

h e te ro g e n e ity  &  

c o m p le x ity

A r t i f ic ia l  h a rd N a tu ra l
s u b s t r a tu m s u b s tra tu m

►I H y d ro d

F o u lin g /m e g a fa u n a  
a n d  f lo ra

G r a n u lo m e tr y

P e la g ic  p r im a r y  
p r o d u c t io n  

?
S u s p e n d e d

m a t te r

U x g e n  d e p le t io n  

&  H ,S
C o m m u n ity  
s t r u c tu r e  &  

fu n c t io n

Fig. 1 Conceptual figure representing the abiotic and b iotic processes during the construction and 

operational phase o f OWFs, linked to  the biogeochemical reactions in the benthic ecosystem. Letters 

indicate d iffe ren t research questions and can be consulted in the ICES WGMBRED Report (2013).

3. The im portance of m acrofauna in environm ental m onitoring studies

Belgium  was one o f  th e  f irs t  European coun tries  to  im p le m e n t an e n v iro n m e n ta l m on ito ring  

p rog ram m e in o rd e r to  assess th e  p o te n tia l im pacts o f OWFs on various aspects o f the  

m arine  e n v iro n m e n t. The co o rd in a tio n  o f  th e  p rog ram m e th ro u g h  one in it ia tiv e  (The M arine  

Ecology and M anagem en t Section o f  th e  O pera tiona l D ire c to ra te  N atu ra l E nv ironm ent, OD 

N a tu re ) has led to  successful ove ra rch ing  research (D egraer e t al., 2013b). M on ito r in g  

p rog ram m es concern ing  th e  m acroben thos have also been im p le m e n te d  in th e  N etherlands, 

G erm any, D enm ark and Sweden. How ever, m ost p rog ram m es m ain ly  focused on e ith e r 

sm all-scale (Leonhard and Pedersen, 2005; M aar e t al., 2009; Schröder e t al., 2006;
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W ilhe lm sson  and M a lm , 2008) o r large-scale (Bergm an e t al., 2012; L indeboom  e t al., 2011) 

aspects. The p rog ram m e In Belgium  p rov ided  researchers w ith  a u n ique  fra m e w o rk  to  s tudy 

e ve ry  aspect o f  th e  m arine e n v iro n m e n t In m ore  d e ta il. The m u lti-sca le  approach and yearly  

m o n ito r in g  s tra tegy  applied in  th is  PhD thesis has p rov ided  us w ith  an im p o rta n t tim e  series 

o f  da ta  fo r  th e  m acroben thos in th e  BPNS. W ith  possib le  im pacts  ranging fro m  the  

c o n s tru c tio n  phase up to  fo u r  years in to  th e  o p e ra tio n a l phase o f  OW Fs, on d iffe re n t spatial 

scales, th is  research o ffe rs  an im p o rta n t baseline o f  know ledge  fo r  o th e r coun tries  on how  

OWFs can a ffe c t th e  na tura l so ft substra te  m acroben thos .

W ith  th e  in tro d u c tio n  o f num erous hard substra tes in th e  BPNS, th e  m acroben thos is an 

Im p o rta n t co m p o n e n t o f  th e  ecologica l m on ito r in g  p rog ram m e as it  p rov ides us w ith  d irect 

in fo rm a tio n  on h o w  th e  na tura l soft, sandy sed im en ts  and th e ir  in h a b itan ts  are changing. As 

a fo o d  source fo r  m any dem ersa l fish species and crustaceans, th e  m acroben thos has a 

cruc ia l t ro p h ic  pos itio n  in th e  m arine  food  w eb . A change to  th e  m acroben th ic  species 

co m p o s itio n  has th e  p o te n tia l to  a lte r food  w eb  e ne rgy  flo w s  (D annhe im  e t al., 2014) and 

in te ra c tio n s  be tw e en  organism s. W ith  six GBFs cons tru c te d  on th e  T ho rn ton b a n k , changes 

to  th e  se d im en to log ica l characteristics and m a cro b e n th ic  co m m u n ity  s tru c tu re  w e re  rap id ly 

obse rved  up to  a 50 m d istance a round one GBF. These changes w e re  m ain ly  re la ted  to  an 

Increased fo o d  supp ly  caused by th e  dow n flu x  o f  faeca l pe lle ts  fro m  th e  fo u lin g  organisms 

and changing hydrodynam ics a round th e  fo u n d a tio n  (Fig. 1). W ith  a local Increase in 

b io d ive rs ity  and a co m m u n ity  dom ina ted  by th e  ju v e n ile  s ta rfish  (Asterias rubens) to g e th e r 

w ith  th e  tu b e -b u ild in g  po lychaetes Lanice conch ilega  and Spiophanes bom byx , the  

m acroben thos  a ro u n d  th e  fo u nd a tio n  is sh iftin g  fro m  a dom inance  o f  th e  species and 

d e n s ity  p o o r N. c irrosa  and O. borea lis -  G. la p id u m  c o m m u n ity  to  a va ria tio n  o f  th e  rich 

A b ra  a lba  co m m u n ity . The occurrence o f  dense L. conch ilega  patches and increased 

m a cro b e n th ic  abundances on a sm all-scale cou ld  a ttra c t m ore  dem ersa l fish species inside 

th e  OWF (Rees e t al., 2005; Ryer e t al., 2013). So fa r, a h igher abundance o f  dem ersa l fish 

species has n o t been observed (Vandendriessche e t a l., 2013a). The presence o f  a higher 

fo o d  a va ila b ility  Inside th e  OWF was suggested due to  a h igher m easured stom ach fullness 

Index o f  th e  fla tfis h  species dab (D erw eduw en  e t al., 2012). As know n ideal nurseries fo r 

p la ice  (R abaut e t al., 2010), th e  dense L. conch ilega  patches cou ld  o ffe r  p ro te c tio n  to  

ju v e n ile  fla tfis h  fro m  visual p reda to rs  (A uster e t al., 1997). T oge the r w ith  th e  add itiona l 

s h e lte r fro m  s tron g  cu rren ts  a round th e  fo u nd a tio n s , th e  areas close to  th e  tu rb in e s  could 

fu r th e r  expand in to  eco log ica lly Im p o rta n t h ab ita ts  (Fig. 2). S im u ltaneously, th e  increased 

m a cro b e n th ic  abundances w ith in  th e  patches (Callaway, 2006; Rabaut e t al., 2007) increase 

th e  fo o d  a va ila b ility  (prey) fo r  ju ve n ile  fla tfish  species.

In th e  longer te rm , an expansion o f th e  observed sm all-scale e n rich m e n t a round th e  GBFs 

(Fig. 2) cou ld  be fa c ilita te d  due to  th e  p ro h ib itio n  o f beam  tra w lin g  (Kröncke, 2011). This
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hypothesis  seems to  be con firm e d  by th e  firs t signs o f a s ligh t increase in te re b e llid  patches 

on a la rge r scale (21 km 2) w ith in  th e  Bligh Bank OWF. The results suggest th a t  an increased 

h a b ita t c o m p le x ity  cou ld  em erge  w ith in  th e  OWFs w h ich  cou ld  lead to  ecologica lly 

im p o rta n t re fuge  hab ita ts  fo r  h igher tro p h ic  levels and even com m e rc ia lly  im p o rta n t species 

(W ilhe lm sson e t al., 2006).

The obse rva tions in close v ic in ity  to  th e  GBF on th e  T ho rn to n b a n k  are a f irs t  step in 

unders tand ing  h o w  th e  physical presence o f h a rd -subs tra te  fo u n d a tio n s  can a ffec t the  

seabed characte ris tics  and b io d ive rs ity  in th e  n a tu ra l hab ita ts  o f  th e  o ffsh o re  w in d  farm  

area. The occurrence  o f  increased m acroben th ic  abundances and decreased p e rm e a b ility  o f 

th e  sed im en ts  w ill fa c ilita te  th e  ICES W ork ing  G roup  on M arine  Benthal and Renewable 

Energy D eve lopm en ts  (W GMBRED) in fu r th e r  crea ting  and unders tand ing  specific 

hypotheses re la ted  to  th e  m acroben thos and cause-e ffec t re la tionsh ips  a round o ffshore  

fo u n d a tio n s  (Fig. 1).

15m

50m

100m

Turbine

Time

Fig. 2 I l lu s t ra t io n  o f  th e  h y p o th e t ic a l e xp a n s io n  o f  th e  r ic h  m a c ro b e n th ic  c o m m u n ity  a ro u n d  th e  D5 

g ra v ity  based  fo u n d a t io n  o n  th e  T h o rn to n b a n k .
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W ith  th e  e vo lu tio n  aw ay fro m  a dom inance o f  th e  N. c irrosa  and 0. bo rea lis  -  G. lap idum  

c o m m u n ity  a t a sm all-scale, th e  ha b ita t he te ro g e n e ity  o f  th e  BPNS cou ld  also be negative ly  

a ffec ted  in th e  longe r te rm . De Backer e t al. (De Backer e t  al., in press) dem o n s tra te d  s im ila r 

d ive rs ity -d is tu rb a n ce  responses o f  m acroben th ic  assem blages in th e  BPNS to  th re e  d iffe re n t 

hum an a c tiv itie s  w ith  a physical im pac t to  th e  seabed (sand e x tra c tio n , d um p ing  o f  dredged 

m a te ria l and OWFs). Through th e  increasing pressure o f  a n th ro p o g en ic  ac tiv ities , a 

decreased dom inance  o f th e  N. c irrosa  and O. borea lis  -  G. lap idum  h a b ita t across th e  BPNS 

cou ld  also a lte r  th e  d ive rs ity  a t a la rger scale, induc ing  a possible hom ogen isa tion  o f  the  

m acro b e n th ic  assemblages and sed im ents in th e  BPNS in th e  fu tu re  i f  these  changes expand. 

This cou ld  resu lt in a redu c tio n  o f  th e  h a b ita t h e te ro g e n e ity , fu r th e r  a ffe c ting  th e  

b io d ive rs ity  and ecosystem  processes o f th e  area (H e w itt e t al., 2008; Thrush e t al., 2006).

The e xp e rim e n ta l p ilo t s tudy in C hapter 5 dem o n s tra te d  th a t a decreasing gra in  size a round 

o ffsh o re  fo u n d a tio n s  cou ld  se rious ly  a ffec t th e  b en th ic  ecosystem  fu n c tio n in g  by decreasing 

th e  up take  o f  oxygen and so lu tes in to  deeper layers o f  th e  sed im en t, decreasing 

m inera lisa tio n  processes. The ben th ic -pe lag ic  coup ling  and  n u tr ie n t cycling cou ld  be severe ly 

a lte red  a round OWFs a fte r  a longe r pe riod . F u rth e rm o re , an increased de p os ition  o f  o rgan ic 

m a tte r  to  th e  se a flo o r due to  th e  dow n flu x  o f faecal pe lle ts  and d e tritu s  fro m  organism s 

fo u lin g  th e  h a rd -subs tra te  is h igh ly  possible. Both fa c to rs  cou ld  lead to  an accum u la tion  o f 

o rgan ic  m a tte r  in th e  upper cen tim e tre s  o f  th e  seabed a round  these  o ffsh o re  fo u nd a tio n s . 

As consum ers o f  o rgan ic  m a tte r, e ith e r in th e  seabed o r fro m  th e  w a te r co lum n, 

m acro b e n th ic  organ ism s are cruc ia l fo r  th e  m inera lisa tio n  o f o rgan ic  m a tte r  (Heip e t al., 

1995). The increased occurrence  o f  dense L. conch ilega  pa tches a round th e  fo u n d a tio n  could 

th e re fo re  a lte r  th e  m inera lisa tio n  processes. As an ecosystem  eng ineer, L. conch ilega  also 

has th e  p o te n tia l to  fu r th e r  change th e  p e rm e a b ility  o f  th e  sed im ents th ro u g h  th e  crea tion  

o f its tubes  (Jones and Jago, 1993; Z iege lm eier, 1952). Future la b o ra to ry  experim en ts  

inc lud ing  th e  b io tic  in te ra c tio n s  in  th e  sed im ents w ill be  crucia l in unders tand ing  h o w  the  

m inera lisa tio n  processes a round  OWFs are changing.

An ecosystem  based approach in m arine  im pact assessments a im s a t im p ro v in g  th e  

know ledge  and m anagem ent o f  im pacts re la ted  to  a n th ro p o g en ic  pressures by inc lud ing  

d iffe re n t ecologica l in te ra c tio n s  (Lange e t al., 2010). The ben thos is th e  on ly  co m p o n e n t th a t 

p rov ides a d irec t lin k  be tw een  ecologica l processes occu rrin g  in  the  seabed and th e  pelagic 

system  in th e  w a te r co lum n. The im portance  o f  ben thos in OWF m on ito r in g  stud ies has been 

illu s tra te d  th ro u g h  th e  id e n tif ica tio n  o f  num erous cause-e ffec t re la tionsh ips  be tw een  th e  

in s ta lla tio n  o f  OWFs and th e  m arine ben thos (ICES, 2013) (Fig. 1), a ffe c ting  th e  local or 

reg iona l m arine  b io d ive rs ity . In teg ra ted  in to  fo u r  (b iod ive rs ity , food  w ebs, se a flo o r in te g rity  

and invasive species) o f e leven descrip to rs  o f  th e  M a rin e  S tra tegy Fram ew ork D irective  

(MSFD), th e  ben thos is essentia l fo r  th e  p ro te c tio n  o f th e  m arine e n v iro n m e n t inc lud ing  its
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species and hab ita ts  (BelgischeStaat, 2012). W ith  m os t pa rt o f  th e  BPNS covered by sandy 

sed im ents, observing th e  changing m acroben thos and sed im en to log ica l characteristics 

a round OWFs w ill be a crucial co m p o n e n t in o rd e r to  achieve a good e n v iro n m e n ta l status 

(MSFD) o f  th e  sandy hab ita ts  in th e  BPNS.

4. Cumulative effects and up-scaling

W ith  an increased b io d ive rs ity  a round  th e  fo u n d a tio n s  and a p ro h ib itio n  to  beam  tra w l 

fisheries, th e  OWFs cou ld  act as de -fac to  M arine  P ro tected  Areas (MPAs) fo r  th e  so ft- 

substra te  m acroben th ic  com m un ities , accord ing ly  crea ting  an area w h ich  can fu n c tio n  as a 

refuge  fo r  younger life  stages o f  fish  (Reubens, 2013). MPAs have been im p le m e n te d  to  

manage hum an pressures (e.g. fish ing  pressure) in o rd e r to  p ro te c t and conserve m arine 

b io d ive rs ity  (Jennings, 2009; Pedersen e t al., 2009). There fore , o ffsh o re  w in d  fa rm  sites 

can n o t s im p ly  be labe lled as MPAs as th e  m arine hab ita ts  are being sub jected  to  a human 

pressure (a rtific ia l hard -substra tes) and th e  occurring  assemblages w ill n o t necessarily 

rep resen t th e  na tu ra lly  occu rring  h ab ita ts  o f  th e  BPNS. Furthe rm ore , cum u la tive  e ffects o f 

d iffe re n t an th ropogen ic  ac tiv itie s  w ith in  th e  OWF concession area cou ld  fu r th e r  a lte r  the  

n a tu ra lly  occu rring  m acroben th ic  com m un ities . In 2013, re e f balls w ere  insta lled  w ith in  the  

OWFs on th e  T ho rn ton b a n k  and Bligh Bank, consisting o f  concre te  m odu les and the  

depos ition  o f  a scour p ro te c tio n  system  (Van de Lanotte  e t al., 2012). The ins ta lla tio n  o f 

these  ree f balls is an expe rim en ta l phase o f a seal action plan to  d e te rm in e  if  these 

a dd itiona l a rtific ia l reefs w o u ld  increase th e  b io d ive rs ity  o f  th e  area. A d d itio n a lly , th e  OWF 

concession area is also a designated m aricu ltu re  area (Delbaere e t al., 2013) b u t has no t 

been im p lem en ted  at th is  p o in t in tim e . M a ricu ltu re  ac tiv ities  w o u ld  have th e  p o ten tia l to  

increase th e  a m o u n t o f  d epos ited  o rgan ic m a tte r to  th e  seabed even m ore  (M aa r e t al.,

2009).

In th is  PhD study, on ly  s h o rt- te rm  e ffec ts  to  th e  so ft-subs tra te  m acroben thos on fo u nd a tio n  

o r OWF level (21 km 2) w e re  docum en ted . W ith  th e  expansion o f  OWFs to  a concession area 

o f  238 km 2 in th e  longer te rm , a large area o f th e  BPNS (w hich has a to ta l surface area o f 

3454 km 2) w ill be sub jected to  th e  presence o f m any hard substra te  fo u n d a tio n s  w ith  

re la ted  hyd rodynam ic  changes and o rgan ic m a tte r en richm en t. T oge the r w ith  the  

p ro h ib itio n  o f  beam  tra w l fishe ries , an evo lu tion  to  a large eco log ica lly  rich and com plex 

h a b ita t is rea listic. F u rthe rm ore , th e  d eve lopm en t o f  a Belgian O ffshore  Grid (BOG) w ill 

e ffic ie n tly  tra n s p o rt energy p roduced a t th e  OWFs to  inshore loca tions (Elia, 2013) by 

crea ting  an o ffsh o re  h igh -vo ltage  substa tion . The f irs t  p e rm it has been requested  fo r  th e  

crea tion  o f  th e  "A lfa  Is land" w h ich  w ill assemble th e  pow er fro m  a t least five  OWFs and 

tra n s p o rt i t  th ro u g h  one cable to  th e  shore line . The A lfa Island w ill be s itua ted  45 km 

o ffsho re , para lle l to  th e  OWF concession area and w ill conta in  a sm all harbour. This island
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w ill expand th e  a lready existing concession area, p o te n tia lly  induc ing  la rge r changes to  the  

hyd rodynam ic  cond itions  and w id e n in g  th e  area closed t o  beam tra w l fisheries . A dd itiona lly , 

concession zones fo r  a rtific ia l energy islands (atolls) have been p lanned in th e  BPNS in o rde r 

to  e ffic ie n tly  s to re  any excess energy produced fro m  th e  OWFs (V anbavinckhove and Pirlet, 

2013).

Few studies have m ode lled  th e  ecological evo lu tion  fro m  changes to  th e  m acroben th ic  

co m m u n ity  a t a sm all-scale to  a b ru p t, ben th ic  reg im e sh ifts  on a la rge r scale (B urkhard  and 

Gee, 2012). The in co rp o ra tio n  o f b en th ic  ind ica to rs  (e.g. BEQI) in m on ito r in g  stud ies can be 

he lp fu l to  qu ick ly  d e tec t these  m ode lled  regim es sh ifts  in  the  fu tu re  and d isc rim ina te  them  

fro m  natura l flu c tu a tio n s . B enth ic  ind ica to rs  p rov ide  m on ito r in g  p rogram m es w ith  accurate 

th re sh o ld  values o f  th e  h a b ita t s ta tus  w hich can be im p le m e n te d  to  de live r m anagem ent 

advice to  th e  w in d  fa rm  in d u s try  (Van Floey e t al., 2013). F lowever, w e m ust take  in to  

cons ide ra tion  th a t  th e  cu rre n t re fe rence  o f  these th resh o ld  va lues are based on a heavily 

d is tu rbed  baseline (e.g. fro m  beam  traw lin g ) and shou ld  be taken  in to  cons ide ra tion  th rough  

regu la r re-assessments.

Furthe r up-scaling th e  observed resu lts fro m  th is  PhD thesis  to  th e  e n tire  N o rth  Sea is no t 

s tra ig h tfo rw a rd  as seabed characte ris tics and hyd rodynam ic  cond itions  can d if fe r  be tw een  

regions. Flowever, o u r resu lts can be g loba lly  applied to  sandy coastal she lf seas w ith  s im ila r 

a b io tic  cond itions. O ur in -fie ld  research can assist m ode lling  stud ies to  fil l in know ledge  gaps 

and de te rm ine  if  th e  observed local changes w ill induce longer te rm  large-scale e ffects 

across w id e r regions such as th e  N o rth  Sea (Burkhard and Gee, 2012; Burkhard e t al., 2011). 

The com b ina tion  w ith  rem o te  sensing im agery w ill be inev itab le  as changing cu rren ts  can be 

easily visualised by sa te llite  im agery  reg is te ring  suspended m a tte r  c o n te n t in th e  w a te r 

co lum n (V anhe llem on t and Ruddick, 2014).

The crea tion  o f  large m osaic pa tte rn s  o f  OWF concession areas in  th e  N o rth  Sea raises 

concerns w ith  respect to  th e  c rea tion  o f  landscape co rrido rs  be tw een  a rtific ia l hab ita ts . This 

s tepp ing  stone e ffe c t be tw een  OWF concession areas could fu r th e r  be fa c ilita te d  by the  

crea tion  o f energy islands. Larval d ispersal be tw een  areas can be assisted by th e  created 

landscape co rrido rs  (Tew ksbury e t al., 2002), p o te n tia lly  increasing th e  in tro d u c tio n  o f non- 

ind igenous species to  ce rta in  reg ions in th e  N orth  Sea or expanding th e  range o f  a lready 

in troduced  species such as th e  Pacific oys te r Crassostrea gigas, th e  Asian crab Hem igrapsus  

sanguineus  and th e  am ph ipod  Jassa m a rm o ra ta  (D egraer e t al., 2013c). This could increase 

th e  co m p e titio n  o r  p reda tion  pressure be tw een  organism s (Gili, 2005; Petersen and M alm , 

2006), fa c ilita tin g  th e  poss ib ility  o f a b ru p t large-scale changes occu rring  to  th e  natura l 

m acroben th ic  assemblages.

118



Chapter 6

5. Recommendations fo r fu ture  m onitoring and research in the  BPNS

T h ro u g h o u t th is  PhD study, m any d iff icu ltie s  w ere  encoun te red  concern ing  th e  sam pling 

design in b o th  th e  sm all and larger scale studies. The fo llo w in g  paragraph w ill propose 

suggestions to  help avoid these  sho rtcom ings in th e  fu tu re . Furthe rm ore , new  research 

questions are fo rm u la te d  and suggestions are m ade on how  w e can fo llo w -u p  th e  evo lu tion  

o f  th e  na tura l m acroben th ic  co m m u n ity  a t a la rger scale a round OWFs.

The e n v iro n m e n ta l m on ito r in g  p rog ram m e in Belgium  has been successful and has set the  

exam ple  fo r  m any o the r countries. H ow ever, w e w e re  on ly  able to  focus on sh o rt- te rm  

e ffec ts  o f  m ax im um  fo u r  years in to  th e  o p e ra tio n a l phase o f  one or tw o  OWFs. A longer 

te rm , adaptive  m on ito r in g  p rog ram m e w ill d e fin ite ly  s till be needed d u rin g  th e  com ing 

decade. A w id e r scale, ecosystem  based approach w ill be inev itab le  in fu tu re  m on ito rin g  

p rog ram m es (Gili, 2005) as th e  cu rre n t tre n d  o f o ffsh o re  ac tiv ities  is leaning to w a rd s  an 

ove rc ro w d e d  m arine system  w ith  com bined an th ropogen ic  pressures.

•  A cqu ir ing  know ledge on th e  freq u e n cy  ra te  o f  illegal fish ing  ac tiv ities  w ill assist

m on ito r in g  studies in id e n tify in g  th e  recovery  rates o f  m acro b e n th ic  com m un ities

ins ide  OWFs. T he re fo re , fu tu re  m o n ito r in g  o f  th e  so ft-se d im e n t m acrobenthos 

shou ld  active ly be com b ined  w ith  Vessel M on ito r in g  System (VMS) data fro m  both 

Belgian and fo re ign  vessels (Pecceu e t al., 2014; Vandendriessche  e t al., 2013b). VMS 

da ta  cou ld  co n trib u te  to  th e  d e te c tio n  o f  edge e ffec ts  a round OWFs. H ow ever, th e  

fre q u e n cy  rate o f  th e  VMS data reg is tra tion  w o u ld  have to  be increased in  o rd e r to  

e ffe c tive ly  associate th e  changes in  fish ing  pressure w ith  m acro b e n th ic  recovery 

rates. A t th e  m om en t, o n ly  one VMS reg is tra tio n  is com pu lso ry  every  tw o  hours.

o A ro u n d  th e  GBF on th e  T ho rn ton b a n k , an e n rich m e n t o f th e  sed im ents was

observed  up to  a 50 m  d is tance  aw ay fro m  th e  scour p ro te c tio n  system . The main 

ques tion  arising is if  th is  observed  e n rich m e n t w ill spa tia lly  expand du ring  the

com ing  years (Fig. 2). To avo id  rep lica tio n  p rob lem s, th e  sam pling  design shou ld  be

s im p lif ie d  by focusing  on th e  m ost in te re s tin g  g rad ien ts  to g e th e r w ith  a rep lica tion

around  d iffe re n t fo u n d a tio n s  instead o f  one.

o W e m ust take in to  cons ide ra tion  th a t  the  sm all-scale im p ac t s tudy  was on ly 

investiga ted  a round one GBF on th e  T ho rn tonbank . Small-scale e ffec ts  to  th e  

su rro u n d in g  sed im ents a round  m on o p ile  and ja c k e t fo u n d a tio n s  w ill m os t like ly 

c rea te  s im ila r im pacts  to  th e  m acrobenthos. H ow ever, hyd rodynam ic  cond itions 

a ro u n d  th e  o th e r fo u n d a tio n s  cou ld  be d iffe re n t due to  va ria tions  in pile  th ickness o r 

c u rre n t flow s th ro u g h  fo r  exam p le  th e  ja cke t fo u nd a tio n s . Furthe rm ore , no scour 

p ro te c tio n  system  was ins ta lled  a round these fo u nd a tio n s , decreasing th e  hard-
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substra te  area fo r  b io -fo u lin g  organism s and th e  fo o d  in p u t o n to  th e  seabed. 

Assessing these d iffe rences be tw een  fo u n d a tio n s  w ill be essentia l in assisting 

m ode lling  studies to  up-scale th e  sm all-scale obse rva tions  to  a reg iona l o r g lobal 

scale.

® In o rd e r to  achieve a re liab le  Before  A fte r  C on tro l Im pact design (BACI) in m on ito rin g  

studies, su itab le  re fe rence  areas shou ld  be se lected  w ith  s im ila r env ironm en ta l 

cond itions to  th e  im pacted  sites. An add itio na l re fe rence  area shou ld  be assigned fo r 

th e  m ost o ffshore  concession areas in th e  BPNS w h ich  are p a rt o f th e  H inderbanks. 

As p a rt o f th e  Zeelandbanks, characte ris tics  o f th e  cu rre n t re fe rence  bank (Goote 

Bank) are d iffe re n t due to  th e  h ig h e r coastal in fluence.

® The BACI design w e n t th ro u g h  ce rta in  changes th ro u g h o u t th e  five  year m on ito r in g  

p rogram m e leading to  a da tase t o f  various s ta tions  and d iffe re n t sets o f  rep lica tion . 

The fu tu re  design shou ld  in co rp o ra te  a baseline s tudy  w h ich  exam ines th e  reg ion at 

a w id e  scale b u t also inco rpo ra tes  rep lica tion  in o rd e r to  enhance th e  sta tis tica l 

pow er o f th e  s tudy. Inco rp o ra tin g  rem o te  techn iques in to  th e  m acroben th ic  

m on ito r in g  w ill assist in recogn is ing th e  m ost im p o rta n t reg ions to  carry o u t the  

tra d itio n a l sam pling m e thods and id e n tify  th e  e x te n t o f  patchiness w ith in  th e  OWF.

® An assessment o f  tro p h ic  in te ra c tio n s  and fo o d  source ava ilab ility  w ill p rov ide  an 

enhanced unders tand ing  o f  th e  eco log ica l processes a round  o ffsh o re  founda tions  

(Rooney and McCann, 2012). In tro d u c in g  techn iques  such as iso tope  and stom ach 

c o n te n t analysis in to  m on ito r in g  stud ies w ill p rov ide  a dd itiona l in fo rm a tio n  on the  

changing fo o d  w eb dynam ics. The in co rp o ra tio n  o f th e  pelagic system  in to  th e  

fu tu re  m on ito r in g  p rog ram m e w ill fu r th e r  assist fo o d  w eb  stud ies. The deposited 

faecal pe lle ts  and d e tritu s  a round  th e  fo u n d a tio n s  could be q u a n tifie d  th ro u g h  

sed im en t traps. Ide n tify in g  th e  com p o s itio n  o f  th e  deposited m a tte r w ill fu rth e r  

prov ide  in fo rm a tio n  on th e  d riv in g  fo rces beh ind  th e  observed changes in th is  PhD 

thesis to  th e  seabed characte ris tics  and m acrofauna. As a descrip to r o f  th e  MSFD, 

un rave lling  changes to  th e  s tru c tu re  and s ta b ility  o f  m arine  food  w ebs a round OWFs 

w ill be necessary.

•  The p ilo t s tudy docum ented  in C hapter 5 has illu s tra te d  th e  a b ility  o f  OWFs to  a lte r 

m inera lisa tion  processes by decreasing th e  p e rm eab ility  o f th e  surround ing  

sed im ents. Inco rpo ra ting  key m a cro b e n th ic  species (e.g. Lanice conchilega) in to  

fu tu re  experim ents w ill increase o u r know ledge  on how  th e  m acrofauna assists in 

th e  ben th ic  ecosystem  fu n c tio n in g  a round o ffshore  fou nd a tio n s  in perm eable  

sed im ents. Im p o rta n t b io log ica l fu n c tion s  such as b io tu rb a tio n  and the  

decom position  o f th e  depos ited  o rgan ic  m a tte r  are essential to  consider in th e
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en riched  sed im ents a round th e  fo u n d a tio n s  as th is  can p o te n tia lly  change the 

b iogeochem ica l processes a round OWFs w h ich  is crucial to  th e  fu n c tio n in g  o f  the 

m arine  ecosystem .

o In te rn a tio n a l co llabo ra tion  and c ross-bo rde r in itia tive s  w ill be needed in Europe to  

tack le  th e  large-scale, reg iona l questions conce rn ing  th e  N o rth  Sea. C ollabora tion 

be tw e en  scientists and exchange o f data w ill assist m od e lling  stud ies in de te rm in ing  

possib le long -te rm  changes a t a reg iona l scale. F u rthe rm ore , a fa s te r de tec tion  o f 

possib le landscape co rrido rs  fo r  non -ind igenous species w ill then  be possible. The 

ICES W ork ing  G roup on M arine  Bentha! and Renewable Energy Deve lopm ents 

(WGMBRED) has in itia te d  in te rn a tio n a l c o lla b o ra tio n  and w ill be essentia l fo r 

co n tin u a tio n  in th e  fu tu re .

•  M a rin e  spatia l pa tte rns  are becom ing  increas ing ly  m ore  com plex, illu s tra tin g  the  

need fo r  an adaptive  spatia l p lann ing o f  OWFs. In co rp o ra tin g  th e  seascape ecology 

in to  th e  m anagem ent o f  th e  m arine  system  w il l  assist researchers and po licy makers 

in ach ieving a good env iro n m e n ta l s ta tus o f  th e  N o rth  Sea. W ith  a rapid expansion o f 

OWFs, th e  N orth  Sea is evo lv ing in to  a m osaic o f OWFs w ith  unknow n cum ula tive  

e ffec ts  to  th e  m arine  ecosystem . The spatia l co n fig u ra tio n  o f  these  d iffe re n t OWFs 

(e.g. size, b ounda ry  shape, com p le x ity  and iso la tio n ) w ill be an essential issue to  

tack le  d u rin g  fu tu re  p lann ing as th is  w ill a ffe c t m any ecologica l processes such as the  

m ovem ents  o f organism s and p re d a to r-p re y  dynam ics.

6. Conclusions

The m ulti-sca le  approach app lied  in th is  s tudy, g re a tly  assisted in  unders tand ing  how  

eco log ica l processes in th e  seabed are changing a round  o ffshore  fo u n d a tio n s  in th e  BPNS. 

The c o n s tru c tio n  ac tiv ities  o f six GBFs d id  p roduce s h o rt- te rm  changes to  th e  m acrobenthos. 

H ow ever, a rap id  recovery o f  th e  m acroben th ic  c o m m u n ity  com pos ition  was observed 

suggesting th a t  1) th e  co m m u n ity  is res ilien t to  d is tu rbance  due to  th e  na tura l va ria b ility  in 

th is  area and 2) s h o rt- te rm  co n s truc tion  ac tiv itie s  o f  OWFs w ill n o t cause m a jo r im pacts to  

th e  c o m m u n ity . How ever, w e m ust be c lear th a t  these  observa tions w e re  based on th e  

c o n s tru c tio n  o f  six fo u nd a tio n s . The cum u la tive  co n s truc tion  ac tiv ities  o f  several OWFs 

shou ld  s till be m o n ito re d  to  d e tec t a b ru p t sh ifts  in m acroben th ic  com m un ities  due to  

changing  seabed characteristics. C om bin ing tra d it io n a l m on ito r in g  w ith  b e n th ic  ind ica to rs  to  

p ro v id e  a fa s t d e te c tio n  o f  change has been show n to  be benefic ia l and shou ld  be 

in co rp o ra te d  in to  th e  longer te rm  research o f  OWFs. The app lica tion  o f  su itab le  ben th ic
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in d ica to rs  w ill fa c ilita te  m on ito r in g  p rogram m es by id e n tify in g  ecological im pacts and 

p ro v id in g  va luab le  m anagem ent advice.

W ith  th e  p ro h ib itio n  o f  beam  tra w l fisheries, an a d d itio na l change w ill occur du ring  th e  

o p e ra tio n a l phase o f  OWFs. Fragile and long-lived  species w ill be p rov ided  w ith  th e  t im e  and 

space to  recover fro m  centuries o f  fish ing pressure. O ur resu lts have suggested th e  evo lu tion  

to  increased dense te re b e llid  patches. Fiowever, due to  th e  s h o rt period  o f  th is  study, th e  

sam p ling  s tra tegy  and possibly also th e  occasional presence o f  fisheries in th e  area, no 

s ig n ifica n t changes cou ld  be de te rm ined  a t th is  p o in t in tim e .

Changing hydrodynam ics, increased o rgan ic m a tte r  in p u t and a decreasing p e rm e a b ility  o f 

th e  sed im en ts  in close v ic in ity  to  an o ffsh o re  fo u n d a tio n  can cause sh ifts  in the  

m acro b e n th ic  com m un ity . An increased b io d ive rs ity  o f  th e  m acroben thos  was observed up 

to  a d istance o f 50 m away fro m  one fo u nd a tio n  c rea ting  com plex, rich patches o f th e  

ecosystem  eng inee r Lanice conchilega, w h ich  cou ld  evo lve  in to  eco log ica lly  im p o rta n t refuge 

areas fo r  young  fish species a t a la rge r scale in th e  fu tu re . F iowever, th e  decreasing 

p e rm e a b ility  o f  these  sed im ents can change th e  b e n th ic  ecosystem  fu n c tion in g , stressing 

th e  im p o rta n ce  to  1) de te rm ine  h o w  th e  m acroben thos  w ill assist in th e  m inera lisa tion  

processes o f  these  perm eable  sed im ents and 2) h o w  th e  s tru c tu re  and fu n c tion in g  o f  th e  

m arine  food  w eb  is changing a round OWFs.

O ffshore  renew ab le  energy has becom e a w id e  scale hope to  reduce greenhouse gas 

em issions. F iowever, th is  research has dem o n s tra te d  th a t  th e  co n s truc tion  and presence o f 

new  hard substra tes in a sandy e n v iro n m e n t has th e  p o ten tia l to  cause env ironm en ta l 

changes to  th e  m arine  ecosystem , possib ly c rea ting  a new  h a b ita t w ith in  th e  BPNS. The 

fu tu re  m on ito r in g  p rogram m es shou ld  have an adaptive  research driven approach (e.g. 

e xp e rim e n ta l and in -fie ld  research) in o rd e r to  fu lly  unders tand  th e  ecosystem  processes 

a round  OWFs a t d iffe re n t scales. This approach w ill fu r th e r  assist m anagers, po licy makers 

and w in d  fa rm  deve lopers to  take  a p p ro p ria te  m itig a tin g  m easures i f  needed and genera te  

an adaptive  spa tia l p lann ing on a reg iona l scale such as th e  N o rth  Sea.
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Addendum I

ADDENDUM I

A ppendix to  Chapter 2

A p p e n d ix  to  section  3.1: Long-te rm  changes

Main PERMANOVA tests

« Univariate: Abundance data

df MS Pseudo-F P(perm) Unique perms

Sa 1 1.64E+05 0.86071 0.3089 9778

Ye 8 5.89E+05 3.0824 0.0319 9930

SaxYe 8 3.00E+05 1.5691 0.154 9932

0 Univariate: Species number

df MS Pseudo-F P(perm) Unique perms

Sa 1 0.61582 30.822 0.075 9812

Ye 8 0.62769 31.416 0.002 9960

SaxYe 8 0.12372 0.61923 0.7535 9946

0 Univariate: Shannon H' diversity

df MS Pseudo-F P(perm) Unique perms

Sa 1 0.7396 4.14 0.0423 9817

Ye 8 0.99706 5.5811 0.0001 9943

SaxYe 8 0.12538 0.70185 0.6824 9926

a M ultivariate Abundance data

df MS Pseudo-F P(perm) Unique perms

Sa 1 3013.2 1.4357 0.1289 9913

Ye 8 13009 6.1984 0.0001 9792

SaxYe 8 3186.8 1.5184 0.0008 9801
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Appendix to section 3.2: Short-term  changes

Main PERMANOVA tests

° Median grain size

df MS Pseudo-F P(perm) Unique perms

Ye 4 1.0841 1.0667 0.3629 9937

Zo 4 1.2469 1.2269 0.2784 9961

YexZo 14 0.41478 0.40814 0.9615 9908

o Total organic m atter content

d f MS Pseudo-F P(perm) Unique perms

Ye 4 0.72494 0.81743 0.4344 9944

Zo 4 5.2153 5.8806 0.0153 9945

YexZo 14 0.49967 0.56341 0.827 9919

0 Univariate: Abundance data

df MS Pseudo-F P(perm) Unique perms

Ye 4 157.02 26.641 0.0314 9935

Zo 4 23.912 0.40572 0.8148 9934

YexZo 14 69.88 11.857 0.2858 9924

o Univariate: Species number

d f MS Pseudo-F P(perm) Unique perms

Ye 4 0.92071 4.597 0.0008 9958

Zo 4 0.30178 15.067 0.2001 9956

YexZo 14 0.19988 0.99801 0.4426 9922

o Univariate: Shannon H' diversity

df MS Pseudo-F P(perm) Unique perms

Ye 4 15.978 93.945 0.0001 9955

Zo 4 0.19582 11.513 0.3332 9957

YexZo 14 0.22526 13.244 0.1899 9935

e Univariate: Biomass

d f MS Pseudo-F P(perm) Unique perms

Ye 4 64.717 62.805 0.0001 9950

Zo 4 0.61627 0.59807 0.6534 9946

YexZo 14 0.97753 0.94865 0.4948 9921

128



Addendum I

•  M ultivaria te: Abundance data

d f MS Pseudo-F P(perm) Unique perms

Ye 4 16956 85.563 0.0001 9852

Zo 4 5296.7 26.728 0.0001 9870

YexZo 14 2389.6 12.058 0.0446 9756

0 M ultivariate: Biomass data

df MS Pseudo-F P(perm) Unique perms

Ye 4 27778 13.832 0.0001 9844

Zo 4 6283.1 31.287 0.0001 9855

YexZo 14 2576.7 12.831 0.0084 9717

Pair-wise PERMANOVAtest

Table 1. M ultivariate abundance and biomass analysis w ith  the pair-wise test fo r te rm  year and zones 

fo r  pairs o f levels o f factor Zones: Goote Bank (GC), Thorntonbank control (TC 1 & 2), Thorntonbank 

Edge (TE) and western impact area (Tl W). Significant results p < 0.05.

A BUNDANCE BIOMASS

2005 t P(perm)
Unique
perms

P(MC) t P(perm)
Unique
perm s

P(MC)

GC -  TC 1 1.0306 0.3881 9933 0.3866 1.0378 0.3685 9952 0.3466

GC -  TC 2 1.6144 0.0094 9930 0.0182 1.7514 0.003 9945 0.0071

G C -T E 1.0254 0.3817 9925 0.3823 1.2614 0.124 9931 0.142

GC - Tl W 1.0036 0.4292 9908 0.4003 1.2562 0.1248 9930 0.1573

T C I-T E 1.0855 0.3007 9939 0.2974 0.96934 0.4394 9920 0.4313

TC 1 -  TC 2 1.5876 0.0389 9944 0.0379 1.5345 0.0242 9939 0.0322

TC 1 - Tl W 0.7725 0.7556 9935 0.7132 0.66329 0.8971 9936 0.8615

TE -  TC 2 0.91666 0.5061 9954 0.5069 1.1023 0.2551 9927 0.2716

T E -T I W 1.2576 0.1478 9941 0.1571 1.0724 0.2906 9935 0.3078

TC 2 -  Tl W 1.5923 0.0331 9950 0.0381 1.6677 0.0075 9938 0.0124

2008
t P(perm)

Unique
perms

P(MC) t P(perm)
Unique
perms

P(MC)

GC -  TC 1 1.0862 0.2926 9943 0.2911 0.90149 0.6103 9932 0.5665

GC -  TC 2 1.5619 0.0162 9924 0.0219 1.4828 0.0203 9919 0.0275

GC -TE 1.3865 0.0484 9918 0.063 1.3005 0.0659 9919 0.0929

GC - Tl W 1.6486 0.0091 9854 0.0133 2.0029 0.0005 9851 0.0009

TC 1 -  TE 1.4498 0.0204 9933 0.0395 1.24 0.1166 9931 0.1483

TC 1 -  TC 2 1.3195 0.0692 9922 0.0957 1.1479 0.2229 9947 0.2273

TC 1 - Tl W 1.4471 0.0201 9087 0.0499 1.7787 0.0009 9127 0.0079

TE -  TC 2 1.4285 0.0235 9930 0.045 1.5153 0.0108 9939 0.0306
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TE -  Tl W 1.5834 0.0094 7705 0.0282 1.9873 0.0011 7676 0.0036

TC 2 - Tl W 1.0984 0.2653 9547 0.2804 1.4059 0.0463 9591 0.0696

2009
t P(perm)

Unique
perms

P(MC) t P(perm)
Unique
perms

P(MC)

G C -T C  1 1.1061 0.261 9935 0.2683 1.3183 0.0801 9939 0.101

G C -T C  2 1.3638 0.049 9929 0.0658 1.4491 0.0322 9920 0.0439

G C -T E 1.3298 0.0642 9937 0.0895 1.4725 0.0253 9938 0.0362

GC -  Tl W 1.1068 0.2691 9946 0.282 1.1704 0.2011 9923 0.2197

TC 1 - TE 1.1042 0.2499 9932 0.2726 1.2336 0.1296 9921 0.1536

TC 1 -T C  2 0.98708 0.4293 9936 0.4352 0.99806 0.4303 9908 0.4231

TC 1 - Tl W 0.75053 0.8213 9903 0.77 0.87194 0.6578 9927 0.604

T E -T C  2 1.3732 0.0402 9926 0.0625 1.3014 0.0646 9919 0.0904

TE - Tl W 0.92667 0.5644 9901 0.5228 0.88479 0.678 9880 0.626

TC 2 - Tl W 1.0285 0.3806 9927 0.3756 0.88377 0.6835 9930 0.6262

2010
t P(perm)

Unique
perm s

P(MC) t P(perm)
Unique
perms

P(MC)

G C -T C  1 0.85073 0.7098 8096 0.6555 0.72773 0.9027 7871 0.8564

G C - TC 2 0.82819 0.7819 351 0.6779 0.94169 0.5384 325 0.5044

G C -T E 1.6222 0.0084 9907 0.0101 1.571 0.0087 9902 0.0137

GC -  Tl W 1.1859 0.1355 351 0.1907 1.1727 0.153 325 0.1999

TC 1 - TE 0.81973 0.7522 1810 0.6747 0.79172 0.7744 1813 0.6998

TC 1 -  TC 2 0.58554 0.9355 15 0.8015 0.61071 0.9384 15 0.7869

TC 1 - Tl W 0.80981 0.8048 15 0.5963 0.74027 0.8026 15 0.6703

TE -  TC 2 0.96335 0.4331 91 0.4651 1.0207 0.3931 91 0.4003

TE - Tl W 1.1067 0.2726 91 0.2929 1.1749 0.2213 91 0.2325

TC 2 - Tl W 1.284 0.3338 3 0.2797 1.1639 0.3341 3 0.3451

2012
t P(perm)

Unique
perms

P(MC) t P(perm)
Unique
perms

P(MC)

G C -T C  1 1.4199 0.0588 35 0.1173 1.6711 0.0296 35 0.0532

G C -T E 1.2417 0.1409 1001 0.1655 1.4646 0.0345 998 0.068

TC 1 - TE 1.112 0.2642 1001 0.2796 1.2937 0.0939 1000 0.1416
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ADDENDUM II

A ppendix to  C hapter 3

Appendix to  section 3.1: Environm ental characteristics

Main PERMANOVA tests

•  Grain size

d f MS Pseudo-F P(perm)
Unique
perms

Ar 1 17800 66.595 0.01 9841

Ye 3 4143.5 15.502 0.2063 9953

Arx Ye 3 139.29 5.21E+02 0.9853 9951

• Total organic m atter content

df MS Pseudo-F P(perm) Unique
perms

Ar 1 0.18845 17.543 0.1883 9845

Ye 3 0.29367 27.338 0.0443 9946

ArxYe 3 2.68E+02 0.24906 0.8665 9963

Appendix to  section 3.3: M acrofaunal com m unity analysis

Main PERMANOVA tests

•  M ultivariate: Abundance data

d f MS Pseudo-F P(perm) Unique perms

Ar 1 5032.8 21.494 0.0061 9912

Ye 3 9429.8 40.272 0.0001 9850

ArxYe 3 2340.8 0.99968 0.4629 9874

e M ultivaria te: Biomass data

df MS Pseudo-F P(perm) Unique perms

Ar 1 7285.8 30.739 0.0003 9919

Ye 3 7822.7 33.003 0.0001 9876

ArxYe 3 2271.5 0.95835 0.5558 9852
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Appendix to  section 3.4: Characteristic species and dom inance

Main PERMANOVA tests 

•  Abundance data

Nephtys cirrosa

d f MS Pseudo-F P(perm) Unique perms

Ar 1 0.36721 0.25513 0.614 9850
Ye 3 55.965 38.883 0.0128 9945

ArxYe 3 0.68224 0.474 0.6978 9949

- Spiophanes bombyx

df MS Pseudo-F P(perm) Unique perms

Ar 1 1940 0.8534 0.3627 9817

Ye 3 13585 59.762 0.0025 9947

ArxYe 3 1791.5 0.78811 0.4967 9949

- Terebellidae sp.

df MS Pseudo-F P(perm) Unique perms

Ar 1 41442 21.005 0.138 9866

Ye 3 75823 38.431 0.0224 9949

ArxYe 3 22734 11.523 0.3103 9961

- Gastrosaccus spinifer

d f MS Pseudo-F P(perm) Unique perms

Ar 1 7042 89.819 0.0043 9861

Ye 3 3061.1 39.044 0.0149 9952

ArxYe 3 2214.8 2.825 0.0436 9960

c Biomass data

Spiophanes bombyx

df MS Pseudo-F P(perm) Unique perms

Ar 1 1670.2 0.32492 0.5868 9838

Ye 3 46096 8.9675 0.0006 9944

ArxYe 3 878.91 0.17098 0.9078 9951
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Gastrosaccus spinifer

d f MS Pseudo-F P(perm) Unique perms

Ar 1 62536 8.2792 0.0044 9837

Ye 3 17530 2.3208 0.0807 9949

ArxYe 3 10872 1.4393 0.2345 9954
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ADDENDUM III

A ppendix to  C hapter 4

Appendix to  section 3.1: Environm ental variables

Main PERMANOVA tests

o Median grain size

df MS Pseudo-F P(perm) Unique perms

Ye 1 0.94457 16.874 0.1911 9805

Gr 3 21.815 38.971 0.0126 9958

Di 4 15.174 27.107 0.0366 9950
YexGr 3 22.612 40.396 0.0109 9957

YexDi 4 0.55966 0.9998 0.4205 9947

GrxDi 9 29.896 53.407 0.0001 9939

YexGrxDi 9 0.32958 0.58878 0.8055 9942

e Total organic m atte r content

d f MS Pseudo-F P(perm) Unique perms

Ye 1 11.391 13.991 0.0008 9829

Gr 3 0.42523 0.52232 0.6749 9955

Di 4 10.748 13.201 0.2739 9957

YexGr 3 8.37E+02 0.1028 0.9588 9950

YexDi 4 0.53227 0.65379 0.5923 9946

GrxDi 9 0.69434 0.85287 0.5312 9937

YexGrxDi 9 11.218 13.779 0.2313 9951
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Appendix to  section 3.2.1: M acrobenthic density, d iversity  and biomass

Main PERMANOVA tests 

® Abundance data

df MS Pseudo-F P(perm) Unique perms

Ye 1 6.36E+02 0.22786 0.6406 9822

Gr 3 0.56121 20.117 0.1176 9958

Di 4 24.555 88.017 0.0001 9940

YexGr 3 0.82883 2.971 0.043 9950

YexDi 4 0.21463 0.76934 0.5447 9964

GrxDi 9 10.404 37.293 0.001 9941

YexGrxDi 9 0.15052 0.53955 0.8325 9945

o Number o f species

d f MS Pseudo-F P(perm) U nique perms

Ye 1 138.99 60.126 0.0163 9851

Gr 3 112.2 48.538 0.0054 9956

Di 4 132.51 57.325 0.0008 9950

YexGr 3 13.245 0.57298 0.6411 9955

YexDi 4 16.465 0.71228 0.5934 9946

GrxDi 9 88.487 38.279 0.0007 9936

YexGrxDi 9 16.014 0.69276 0.7155 9937

Appendix to  section 3.2.2: Com m unity analysis and dom inant species

Main PERMANOVA tests

o Abundance data

df MS Pseudo-F P(perm) Unique perms

Ye 1 14459 14.492 0.0001 9917

Gr 3 3801.8 38.105 0.0001 9892

Di 4 3059.6 30.666 0.0001 9885

YexGr 3 1307.1 13.101 0.1249 9902

YexDi 4 673.9 0.67544 0.933 9878

GrxDi 9 2216 22.211 0.0001 9853

YexGrxDi 9 803.52 0.80535 0.8977 9836
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•  Biomass data

df MS Pseudo-F P(perm) Unique perms

Ye 1 16076 14.807 0.0001 9946

Gr 3 3803 35.028 0.0001 9888

Di 4 3002.8 27.658 0.0001 9854

YexGr 3 1124.6 10.358 0.4106 9891

YexDi 4 949.08 0.87415 0.6976 9880

GrxDi 9 2160.5 19.899 0.0001 9844

YexGrxDi 9 904.3 0.8329 0.8682 9809

e Abundance Spio sp.

df MS Pseudo-F P{perm) Unique perms

Ye 1 35.124 52.669 0.0001 9852

Gr 3 60.037 90.026 0.0002 9951

Di 4 47.681 71.498 0.0003 9957

YexGr 3 41.048 61.551 0.0014 9958

YexDi 4 0.37348 0.56004 0.6792 9934

GrxDi 9 12.313 18.464 0.0865 9932
YexGrxDi 9 0.54109 0.81137 0.5973 9941
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Appendix to  Chapter 4: Pilot study - Dive samples

A  p ilo t  s tu d y  w a s  c a rr ie d  o u t  f r o m  2 0 1 0  -  2 0 1 2  w ith  s a m p le s  c o lle c te d  a t o n e  and  seven  m e te rs  fro m  

th e  s c o u r p ro te c t io n  s ys te m  a t th e  D5 g ra v ity  based fo u n d a t io n  on  th e  T h o rn to n b a n k .

Scuba d iv e rs  s a m p le d  th e  s o f t  s e d im e n ts  w ith  an a ir l i f t  s u c tio n  d ev ice  (0 .1  m 2). Species w e re  

id e n tif ie d  to  spec ies  le v e l a nd  th e  s e d im e n t c h a ra c te r is tic s  ( to ta l o rg a n ic  m a t te r  c o n te n t, m e d ia n  

g ra in  size and  c h lo ro p h y ll a  c o n c e n tra tio n s )  w e re  ana lysed.

Ta b le  1. N u m b e r o f  re p lic a te s  f ro m  2 0 1 0  -  2 0 1 1 . M e a n  t o ta l  a b u n d a n c e  ( in d  m '2), to ta l  n u m b e r  o f 

species (NO), S h a nn o n  H ' d iv e rs ity  in d e x  p e r  sa m p le , b io m a s s  A F D W  (m g  m ‘2), m e d ia n  g ra in  size 

d (0 .5 ) (p m ) and  to ta l  o rg a n ic  m a t te r  c o n te n t (TO M  %) and  a b u n d a n c e  o f  th e  m o s t d o m in a n t species 

on  th e  s o u th -w e s t (SW ), n o r th -w e s t (N W ), s o u th -e a s t (SE) a n d  n o r th -e a s t (NE) g ra d ie n ts  a t  1 a nd  7 m 

f ro m  th e  sc o u r p ro te c t io n  sys te m  a ro u n d  th e  D5 o ffs h o re  w in d  tu rb in e  o n  th e  T h o rn to n b a n k

lm 2010 2011 2012
SW NW SE NE SW SW NW SE NE

Replicates 1 1 1 1 1 2 1 1 2
Abundance (ind .m '2) 9162 3177 4893 2154 2778 1418 887 3899 1155
Species num ber (N0) 28 32 27 20 20 24 27 31 20
Species d ive rs ity  (H') 1.66 2.42 1.69 2.01 1.97 2.40 2.95 1.96 2.36
AFDW (mg.nV2) 9537 1702 3515 878 424 5864 1448 2765 1754
d (0.5) pm 285 339 372 294 275 319 322 329 294
TOM % 0.60 0.27 0.48 0.51 0.76 0.92 0.53 0.61 0.64

D om in an t species
A steriidae juv. 4834 107 653 146 877 283 10 1832 10
Lanice conchilega 1550 58 0 88 117 312 78 302 151
Spiophanes bom byx 897 78 88 975 0 15 19 19 68
M onocoroph ium
acherusicum 127 1277 2778 175 936 0 0 39 5
Jassa herdm ani 341 400 263 312 0 112 97 809 44
Echinoidea juv. 0 0 0 0 0 0 0 0 0
Urothoe brevicornis 0 39 39 0 19 97 10 0
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7m 2010 2011 2012
SW NW SE NE SW SW NW SE NE

Replicates 1 1 1 1 2 1 1 2
Abundance (ind.rn ’2) 11501 3246 750 8723 585 536 2203 361
Species num ber (N0) 32 29 18 29 16 20 18 15
Species d ive rs ity  (H') 2.01 2.44 2.32 1.91 2.29 2.83 2.29 2.37
AFDW (m g.m '2) 5378 3973 498 4230 265 3313 464 109
d(0.5) pm 334 311 430 285 285 406 320 334 426
TOM % 0.59 0.39 0.69 0.84 9.79 0.52 0.53 0.48 0.73

D om in an t species
A steriidae juv. 4951 0 214 1384 63 10 429 5
Lanice conchilega 1832 58 0 1949 73 0 39 5
Spiophanes bom byx 1062 195 0 1082 10 29 595 0
M onocoroph ium
acherusicum 185 253 39 68 0 0 0
Jassa herdm ani 731 409 78 29 24 19 224 15
Echinoidea juv . 39 1209 0 2943 0 0 0 0
U rothoe brevicornis 0 49 136 0 44 29 58 15

1.8

NE 05/07/10 SW 05/07/'10 NW02/07/'10 SE 02/07/'10
G radient

Fig. 1 C h lo ro p h y ll a  (pg  g '1) c o n c e n tra t io n s  o n  th e  n o r th -e a s t (NE), s o u th -w e s t (SW ), n o r th -w e s t (N W ) 

a n d  s o u th -e a s t (SE) g ra d ie n ts  a t  1 a n d  7  m  f ro m  th e  s c o u r  p ro te c t io n  sys te m  a ro u n d  th e  D5 o ffs h o re  

w in d  tu rb in e  o n  th e  T h o rn to n b a n k .
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Addendum III

2.5E-11 ,

2E-11

1.5E-11

1E-11

♦  ♦ ♦

60 150 200 250 300 350

M edian gra in  size d¡ü .5) (pm)

400 450

Fig. 2 Sediment permeability kH (m2) and median grain size d(0.5) (pm) o f samples taken a t 1 and 7 m 

from  the scour protection system around the D5 offshore w ind turbine on the Thorntonbank.
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