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Summary

R eg u la tio n  to  m inim ize im p ac ts  fro m  aq u acu ltu re  is o f  key 
c o n cern  in  co asta l zone m an a g em e n t fo r  the susta in ab ility  o f 
th e  in d u stry  an d  the receiv ing  en v iro n m en t. M a rk e t and 
co n su m er forces a re  p resen tly  d riv in g  m u ch  o f  th is regu la tion  
a n d  its im p lem en ta tio n . M a th em a tica l m odelling  c an  prov ide 
th e  too ls fo r  p lan n in g  an d  m o n ito r in g  as well as reg u la tio n , and  
a  n u m b er o f  co u n tries h ave  w ell-developed policies and  
p ro ced u res in p lace w hich u tilize  m o delling  too ls. T h e  m ain  
im p ac ts  cu rren tly  m odelled  a re  n u tr ie n t enhancem en t, organic  
w aste  d ep o sitio n  an d  the d isp e rsio n  an d  d eposition  o f  m edi­
cines an d  chem icals. T he re lease  o f  these w astes is influenced by 
species- an d  site-specific c h arac te ris tic s , as well as cu ltu re  and  
h u sb a n d ry  techn iques. T h e  m o d ellin g  process requ ires co n sid ­
e ra tio n  o f  defin itions a n d  lim ita tio n s ; s ta n d a rd s  fo r  m odel 
dev elo p m en t includ ing  c lear ob jectives an d  ju stifica tio n ; good  
technical d esc rip tio n ; use o f  go o d  an d  a p p ro p ria te  d a ta ; calib­
ra tio n ; v a lid a tio n ; sensitiv ity  analysis; q u a lity  assu rance ; aud- 
itab ility  an d  co n sid era tio n  o f  th e  o p e ra tio n a l needs o f  th e  user, 
th e  grow er a n d /o r  the reg u la to r. M o d e ls sh o u ld  h ave  sim plicity 
a n d  cla rity ; be  fit fo r pu rpose ; be o p en  to  scru tiny ; be accessible, 
u ser-friend ly  an d  be used w ith  cau tio n . C u rren t m o d els are 
considered  to  be  lim ited in scope  b u t do  cover th e  m ain 
h y d ro d y n am ic  an d  p a rticu la te  processes. T he reg u la tio n  and  
m o n ito rin g  o f  finfish a q u a c u ltu re  invo lv ing  the direct use o f 
m odels is a p p a re n tly  restric ted  to  re la tive ly  few co u n tries  w here 
th ey  are  invo lved  in se tting  h o ld in g  cap acity , th e  licensing  o f 
m edicines an d  fo r assessing  site  ap p lications . D ifferent 
a p p ro ach es  h ave  been develo p ed  in different co u n tries  as 
req u ired . In  c o n tra s t, m an y  c o u n trie s  d o  m ake  considerab le  
indirect u se  o f  m odelling  tech n iq u es  w ith in  th e  regu la tion  
process. W ith  respect to  shellfish, m o d els a re  in c u rre n t use to 
p red ic t an d  op tim ize  ex p lo ita tio n  cap ac ity  b u t th ere  is scope fo r 
stu d y in g  n u tr ie n t flux, h a b ita t  d e g rad a tio n  an d  deposition  
below  su sp en d ed  system s. F u tu re  developm en ts fo r finfish need 
to  b e tte r add ress  th e  m ain  q u estio n  o f  ho ld ing  cap ac ity  or 
ex p lo ita tio n  capacity  in re la tio n  to  n u trie n ts  an d  m edicines 
release, in clud ing  w hole w a te r  b o d y /reg io n a l im pacts . T he 
re la tio n sh ip  an d  p red ic tab ility  o f  to x ic  algal b loom s rem ains 
som e w ay off. M odelling  th e  com plex ities o f  d eg rad a tio n , 
resuspension  an d  the effect o f  th e  scavenging process o n  the 
tran sp o rt o f  in-feed m edicines is requ ired . K eys to  fu tu re  
developm en ts across E u ro p e  include  accessibility , se tting  o f  
E n v iro n m en ta l Q uality  S ta n d a rd s  o r  targe ts , tra in in g  and  
su p p o rt fo r  users, resources an d  s tru c tu re d  research.

Introduction and background

T h e  use  a n d  d ev elopm en t o f  m odels in a research  c o n tex t is an 
a d v an ced  science in m any  p a r ts  o f  E u ro p e . T h e ir  ap p lied  use in 
s tu d ies re la tin g  to  w a ter a n d  p a rtic le  m o v em en t in , for 
exam ple , a p o llu tio n  co n tro l co n tex t fo r d ispersa l o f  p a th o ­
gens, fo r th e  p red ic tio n  o f  im p ac t scenarios in  estuaries  or 
c o as ta l w a te rs  as a  system  design a id  an d  th e ir  ro le  in 
h y d ro d y n a m ic  investigations re la tin g  to  d ischarges, is well 
accep ted  a n d  co n tin u es to  grow .

M o d e ls c a n  b e  com plex, have lim ita tio n s a n d  scope for 
e rro r , b u t th ey  nevertheless offer pow erfu l capab ilities fo r  the 
p red ic tio n  o f  p o ten tia l im pacts. T hey  perm it th e  tes tin g  o f 
specific h y p o th eses by coup ling  sim u la tio n s o f  real p rocesses to 
field d a ta , ad d ress in g  the  v a ria tio n  o f  one fa c to r  a t a tim e and 
th ey  a lso  a llo w  investiga tion  o f  th e  in teg ra ted  effects o f  various 
fac to rs  u n d e r  c e rta in  assum ptions . T h ere fo re , in a scientific 
co n tex t, m o d els  m ust never be  seen sep ara te ly  f ro m  the 
a ssu m p tio n s  o n  w hich  they a re  based . A  goo d  m odel, how ever, 
in te rp o la tes  ex isting  know ledge a n d  c an  also ex trap o la te  it, 
th u s  fo rm u la tin g  p red ic tions an d  s tim u la tin g  th e ir  testing.

T h e ir  p o te n tia l  for use in m o n ito rin g  s tra teg ies an d  for 
reg u la tin g  o r  m an ag in g  en v iro n m en ta l im p ac ts  is less well 
recognized. M a n y  h y d ro dynam ic  a n d  b en th ic  m odels have 
been p ro p o se d  fo r use in  a q u ac u ltu re  (H a rg rav e  1994; 
N o rd v a rg  a n d  H a k an so n  2000), b u t very  few a re  explicitly  in 
use  in  re g u la tio n  an d  m o n ito rin g  a n d  several c o u n trie s  do  no t 
a p p ly  th em  in th e  field o f a q u ac u ltu re  a t  all, w hereas o th ers  do 
m ak e  ex tensive ind irect use o f  m odels. T h e ir  d ev elo p m en t and 
use  in the assessm en t and  p red ic tio n  o f  im p ac ts  fro m  n u trien t 
release a n d  hyp ern u trifica tio n , o rg an ic  d ep o sitio n  to  the sea 
bed , th e  d isp e rs io n  o f  m edicines a n d  chem icals to  th e  sea bed 
a n d  w a te r  c o lu m n  has follow ed th e  g ro w th  o f  cage  cu ltu re  
p rim arily . S om e m odels a re  well developed , fo r  exam ple, in 
N o r th e rn  E u ro p e , U SA  an d  C an ad a .

T h e  p o te n tia l  fo r  m odel use can  be  seen in  th e  fo llow ing  areas:
•  as in d ic a to rs  (o r  w arn ing  signals) w hich  m ig h t b e  used  fo r 

a d a p tin g  m o n ito rin g  stra teg ies a n d  ag a in st w hich  p red eter­
m ined  s ta n d a rd s  m ay be co m p ared  (M u n d a y  e t al. 1992);

• as d e sc rip to rs  fo r  w ell-understood  physical processes (such as 
the se ttlin g  o f  o rgan ic  m ate ria l a ro u n d  th e  fish cages);

• a s  to o ls  fo r  all sectors to  achieve best p ractice  w ith in  the  
process o f  aq u acu ltu re  d ev elopm en t an d  its reg u la tio n ;

•  as a cost-effective a lte rna tive  to  extensive field s tu d ies th a t 
m ay  stru g g le  to  differentiate  betw een an th ro p o g en ic  im pacts 
an d  th e  larg e  varia tions th a t o ccu r n a tu ra lly ;
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o as a  m eans o f  deriv ing  fast p red ic tio n s o f  p o ten tia l im pacts 
fo r different a q u a c u ltu re  scenarios;

9  as c o n trib u tio n s  to  th e  m o v em en t from  reactive m an ag e­
m en t to  p ro ac tiv e  m an a g em e n t (S tra in  e t al. 1995).
T h ere  still ap p ea rs , how ever, to  be  a req u irem en t fo r the 

po litic ians, p lan n ers , grow ers an d  m any  reg u la to rs , to  fully 
co m m it to  a q u a c u ltu re  an d  to  learn  to  u n d e rs tan d  and  
describe th e  im p ac ts  (o r th e ir in te rac tio n ) from  aq u acu ltu re , 
w here  m odelling  co u ld  p lay  a  key ro le  in develop ing  a  stra tegy  
fo r en v ironm en ta l m an ag em en t an d  su s ta inab ility . D esp ite  the 
existing  difficulties, there  does seem  scope to  develop  existing 
m odels an d  stra teg ies, p ro v id ed  go o d  an d  a p p ro p ria te  va lid ­
a tio n  takes in to  acc o u n t loca l socio-econom ic, political, 
m an ag em en t an d  en v iro n m en ta l v a ria tions . P red ictive  m odel­
ling  o f  com plex  in te rac tio n s  in  an  in teg rated  way rem ains a 
m a tte r  fo r  research  in m o st o f  E u ro p e  (IC E S  1999).

Impacts in which modelling has a key role

M o delling  o f  near-field  (localized/site-specific) o r  far-field 
(reg iona l/d ispersed ) im pacts m ay  be a p p ro p ria te  depending  
w h e th er they  de riv e  from  th e  p ro d u c tio n  o f  p a rticu la te  m atte r  
and  dissolved effluents fro m  cu ltu red  species, from  any  
m edicine  o r  pestic ide  a d d itio n s  o r from  escaped  fish th em ­
selves. T h e  physical t ra n s p o r t  o f  effluents fro m  a fa rm  in to  th e  
w a ter co lu m n  a n d  sed im ents is d riven  by processes such as 
flushing (w ater exchange ra tes), sed im en ta tio n  a n d  resuspen­
sion  p a ram ete rs  a n d  charac te ris tics .

N utrients [Nitrogen (N) and Phosphorus (P)[

N u trien ts , w ith  th e  p o ten tia l to  increase th e  risk  o f  hypernu- 
trification  in a rea s w ith  p o o r  flushing characteris tics , are  
released in to  th e  w a te r co lu m n  directly  fro m  caged fish an d  
a lso  from  th e  sed im en tary  e n v iro n m en t below  the fa rm , from  
w aste  feed an d  in te rstitia l w aters  (A ure  a n d  S tig eb ran d t 1990; 
P itta  e t al. 1999; D av ies 2000). T hese  d issolved m ateria ls m ay  
have localized im p ac ts  b u t in te res t in  th e  w ider d is trib u tio n  o f  
n u trien ts  is still th e  sub ject o f  extensive research . Semi- 
intensive p o n d  a q u ac u ltu re , b y  c o n tra s t, p ro d u ces relatively 
little  n u trien t p o llu tio n  o n  a  ro u tin e  basis, a n d  the  n u trien ts 
d ischarged  a t  h a rv es t can  be  c ap tu red  effectively using sim ple 
se ttling  p o n d s  (C osta -P ierce  1996).

S uspended  shellfish cu ltu re  is trad itio n a lly  considered  to  
resu lt in a  ne t c o n su m p tio n  o f  n u trien ts  fro m  the ecosystem  
an d  there  a re  p ro p o sa ls  to  ap p ly  suspended  shellfish cu ltu re  in 
coasta l n u tr ie n t m an a g em e n t in so m e N orw eg ian  areas (B odvin 
e t al. 2000). C u ltiv a tio n  o f  shellfish has th e  p o ten tia l o f  
co n tro llin g  p h y to p la n k to n  b lo o m s, th ro u g h  a  series o f  feed­
b ack  m echan ism s th a t  filter feeders ex ert in  the ecosystem  
(D am e 1996; P rin s e t al. 1998). N u tr ie n t release from  extensive 
cu ltu re  is now  being  rep o rted  an d  th e  s tu d ies review ed by Prins 
an d  Sm aal (1993) ind ica te  a n e t release o f  am m o n ia , ph o sp h a te  
an d  silicate fro m  bivalve beds.

Organic impact

O rgan ic  im p ac t fro m  excess fo o d  an d  excre to ry  m a tte r  th a t is 
deposited  on th e  sea bed  fro m  fish cu ltu re  an d  b iodeposition  
a ro u n d  shellfish fa rm s is localized  an d  usually  c reates a site- 
specific ‘im p ac t fo o tp r in t’ below  o r  a ro u n d  th e  insta lla tion . 
T h e  im pact can  be ex trem e (T en o re  e t  a l. 1982), causing  
reduced  disso lved  oxygen  levels, fish stress, a fau n a l sedim ents, 
ou tgassing , the p ro d u c tio n  o f  fungal Beggiatoa  m ats and  also

im p ac tin g  on  n o rm al sed im en t chem istry  an d  m icro flo ra . Such  
g ro ss  im p ac ts  th o u g h , a r e  usually  confined  to  w ith in  50 m  o f 
th e  fish cages (H an sen  e t  al. 1991; H o ln ier 1991; H en d erso n  
a n d  R o ss 1995; K a ra k a ss is  et al. 1999). ‘D isp laced ’ im p ac ts  are 
n o t  u n c o m m o n  in m o d era te ly  dynam ic  w aters w here  o rg an ic  
w astes d o  n o t  d eposit im m edia te ly  a ro u n d  th e  p rem ises. In 
so m e  a rea s , w in d -d riv en  d ispersion  m ay  be ex trem ely  signifi­
c a n t. T h is , co u p led  w ith  possib le  resuspension  o f  sed im ents 
will d e te rm in e  th e  d isp e rsio n  a n d  m itig a tio n  o f  any  o rg an ic  
im p ac t. T he recovery  o f  sites from  in tense  o rg a n ic  p o llu tio n  
fro m  fish cages o r  su sp en d ed  shellfish cu ltu re , c an  take  m any  
years  a n d  th e re  is ev idence  th a t  only  an  u n stab le  eq u ilib riu m  o f  
b e n th ic  in fa u n a  a n d  sed im en t chem istry  is e stab lished  in the 
sed im en ts  a n d  th a t th is c an  very easily be d isru p ted  (N ickeli 
e t al. 1998; K a ra k a ss is  e t  al. 1999).

M edicines

T h e  use  o f  a n tib io tic s  a n d  an tip a ra sitic s  in E u ro p ea n  m arine  
fish fa rm in g  varies w idely  a m o n g  coun tries . A lth o u g h  the 
fo rm e r  h as declined  in n o r th e rn  E u ro p e  in recen t years, the 
d e m a n d  fo r sea-lice trea tm e n ts  has increased . Several have 
n o w  been developed  a n d  a re  m ark e ted  a s  b o th  b a th  and  
in -feed  trea tm en ts . Specific fo rm u la tio n s  can  be used  legally in 
several co u n tries . H ow ever, th e  scientific in v estiga tion  o f  the 
fa te  a n d  p a th w ay s o f  these  su b stan ces in th e  m arin e  e n v iro n ­
m e n t is still p o o rly  u n d e rs to o d  a n d  req u ires  research .

T race  m etals

A lth o u g h  th e  usage o f  m eta llife ro u s a n tifo u lan ts  a t  cage farm s 
in N o rw ay  a n d  S co tlan d  a p p ea rs  to  be  declin ing  due to 
re g u la tio n  a n d  m ark e t forces, e levated  levels o f  c o p p er and  
z inc  (L ist II  E C  D an g ero u s  S ubstances), fro m  nets an d  land- 
based  ne t w ashers, have been  reco rd ed  in S co tlan d  (M iller
1998) a n d  N o rw ay  (N IV A  1994). T h ere  is evidence a lso  from  
F ra n c e , th a t  fish feed yields elevated  m eta ls  in sedim ents 
(K e m p f  e t al. 1997).

M odelling process issues

I t  is im p o rta n t to  ensure  so u n d  science using  the best available 
in fo rm a tio n  an d  th a t  m odelling  ou tcom es are  ‘fit fo r p u rp o se ’. 
T h e  process requ ires a s ta te m en t o f  objective; a  ju stifica tio n  oí 
th e  m odel; a techn ical d esc rip tio n  o f  th e  m odel; c learly  defined 
so u rce  d a ta ; an  u n d e rs tan d in g  o f  th e  lim ita tions o f  da ta  
co llectio n , c a lib ra tio n  and  v a lid a tio n  ag a in st in d ep en d en t da ta  
sets; a  sensitivity  analysis; q u a lity  a ssu ran ce  an d  con tro l 
in c lu d in g  au d itab ility ; acco u n tab ility  a n d  re p o rtin g  o f  su m ­
m ary  o u tp u ts  (these  term s are  defined in H en d erso n  e t al. 
2 0 0 1 ).

T h e  specific needs o f  g row ers and  p ro d u cers , re g u la to r)  
m echan ism s an d  o p era tio n a l fac to rs , req u ire  a  d ifferen t focus 
in th e  m odelling  arena . M o d e ls can  be ex trem ely  simple, 
descrip tive  o r m ath em atical a n d  ran g e  in com plex ity  fro m  the 
sim p lest box m o d el (item  A  p lus item  B in  =  item  C  o u t)  tc 
th e  m odelling  o f  h ighly com plex  in teg ra ted  ecological systems 
a n d  th e  co n d itio n s th a t drive them . In c reasing  com plex ity  c a r  
lead  to  reduced  reliability , p a rticu la rly  in s itu a tio n s  where 
in d iv id u a l processes are p o o rly  described  a n d /o r  weakl) 
u n d e rs to o d . In  o rd e r th a t  th e  m odelling  p ro cess retains 
cred ib ility  w ith  th e  industry , th e  public  a n d  non-governm eni 
o rg an iza tio n s , the m odeller, th e  grow er o r th e  re g u la to r  needs 
a to o l to  be  ap p ro p ria te  an d  fit fo r pu rpose ; fo r  exam ple, tc
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ta k e  a c c o u n t o f  w h e th er near-field  (localized) o r  far-field 
(reg io n a l) issues a re  being  ad d ressed  a n d  a lso  to  de te rm ine  
w h e th e r ex is ting  m o d els requ ire  any  o r fu rth e r v a lid a tio n  fo r 
en v iro n m en ta l o r  b io tic  factors.

T h is  sh o u ld  enab le  regu la to rs to  efficiently a n d  fa irly  issue 
licences w ith  en v iro n m en ta l confidence a n d  p ro v id e  farm ers 
w ith  re liab le  answ ers to  different p ro d u c tio n  scenarios. T h ere  
is a need  fo r o p enness by the re g u la to r to  p ro m o te  confidence 
in th e  reg u la to ry  m echanism . M odels need  to  be user 
friend ly , fa s t an d  co st effective. T h e  W o rk in g  G ro u p  re p o rt­
ing  on  E n v iro n m en ta l In te rac tio n s o f  M a ricu ltu re  (IC E S
1999) h ave  recom m ended  th a t th ere  sh o u ld  be a  review  o f  the 
av a ilab ility , to  th e  scientific co m m u n ity , o f  m a th em a tica l 
m o d els co n cern in g  th e  en v iro n m en ta l in te rac tio n s  o f  m ari­
c u ltu re . In  th e  final scenario , users m ay  be faced  w ith  a 
ch o ice  betw een  using  d ifferent m odels fo r  d ifferen t p u rp o ses, 
o r  a ccep tin g  inaccurac ies an d  lim ita tions. It is a lso  recognized 
th a t  o u tp u t  from  a  m odel is as go o d  as th e  d a ta  b e in g  en tered  
an d  th a t  th e  best availab le  d a ta  sh o u ld  th ere fo re  be  used 
w h ere  possib le.

L im ita tio n s  in  m odelling  m ig h t resu lt in false p red ic tions. 
C o n seq u en tly , th e re  are risks in app ly in g  a  m odelling  
a p p ro a c h  to  any  decision-m aking  stra teg y , w here  com plex  
en v iro n m en ta l p rocesses are oversim plified  on  th e  o n e  h an d , 
b u t a  re g u la to r  o r  p lan n e r requ ires a u n ifo rm , u n d e rs tan d a b le  
m an a g em e n t too l on  th e  o ther.

Special considerations fo r model development and validation

T h e  physical, b io tic , technical a n d  so c io -econom ic  e n v iro n ­
m e n t in w hich  th e  m odels a re  to  be  app lied  will affect the 
m o delling  process a n d  its ap p lica tio n  by th e  user. E xam ples 
o f  necessary  en v iro n m en ta l co n sid era tio n s include  g eo g rap h ­
ica lly  v ary ing  h y d ro d y n am ic  regim es (includ ing  m ac ro /m ic ro  
tid a l c o n d itio n s , still o r  dynam ic regim es), loca l to p o g rap h y  
(b ay s, o p en  w a ters), tem p era tu re , n u tr ie n t fluxes, p o o r  
n u tr ie n t s ta tu s  a n d  p h o sp h o ru s-lim ited  system s. F u r th e r ­
m o re , d ifferences in species cu ltu red , g ro w in g /cu ltu re  tech ­
n iq u e , site  m an ag em en t and  feed type will vary  sp a tia lly  an d  
tem p o ra lly . T h e  cu ltu re  techn iques an d  im p ac t s tud ies re la te  
m o stly  to  sa lm o n  {Salm o salar), ra in b o w  tro u t  (O ncorhyncus  
m y kiss) a n d  m ussels (M ytilu s edulis) fo r  o rg an ic , n u tr ie n t, 
m edicine  a n d  chem ical im p ac ts  in , fo r  exam ple, C a n ad a , 
U S A , N o rw ay , S co tlan d  a n d  Ire lan d , p a rticu la rly  in  fjo rds 
a n d  em b ay m en ts . T h e  m odels in  use  a re  co n seq u en tly  
v a lid a te d  a n d  ca lib ra ted  fo r c o n d itio n s a n d  species in th o se  
lo ca tio n s a n d  h ave  lim ited ap p lica tio n  elsew here in so u th e rn  
E u ro p e , w ith o u t th e  re levan t reg ional v a lid a tio n  a n d  ca lib ­
ra tio n . A  n u m b er o f  these e n v iro n m en ta l a n d  o th e r fac to rs  
can  be illu s tra ted  from  th e  M e d ite rran e a n  sea  (K a rak ass is  
e t al. 1999).

Overview o f  the current use o f models and a country review

F ro m  th e  d a ta  availab le  it w as ev iden t th a t  re la tive ly  few 
m o d els w ere used  explicitly  in reg u la tio n  b u t  m an y  co u n tries  
w ere using  th e  to o ls , indirectly , to  a id  in th e  d ec ision -m ak ing  
process. T h e ir  developm en t has generally  tak e n  p lace in 
n o r th e rn  E u ro p e , C a n a d a  an d  th e  U S A  w here, to  da te , finfish 
fa rm in g  h as becom e a prim e in d u stry  an d  th e  im p ac ts  o f  the 
in d u stry  a re  w idely contested .

In  a d d itio n  to  m o d els w hich have been developed  fo r use  in 
reg u la tin g  a n d  m o n ito rin g  aq u acu ltu re , th e re  a re  m an y  used  in 
resea rch  a n d  o th e r  d o m ains th a t, a lth o u g h  un likely  to  be

im m ediately  su ited  to  m an ag in g  im pacts fro m  aq u ac u ltu re , do 
cover the m ain  processes, a n d  co u ld  be  developed  for 
aq u acu ltu re . IC E S  (1999, 2000) has been re sp o n sib le  for 
co lla tin g  an d  re p o rtin g  m u ch  o f  th e  c u rre n t v iew p o in t on 
m odelling  in re la tio n  to  sa lm o n  a q u acu ltu re .

A t p resen t m o d els a re  be ing  used in  re la tio n  to:
° R egulation, licensing an d  environm ental im pact assessm ent 

( EIA )
® setting  holding capacity, in se ttin g  b io m a ss /p ro d u c tio n  o f 

fish fa rm s o n  a site-specific basis, to  achieve susta inab ility ; 
° licensing o f  medicines: in th e  p red ic tio n  o f  safe  usage 

acco rd in g  to  risk  assessm en t a n d  en v iro n m en ta l q u a lity  
s ta n d a rd s  (EQ Ss);

» E IA  assessm ents f o r  s ite  applications: in  th e  p re d ic tio n  o f 
o rg an ic  w aste  fo o tp r in ts  a n d  fa u n a l im p ac ts , d issolved 
oxygen dep le tio n  a n d  n u tr ie n t enh an cem en t.

» M onitoring
* environm ental monitoring: in  th e  p red ic tio n  o f  e n v iro n ­

m enta l risk  (spa tia l o r  tem p o ra l) fo r  ta rg e tin g  m o n ito r­
ing effort a n d  th e  v a lid a tio n /te s tin g  o f  m o d el p red ic tions 
ag a in st deriv ed  E Q Ss fo r en v iro n m en ta l p ro tec tio n .

•  S ite  m anagem ent: g ro w th  an d  p ro d u c tio n  m o d el p red ic tions
•  exp lo ita tion  capacity: p ro d u c tio n  o p tim iza tio n  fo r  shell­

fish, fish g ro w th  p red ic tions.
A sum m ary  o f  th e  s ta tu s  an d  exam ples o f  th e  use o f  m odels 
used in th e  reg u la tio n  o f  n u trie n t, o rg a n ic  an d  m edicine 
im pacts , fo llow s, to g e th e r w ith  so m e exam ples fro m  across 
E u ro p e  (n o rth  to  so u th ). Som e exam ples o f  th e  so ftw a re  and 
its ap p lica tio n  are  p resen ted  in A nnex  1.

M odelling o f nutrient impacts -  summary

A lth o u g h  th e re  is little  definitive evidence o f  heavy  n u trie n t 
en h an cem en t in  th e  m arin e  e n v iro n m en t f ro m  aq u ac u ltu re , 
m odelling  c an  p o ten tia lly  ad d ress th e  issue a t  b o th  th e  local 
a n d  th e  reg ional scale an d  cu rren tly  is ta rg e ted  a t  th e  w ider 
scale. In p u ts  o f  d issolved N  a n d  P  excre tion  by fish are 
usually  com bined  w ith  th e  flushing ch arac te ris tics  o f  the 
w a ter bo d y  a lth o u g h  it is recognized  th a t  d ie ta ry  co m p o ­
sitio n  and  d igestib ility  a re  im p o rta n t variab les. Im p ac t 
m odels to  assess d ispersion  o f  so lub le  (an d  p a rticu la te  
w astes) h ave  req u ired  th e  use o f  h y d ro d y n am ic  m od els , such 
as tw o-d im ensiona l h y d ro g rap h ic  m o d els (D u d ley  e t al.
2000) w hich  c an  be  expensive. D ay -to -d ay  m an a g em e n t o f 
site-specific issues requ ires qu ick  co n fig u ra tio n  a n d  ap p lica ­
tio n  an d  th e  m o d ellin g  o f  m ean  e n v iro n m en ta l c o n d itio n s 
can  allow  this.

In  som e co u n tries  an  a p p ro ac h  w hich  ra n k s  m odelled  
en h an cem en t o f  n u trien ts  can  assess, in  sim ple  term s, the 
risk  to  th e  a q u a tic  en v iro n m en t. E Q Ss have been  set in a 
n u m b er o f  co u n tries  ag a in st w hich  to  p red ic t levels fro m  the 
m odel. M o delling  h as se ldom  been used  fo r th e  m u lti-fa rm / 
u se r scenario  w hich will be  a key  to  reg u la tio n  in the 
fu tu re . G o o d  tw o- an d  th ree -d im en sio n al h y d ro d y n am ic  
m odels such  as th o se  are used  in  Ire lan d , will a id  this 
process.
© N orw ay : so m e reg ional a u th o ritie s  in  N o rw ay  in ten d  to  use, 

as p a r t  o f  a bo x  m odel, a sim ple  w a te r q u a lity  c lassification  
based  on  d isso lved  oxygen levels, fo r  th e  re g u la tio n  o f 
sa lm o n  fa rm  size an d  location .

® F in lan d : a B altic  a p p ro ac h  to  m odelling  en v iro n m en ta l 
im pacts fro m  n u trie n ts  an d  o rg an ic  w aste  w as p u b lish ed  in 
1991 (M ak in en  1991) bu t h as never been a d o p te d  by the 
regu lators .
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•  Sw eden: m odels fo r p o ten tia l use by th e  re g u la to r  a re  u n d e r 
d ev e lo p m en t (N o rd v a rg  an d  H a k an so n  2000). B altic  m o d ­
els, b ased  on  m ass b a lance  eq u a tio n s  fo r  p h o sp h o ru s  (the 
lim iting  n u tr ie n t in th e  Baltic) th a t p re d ic t th e  increase  in 
su rface  w a te r  to ta l p h o sp h o ru s  due to  fish fa rm  em issions, 
h ave  been developed  as a  to o l to  assist in  c o a s ta l  p lann ing , 
in  o rd e r  to  identify  a rea s th a t  a re  p o ten tia lly  sensitive  to  fish 
fa rm  developm ent. In  ad d itio n , a m o d el p red ic tin g  the 
v a riab ility  in oxygen c o n ce n tra tio n  an d  c o n su m p tio n , thus 
assessing  risk  a rea s in  the B altic  co as ta l a re a , h as been 
developed  by C arlsso n  et al. (1998).

•  D en m ark : in D e n m ark , m odelling  per se  is n o t  u sed  fo r the 
reg u la tio n  o f  m aricu ltu re  a lth o u g h  th ere  is an  o verall lim it 
to  the  release o f  n u trie n ts  an d  o rg an ic  m a tte r  to  D an ish  
w a ters  b ased  o n  H E L C O M  stud ies fo r th e  B altic.

•  T h e  N e th erlan d s: a n  ecosystem  m odel develo p ed  fo r th e  
O osterschelde  ecosystem  h as been u sed  to  sim ulate  
th e  im p a c t o f  n u trie n t in p u t red u ctio n  by shellfish, to  the 
O o sterschelde  estuary .

•  S co tlan d : sim ple bo x  m odels (e.g. M D L  C N S N T  1) are  
in  use  to  p red ic t cage fa rm  im p ac ts  on  n u tr ie n t levels 
(G illib ran d  a n d  T u rre ll 1997b). T h e  flu sh ing  tim es o f  the  
m a jo rity  o f  lochs in  S co tlan d  are  p u b lish ed  (E d w ard s an d  
S h arp ies  1986) an d  they  can  be  used  to  develop a 
m o delling  s tra teg y  (n u trien t en h an cem en t m odel) w here 
w a te r  bod y  flushing ra tes c a n  drive  risk  assessm en t, i.e. 
rap id ly  flushed system s m ay  n o t be a t  risk . T h e  reg u la to rs  
a n d  co n su ltées use these  d u rin g  the a p p lic a tio n  E IA  and  
licensing  process.

•  Ire lan d : in Ire lan d  tw o- an d  th ree -d im en sio n a l h y d ro d y ­
n am ic  m odels (D IV A S T  a n d  T R IV A S T ) a re  in  use  to  study 
p lum es o f  n u trie n ts  fro m  cages. R ecen t d ev elo p m en ts  have 
included  a  link  betw een a h y d ro g rap h ic  d a ta  m o d u le  an d  
n u tr ie n ts  m odu le , to  p red ic t n u trien ts  en h an c em e n t. Such  a 
m o d el is equally  ap p licab le  a n d  is used to  p re d ic t in p u ts  o f  
m edicines. T h is  a p p ro a c h  is u sed  by th e  fish fa rm  in dustry  
( th e ir c o n su ltan ts)  in  Ire lan d  fo r en v iro n m en ta l im p ac t 
s ta tem en ts  (E IS ), as p a r t  o f  the ap p lic a tio n  p rocess . T hey  
h av e  a lso  been used in  a  m ulti-fa rm  scen ario . N o  e n v iro n ­
m en ta l q ua lity  (E Q ) ta rg e ts  have been  developed  by the 
reg u la to r.

•  F ran ce : in  F ran ce , m odels a re  re co m m en d ed , as a 
reg u la to ry  to o l w ith in  th e  E IS , to  o b ta in  a n  ex p lo ita tio n  
pe rm it. T h e  m o d els m o st freq u en tly  used  a re  m ath em a tica l 
m o d els describ ing  th e  hy d ro d y n am ics in a  tid a l en v iro n ­
m en t (i.e. a rea s o f  th e  E u ro p ea n  c o n tin e n ta l shelf). T hey  
can  be  a tta ch e d  to  a  fish w aste  p ro d u c tio n  m o d el an d  are 
used  to  estim a te  so lub le  a n d  se ttleab le  lo ad in g s, a lo n g  w ith 
th e ir  c o n ce n tra tio n  a n d  deposition . T hese  m o d els a re  ru n  
by th e  fish fa rm  ap p lican ts. A  linear m o d e l to  p red ic t 
d issolved o rg an ic  n itro g e n  fro m  a  re c ircu la tin g  system  by 
sea b ass  (D icentrarchus labrax ) is in  use  a n d  fo r open  
system s, a m od ifica tio n  o f  th e  m etab o lic  m o d el o f  Stige- 
b ra n d t  (1995) h a s  been  developed . C a rry in g  capacity  
m odels th a t  p red ic t th e  o p tim al s tan d in g  shellfish b iom ass 
to  be  ra ised  in  a  given b asin  o r bay  h ave  been  used  in tw o 
cases, to  give advice to  th e  reg u la tio n s a u th o ritie s  (B acher 
et al. 1998).

•  P o rtu g a l: there  a re  no  m odels in use fo r  re g u la tio n  o r E IA  
b u t a tro p h ic  cap ac ity  m o delling  a p p ro a c h  is b e in g  used  to 
s im ula te  bivalve g row th , an d  de te rm in e  th e  c a rry in g  capacity  
o f  cu ltu red  a rea s as a fu n c tio n  o f  sed im en t q u a lity , w a ter 
c ircu la tio n , b a th y m e try  a n d  h u m an  im pact.

M odelling of o rgan ic  im pacts -  sum m ary

T h e  d e p o s itio n  o f  o rg an ic -rich  w aste  on  th e  sea b e d  is targe ted  
by m o d e llin g  o n  a  lo ca lized , fo r  exam ple, 200 m  scale. T he 
p o ten tia l f o o tp r in t  o f  th e  o rg an ic  w aste  a n d  its  d ispersion  
ch a ra c te ris tic s /in ten s ity , is m odelled  using  p a rtic le  track in g  or 
d ep o sitio n  m o d e ls . T h ese  u tilize  th e  se ttling  charac te ris tics  of 
feed an d  fa e c e s  an d  th e  d ispersa l charac te ris tics  o f  the w ater 
body , b ased  u p o n  th e  fu n d a m e n ta l a p p ro a c h  initially  des­
crib ed  by G o w e n  et al. (1989). A lterna tives a re  to  use sim ple 
flushing m o d e ls  to  ca lcu la te  lo ad in g  levels (S ilvert 1992) and 
m eth o d s d e sc rib e d  by H ev ia  e t a l. (1996). R ecen t w ork  has 
a lso  led to  m o d e ls  su ch  a s  D E P O M O D  (C ro m ey  et al. 2000) 
be ing  d ev e lo p ed  a n d  ex ten d ed  to  include b e n th ic  biological 
im p ac ts  a n d  a lso  resuspension .

IC E S  (1999) re p o rts  th a t  th e  m ain  recen t d ev elopm en ts are 
th e  re co g n itio n : (i) th a t fish faeces m ay  n o t c losely  resem ble 
co h eren t p a r tic le s ; an d  (ii) o f  th e  im p o rtan ce  o f  resuspension 
o f  b o tto m  se d im e n ts  in  so m e lo ca tio n s an d  th e  consequentia l 
re d is tr ib u tio n  o f  sed im en ted  w aste.

T h e  m o d e ls  in  use can  be used  d u rin g  th e  E IA  and 
c o n su lta tio n  p rocess to  p re d ic t im pacted  a rea s  in a  w ater 
b o d y  o r o n  th e  sea bed  an d  these, co m b in ed  w ith  E Q S for 
b io log ical o r  c a rb o n  d e p o sitio n , a re  now  used  to  regulate 
im pacts.
• N o rw ay : im p a c t m odels h av e  been  developed  to  s tu d y  the 

sp read in g  o f  faeces a n d  p a rticu la te s  u n d e r m arin e  cage 
fa rm s. T h e s e  a re  co m p le ted  b u t n o t in ro u tin e  use  a t  th e  time 
o f  w riting . T h e  m odels a re  p a r t  o f  th e  M odelling /O ngrow ing  
F ish  F a rm s /M o n ito r in g  (M O M ) system  (H ansen  et al. 
1997). T h e  m odels co m p u te  th e  release o f  p a rticu la te  waste, 
se ttlem en t o n  th e  sea bed  a n d  n u tr ie n t release. T h ey  c an  alsc 
be  used  to  assess oxygen c o n su m p tio n  in  cages.

•  S co tlan d : fo r  cage fish fa rm s in S co tlan d , O P E N S E D  
(G illib ra n d  a n d  T u rre ll 1997a), a m od ifica tio n  o f  G o w en ’s 
c a rb o n  d e p o s itio n  m odel, is in  use  b y  the S co ttish  Executive 
R u ra l A ffa irs  D e p a rtm en t fo r  E IA  assessm ent. T he m odel is 
a  p a r tic le -tra ck in g  m o d el w h ich  sim ula tes adv ec tio n  and 
d iffusion  in  tw o  d im ensions u sing  a  ra n d o m  w alk  techn ique  
D E P O M O D  (C rom ey e t al. 2000) h as recen tly  been devel­
oped  to  p re d ic t  d ep o sitio n  o f  o rg an ic  a n d  m edicinal waste 
a n d  to p re d ic t  ben th ic  b io lo g ical im p ac ts , in term s o f  ar 
‘in fau n a l tro p h ic  index’ (C o d lin g  a n d  A shley  1992). The 
S co ttish  E n v iro n m e n t P ro te c tio n  A gency (SE PA ) is co m ­
m itted  to  a d o p tin g  the m o d e l as a fu rth e r a id  to  establishing 
a p p ro p ria te  b iom ass lim its a n d  im p ac t zones a t  fish farrr. 
sites. (D E P O M O D  is a lread y  used in th e  reg u la tio n  ol 
in-feed m edicines). T he m o d el com prises m odules covering 
th e  h y d ro d y n a m ic  regim e, d ispersion , se ttlem ent, re su sp en ­
sion , m edicine  decay, fish g ro w th , th e  d e g rad a tio n  o f  c a rb o r 
an d  b io log ical co m m u n ity  changes. C u rren tly , licensing 
m ax im u m  site  b iom ass o f  finfish is used to  ind irectly  m anag t 
seabed  im pacts . A longside the use o f  D E P O M O D , hydro- 
g rap h ic  d a ta  (m ean  c u rre n t speed a n d  d irec tio n , currem  
residuals p lus p e rio d  o f  still w ater) a n d  b en th ic  in fau n a l data 
a re  used in  a  sim ple  re la tio n sh ip  ‘decision  gu id an ce  m odel 
b y  SE P A  (1998). B iological q u a lity  c rite ria  have been set 
aga in st w h ich  to  m o n ito r  th e  su s ta in ab ility  o f  th e  site 
D ev elo p m en t w o rk  is u n d e rw ay  to  d e te rm in e  th e  a p p ro p ri 
a teness o f  these  m odels fo r  w aters in  S he tlan d  a n d  O rkne] 
Islands, w here  o rgan ic  im p ac ts  m ay  b e  m itig a ted  b ' 
w eather-d riven  events.

•  Ire lan d : th e  m odel D IV A S T  p red ic ts sed im ent dep o sitio r 
below  cages, a lth o u g h  th e  m o d el has lim ita tions in  term s o
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se ttlem en t ra te s  o f  faeces an d  feed. B enthic q u a lity  c rite ria  
a re  being  developed , 

o Spain: a n  ecosystem  m odelling  a p p ro a c h  (n o t being covered 
in  deta il w ith in  th e  scope o f  th is  p ap er), w here the  im p ac t on 
th e  b en th ic  fa u n a  w as included  h a s  been com prehensively  
re p o rte d  (T en o re  e t  al. 1982) a n d  ap p lied  in calcu la tin g  m ass 
b a lances a n d  fo r p ro v id in g  a n  insigh t in to  th e  carry in g  
cap ac ity  o f  th e  su sp en d ed  m ussel cu ltu re  in th e  S p an ish  rias. 
A n  academ ic  g ro u p  a re  cu rre n tly  w o rk in g  w ith  th e  a q u a ­
cu ltu re  in d u stry  a n d  S pan ish  g o v ern m en t o n  b en th ic  im p ac t 
a ssessm ent a n d  m odelling  o f  fish fa rm  debris (R u iz  e t  al. 
1999).

o P o rtu g a l: eco log ical m odels fo r extensive a q u ac u ltu re  in 
P o rtu g a l h ave  lin k ed  h igh a q u a c u ltu re  activity  w ith  oxygen 
dep le tio n , w ith  fish p ro d u c tio n  be ing  dep en d en t on  n a tu ra l 
fo o d  av ailab ility  a n d  e n v iro n m en ta l co nd itions (G am ito  
1997). N o  re g u la tio n  takes p lace  u sin g  these m odels.

M odelling o f medicines im pacts -  sum m ary

T h e  use o f  an tib io tic s  in  m an y  E u ro p e a n  co u n tries h as been 
extensive b u t  is declin ing . H ow ever, novel b a th  trea tm en ts  o r 
in -feed  p re p a ra tio n s  fo r sea lice h as req u ired  m odels (identified 
be low  in a p p ro p ria te  p a rag ra p h s) to  address the sp read  o f 
d issolved substances o r  particulàtçj?  to  w hich the m edicines are 
a tta ch ed . T h e  m o d els  can  be used  d u rin g  the E IA  an d  
co n su lta tio n  p rocesses to  p re d ic t im p ac ted  areas, in a  w a ter 
b o d y  o r o n  th e  sea b ed  a n d  co m b in ed  w ith  E Q Ss fo r specific 
trea tm en ts , are now  used  to  reg u la te  th e  substances.
° Sco tland : in  o rd e r  to  reg u la te  th e  use  o f  sea-lice trea tm e n t 

chem icals it  is necessa ry  to  p re d ic t th e  d ispersion  fo llow ing  
trea tm en t. M o d e ls  o f  m edicines d ispersion  a re  a lready  
av ailab le  fo r  sem i-enclosed  S co ttish  sea lochs (T urre ll 
1990; D avies e t al. 1991; G illib ran d  a n d  T urre ll 1997a, b). 
A s the e n v iro n m en ta l s ta n d a rd s  se t fo r  m edicinal residues in 
S co ttish  w a ters  a n d  sed im ents a fte r  trea tm en t are, in  som e 
cases, below  th e  an a ly tica l d e tec tio n  lim it, a m odelling  
a p p ro a c h  h as been a d o p te d  fo r regu la tion . P red ictive  
m o d els a re  th e re fo re  used  to  se t ta rg e t values fo r residues, 
d ep en d in g  o n  th e  c u rre n t speed, th e  d ispersion  coefficient o f  
th e  w aters a t  th e  site  a n d  th e  b eh av io u r/co n cen tra tio n  o f  th e  
m edicine  a t  trea tm e n t. T h e  a p p ro a c h  is used  by the  
re g u la to r, to  se t a  p e rm itted  q u a n tity  th a t  the fa rm  m ay  
use. D E P O M O D  (C rom ey  e t a l. 2000) has been m odified  fo r 
in-feed lice trea tm e n ts  to  ta k e  a c c o u n t o f  differing h a lf  lives 
o f  th e  m edicines, th e ir  p ersistence  in sedim ents, resuspension  
a lo n g  th e  sea  b e d  a n d  also to  ta k e  acco u n t o f  differing  
digestive loss th ro u g h  th e  fish itself. T h e  reg u la to r has 
fu rth e r developed  th e  d ec ision -m ak ing  process by se tting  
en v iro n m en ta l ta rg e t c rite ria /E Q S s, to  p e rm it a p red ic ted  
safe  level o f  use, o n  a  site-by-site  basis a n d  to  de term ine  
re tre a tm en t levels.

° Ire lan d : th e  m o d el D IV A S T  p re d ic ts  so lub le  an d  p a r ticu la te  
m edicine tra n s p o r t fro m  fish cages.

« Italy : m o st a q u a c u ltu re  in  I ta ly  is lan d  based  a n d  specific 
a q u ac u ltu re  m o d els  fo r  re g u la tio n  are  ra re . T he fugacity  
m odels (E Q C  -  E n v iro n m e n ta l T ox ico logy  and  C hem istry ) 
o f  D i-G u a rd o  e t al. (1994) re la te  to  im pacts from  chem icals. 
A n o th e r  m o d el (S O IL F U G ) also  h as th e  p o ten tia l fo r  use  in 
im p ac t a ssessm en t fro m  a q u a c u ltu re  chem icals. T h ere  is 
w o rk  in p ro g ress to  s tu d y  th e  en v iro n m en ta l im p ac t o f  
a n tib io tic s  d ru g s fro m  a q u a c u ltu re  an d  also on  w a te r  
c o n ta m in a tio n  by h u m a n  a n d  v e te rin a ry  drugs (D . C a lam ari 
2000, p e rso n al com m .).

Overview o f future developments

F u tu re  d ev elopm en ts a re  likely to  be  developed  to  p red ict 
im p ac ts  in a  m o re  in te g ra te d  w ay an d  to  ta k e  acco u n t o f  m u lti­
u ser a n d  m ultip le  q u a lity  objectives. In  th is m an n e r, im pacts 
m ay  be likely to  be  stu d ied , m o re  specifically, a t  e ith e r a local 
o r  a  reg io n a l level. F o r  c o n tin u ity  how ever, d ev elopm en ts are 
reco rd ed  be low  by im p ac t ra th e r  th a n  by  scale.

Finfish farming

Nutrient impacts. C age fa rm s a re  being enco u rag ed  in to  m ore 
o p en  w aters, co n seq u en tly  the risk  o f  h y p e rn u trific a tio n  m ay 
be d im in ish ing . S tru c tu re d  research  a n d  m ajo r m o d els how ­
ever, a re  still needed  to  investigate  th is issue. D e tailed  m odels 
will b e  req u ired  to  tak e  acc o u n t o f  ‘w ho le’ sea o r  reg ional 
system s fro m  th e  reg u la to ry  p o in t o f  view  a n d  shou ld  include 
diffuse sources, such  as lan d  ru n  off o r  fo res try  a n d  fa rm in g  as 
a  so u rce  o f  n itro g en  a n d  p h o sp h o ru s . N u tr ie n t b u d g e ts  will 
need  to  be  co n sidered . A lth o u g h  to o ls  exists to  ta k e  in to  
acc o u n t o v erlap p in g  fa rm  ‘fo o tp r in ts ’ o r  w here  a  n u m b e r o f 
sites a re  lo ca ted  in  a  single system , they  a re  n o t w idely applied . 
T h e  dev elo p m en t in  Ire lan d  o f  M O D E S T IS  (H a r tn e tt  2000, 
p e rso n a l co m m .), a  tw o -d im en sio n a l m u ltip a ra m e te r m odel, 
m ay  p ro v id e  a  step  to w a rd s  supply ing  reg u la to rs  w ith  a w ater 
q u a lity  to o l to  assess im p ac ts  fro m  m u ltip le  cage fa rm s w ith in  
on e  w a te r  body .

T h e  m ain  a rea s o f  d evelopm en t req u ired  in ‘larg e ’ m u ltifa rm  
m o d els is likely to  be reso u rce  driven  a n d  include th e  fu rth er 
en h an cem en t o f  existing  m eth o d s th a t  tak e  in to  a c c o u n t the 
p ro p o r t io n  o f  w a te r  w hich leaves th e  in le t on  one tide  and  
re tu rn s  on  th e  n ex t. T h is w ill req u ire  th e  acq u isition  o f  b e tte r 
d a ta  se ts to  give a  b e tte r  know ledge o f  en v iro n m en ta l ranges. 
T h ere  is a lso  a  reco g n itio n  o f  th e  im p o rta n ce  in  so m e a rea s o f  
b o tto m  c u rre n ts , in duced  by w ind/w ayes, in  the resuspension  
a n d  re d is tr ib u tio n  o f  m a te ria l fro m  th e  sea bed (IC E S  1999). 
T h e  m a in  flu sh in g /w ate r exchange  m echan ism s differ betw een 
a reas. In  so m e cases, tida l flushing is d o m in a n t, in  o thers 
fresh w ate r in p u ts  have s tro n g  effects on  th e  c u rren t p a tte rn . In  
a reas, su ch  as th e  M ed ite rran ean  Sea a n d  S he tlan d  Island 
V oes, w a te r  m o v em en ts  can  be d o m in a ted  by ep isod ic  events 
in  resp o n se  to  w inds. T h e  m o delling  o f  ep isod ic  o r  excep tional 
even ts w h ich  co u ld  g reatly  influence th e  en v iro n m en t, is very 
com plex. A d d itio n a lly , a reas w here  h igh ly  chan g eab le  env i­
ro n m en ta l co n d itio n s  p revail will a lso  p ro v e  a  challenge.

O rganic impacts. A  resum e o f  a p p ro ac h es  to  m odelling  o rgan ic  
im p ac ts  o f  fish fa rm s up  to  1994 is given by H a rg rav e  (1994) 
a n d  extensive  w o rk  in  ev a lu a tin g  m odels is p resen ted  by Silvert 
(1994). P ro g ress h as been m ade  in  linking th e  physics o f 
p a r tic u la te  w aste  d ep o sitio n  w ith  th e  resp o n se  o f  th e  ben th ic  
co m m u n ity . S tud ies o f  th e  changes o f  ben th ic  co m m unities 
over tim e, in  resp o n se  to  b en th ic  e n rich m en t fro m  fish farm s, 
h ave  been  re p o rte d  (Sow les et al. 1994). I t  has also been  show n 
th a t  a  p red ic tiv e  m odel co u ld  be developed  fo r  sites ex posed  to 
c o n s ta n t c a rb o n  lo ad in g , w hich  c an  ta k e  several years  to  reach  
m ax im u m  im pact. A  pred ic tive  m o d el b ased  on  th e  b a lan ce  o f 
b e n th ic  oxygen supp ly  and  d em an d  h as a lso  been develo p ed  in 
M ain e  fo r use in siting  decisions (F in d lay  an d  W h atlin g  1997).

W ild ish  e t al. (1999) have exp lo red  th e  iden tifica tio n  o f 
usefu l, econom ica l a n d  cost-effective p ro x y  indices [redox 
p o ten tia l (E h) a n d  su lph ide  co n ten t] to  qu an tify  ben th ic  
im p ac ts  in th e  B ay o f  F u n d y . A  sim ilar a p p ro ach  u sing  p H  
a n d  red o x  is included  in the M O M  process. Q u a n tita tiv e  and
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q u a lita tiv e  sed im en t q u a lity  c rite ria  (su lphide, redox , trace  
m etals) h ave  been se t recently , by SEPA  (1998), a longside  
ben th ic  in fau n a l c rite ria , to  de te rm in e  m o n ito rin g  a n d  regu­
la tion  a c tio n  levels.

B en th ic  scaveng ing  o n  excess pellets o r  faeces falling  
th ro u g h  th e  w a ter co lu m n  c an  reduce th e  ac tu a l d ep o sitio n  
o f  these  m ate ria ls  o n  th e  sea bed an d  is reco rd ed  in 
S co tland , Israel a n d  F re n c h  M ed ite rran ean  sites. T h e  risk  o f  
w aste  in-feed  m edic ines pelle ts being consum ed by scav en ­
ging fish  a n d  sp read  th ro u g h  th e  food  chain  h as a lso  been 
h igh ligh ted  recently . Such  processes are recognized  as 
im p o rtan t, b u t  re liab le  (realistic) m odelling  is n o t  yet 
possible. A  co m b in a tio n  o f  m odelling  w ith em pirical field 
d a ta  w o u ld  p ro b a b ly  be req u ired  a n d  is recom m ended  (IC E S
1999).

T h ere  is co n tin u e d  dev elo p m en t o f  D E P O M O D  to  in co r­
p o ra te  a  m o d u le  to  assess d issolved oxygen availab ility  to  the 
ben th o s a n d  effects o f  d issolved oxygen stress an d  it is in ten d ed  
th a t D E P O M O D  be freely  availab le  to  researchers an d  
reg u la to rs  w ith in  th e  E U  (B lack  2000, p e rso n al com m .). S E P A  
is d evelop ing  a  s tra teg y  fo r using D E P O M O D  to  se t site- 
specific b iom ass.

T h e  im p a c t o f  s tru c tu re s  is u n d e r serious d iscussion  
(W. S ilvert, p e rso n al co m m .) a n d  ro u tin e  m odelling  m ay  tak e  
place a t  som e fu tu re  d a te . T hese  s tru c tu res include cages, ra fts  
an d  rop es, all o f  w h ich  p ro d u ce  d ra g  o r friction , th a t  m ay 
im pact o n  th e  loca l h y d ro d y n am ics o f  the g row ing  area , 
indirectly  affecting  th e  loca l se ttling  an d  resuspension  c h a ra c ­
teristics o f  the site. In  C h e rb o u rg  bay  the c u rre n t velocity  was 
found  to  increase  u n d e r  th e  cage ne ts , decreasing  th e  d ep o s­
ition  o f  m a te ria l im m ed ia te ly  u n d e r the cages (M ercero n  e t  al. 
1997). C u rre n tly  re g u la to rs  do  n o t take  th is im p ac t in to  
ro u tin e  c o n sid e ra tio n .

M edicines. In  d evelop ing  risk  assessm ents fo r the use  o f  sea- 
lice m edicines, E Q S s have  been developed to  p ro tec t the 
m arine  e n v iro n m en t a n d  n o n -ta rg e t species. As som e o f  these 
EQ Ss in  w a ters  an d  sed im en ts a re  below  the  d e tectab le  lim it 
analytically , a p red ic tiv e  m odelling  a p p ro ach  h as been  devel­
oped by th e  reg u la to rs  to  de te rm in e  safe levels fo r  use  in the 
m arine  en v iro n m en t in  th o se  co u n tries w here they  are  
con tro lled . S tric t tre a tm e n t regim es fo r th e  m edicines a re  key 
to  a m o delling  a p p ro a c h  a n d  a lth o u g h  a  site-specific a p p ro ac h  
is re levan t, th e  w ho le  w a te r  b o d y  lice trea tm en t stra teg ies being 
ad o p ted  by th e  in d u s try  will req u ire  a  w ide-field ap p ro ach . In  
ad d itio n , th e  fa te  a n d  p a th w ay  o f  th e  active in g red ien t o r  its 
b reak d o w n  p ro d u c ts , is o ften  n o t well u n d e rs to o d  an d  issues 
o f  chem ical decay, re tre a tm e n t tim es an d  resuspension  o f 
sedim ents fo r in -feed  m edicines a re  critical a rea s fo r im p ac t 
p red ic tion  m odelling . A dvective  a n d  diffusion m odels are 
relevant to  p re d ic tin g  effects o f  chem icals an d  w o rk  is 
p rog ressing  in  C a n ad a .

T here  a re  p lan s to  a d d  a  h y d ro d y n am ic  m o d el to 
D E P O M O D  in  a d d itio n  to  th e  sea-lice trea tm en ts  co m p o n en t 
(K . B lack  2000, p e rso n a l com m .). T h e  la tte r  will a im  a t 
p red ic ting  c o n ce n tra tio n s  in  sea w a ter fo r  so luble trea tm en ts  
and  in  sed im en t a n d  b io ta , fo r  in-feed trea tm en ts .

Trace m etals and biocides. T h e  H e a lth  an d  Safety E xecutive  in 
the U K , is beco m in g  increasing ly  concerned  a b o u t th e  use  o f  
a n tifo u lan ts  in  re la tio n  to  aq u acu ltu re  and  som e in te res t is 
being show n by th is b o d y , in  develop ing  a  m odelling  a p p ro ac h  
to im p ac t a n d  risk  assessm ent.

Shellfish farming

Nutrient impacts. Shellfish -re la ted  m odels a re  n o t cu rren tly  
a p p lied  to  reg u la to ry  o b jec tiv es b u t o rig ina te  from  eu tro p h ic -  
a tio n -re la ted  s tu d ies , a d d re ss in g  n u tr ie n t cycling in ecosys­
tem s. T h e  m ain  re ferences to  b e n th ic -p e lag ic  m odel s tu d ies a re  
review ed in  H e ip  e t al. (1995) an d  H erm an  e t al. (1999). 
S tu d ies  in  San F ran c isco  B a y  (Officer e t al. 1982) a n d  m o re  
recen tly  by L u cas et a l. (1999) m odel th e  role o f  shellfish o r  
b e n th ic  filter feeders.

T h e  ‘p ro d u c tio n ’ a n d  ‘c a rry in g  cap ac ity ’ m odels th a t  h ave  
been  developed  fo r  shellfish cu ltu re  w ere b ro u g h t to g e th e r a t  
th e  T R O P H E E  w o rk sh o p  in  P lym outh , U K  in 1996 (B ayne 
a n d  W arw ick  1998). P ro d u c tio n  m odels looked  a t th e  g ro w th  
a n d  dev elo p m en t o f  b ivalves u n d e r d ifferen t co n d itio n s. 
S ch ö lten  an d  S m aal (1999) p resen ted  a  m odel w hich  a im ed  
to  s im u la te  g ro w th  a n d  re p ro d u c tio n  o f  ind iv idua l m ussels, 
w h ich  w as to  be used  as a  m an a g em e n t to o l in eu tro p h ica tio n  
a n d  ca rry in g  cap ac ity  stud ies . M odels by F rech e tte  a n d  B acher 
(1998) fo u n d  th a t  m ussel g ro w th  cou ld  be m odelled  a s  a  
fu n c tio n  o f  sto ck in g  den sity  a n d  th e  results p ro v id ed  m uch  o f  
th e  in fo rm a tio n  usually  req u ired  fo r m an ag in g  cu ltu red  
p o p u la tio n s .

A  m ussel p ro d u c tio n  m o d e l, M U S M O D  (C am pbell a n d  
N ew ell 1998) w as developed  to  seed b o tto m  cu ltu re  lease sites 
in  M a in e  to  th e ir  o p tim a l carry in g  cap acity . T h is m o d el 
p red ic ted  m ussel p ro d u c tio n  from  a n u m b er o f  physical a n d  
b io lo g ica l variab les. C a rry in g  capacity  m odels w hich o p e ra te  
a t  loca l scale a n d  are  ap p lied  in site  selection  o r a t  ecosystem  
scale, co n sid er g ro w th  o f  shellfish as a  fu n c tio n  o f  ecosystem  
ch arac te ris tic s  such  as p rim a ry  p ro d u c tio n , s tan d in g  sto ck  o f  
b ivalve  filter feeders a n d  in te rac tio n  w ith  o th e r co m p e tito rs  
such  a s  Z ooplankton .

A n o th e r  experience in re la tio n  to n u tr ie n t im pacts, is th e  
c u ltu re  o f  shellfish in n u tr ie n t-p o o r  en v iro n m en ts , as is now  
ca rr ie d  o u t in N o rw ay . R ecen t s tud ies have show n th a t  
n u tr ie n t  ad d itio n  to  an  o lig o tro p h ic  N o rw eg ian  fjo rd  enh an ced  
sca llo p  an d  m ussel g ro w th  (R e itan  2000). In  th is  fram ew o rk  
m o d e l developm en t a lso  tak e s  place.

Seabed modelling. R esearch  o n  m odelling  th e  ben th ic  im p ac t o f  
m usse l farm ing , p rim arily  by ad ap tin g  th e  fish fa rm  im p ac t 
m o d e l D E P O M O D  h as recen tly  been cond u cted  in S co tlan d  
a n d  Ire la n d  (C h am b erla in  e t  a l. 1999). In itia l resu lts  suggest 
th a t  th e  p red ic ted  ra te  a n d  ex ten t o f  dep osition  o f  w aste  co u ld  
be lin k ed  to  th e  observed im p ac t on  sed im en t a n d  b en th ic  
fa u n a . F u r th e r  d a ta  on  th e  settling  ra te  o f  faeces an d  
pseu d o faeces an d  o n  th e  tem p o ra l v a ria tio n  o n  seston  levels 
is req u ired . Sim ilar research  is p resen tly  being co n d u cted  in 
C a n a d a  w ith  th e  ad ded  objective  o f  in co rp o ra tin g  a  b e n th ic  
p r im a ry  p ro d u c tio n  co m p o n en t. R esearch  h as a lso  been 
c o n d u c te d  in  F ran ce  to  de te rm in e  th e  im p ac t o f  b io d ep o sits  
fro m  o y ste r tab le  system s in th e  reg ion  o f  M aren n e -O rlean  an d  
su sp en s io n  line cu ltu re  in  th e  E tan g  de T h a u  reg ion  (B acher 
e t al. 1998).

A  sim ila r m odelling  a p p ro ac h  is cu rren tly  being  developed  
fo r su sp en d ed  m ussel cu ltu re  in S a ld an h a  Bay (S o u th  A frica). 
T h e  im p ac t o f  b io deposits  on  the b en th ic  co m m u n ity  w as 
desc rib ed  by S ten ton -D ozey  e t al. (2000) an d  em pirical d a ta  
a re  n o w  in teg rated  in  a S T E L L A -b ased  m odel, a cco rd in g  to  
th e  E C O P A T H  a p p ro ach  described  by C hristen sen  an d  P au ly  
(1993). S im ula tions w ere m ad e  o f  th e  im pact o f  m ussel ra fts  
o n  co m m u n ity  co m p o sitio n  (S ten ton -D ozey  an d  S h a n n o n  
2000 ).
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Integration

A  m o re  in teg ra ted  trea tm en t a n d  m an ag em en t a p p ro a c h  is 
now  u n derw ay , w hich  will req u ire  m o d els to  tak e  acc o u n t o f  
w hole loch  system s an d  any trea tm e n t stra teg ies ad o p te d  by 
th e  indu stry . W ith  the  developm en t o f  in fectious sa lm o n  
a n a e m ia  in S co tlan d  in 1998/99 a  m o re  in teg ra ted  a p p ro ac h  
to  sea-lice trea tm e n ts  will req u ire  ra p id  d evelopm en t o f  
m odels. G en era l m odels a re  n o w  being  in teg ra ted  w ith  
m o d els o f  ecosystem  processes, p a rticu la rly  pelag ic  processes 
a n d  n u tr ie n t reg en era tio n  from  sed im en t (e.g. th e  E R S E M  
m odel). E cosystem  m odels a re  u n d e r  d evelopm en t w h ich  are 
m u ltip a ra m e te r, m u ltifu n ctio n al m o d els d irec ted  a t study ing  
w ho le  loch  system s over an a n n u a l cycle (W . G u rn ey  1999, 
p e rso n a l com m .). M O D E S T IS  (E la rtn e tt 2000, p e rso n al 
co m m .) is an  exam ple  used in  Ire lan d  fo r p red ic ting  to ta l 
w a te r qua lity . P red ic tio n s o f  c o n d itio n s likely to  p ro m o te  
tox ic  a lga l b loom s also requ ires to  be  addressed . A n 
eco log ica l m odel o f  th e  Sado  e stu a ry  in P o rtu g a l is being  
d ev eloped , to  in teg ra te  th e  es tu a rin e  n u trie n t dynam ics and  
an aly se  th e  re la tive  im p o rtan ce  o f  in d u stria l, dom estic  and  
fish fa rm  effluents, th e  p ro d u c tiv ity  a n d  th e  p la n k to n -  
b e n th o s  in te rac tio n s . In teg ra tio n  w ith in  th e  fram ew o rk  o f  
c o as ta l zone m an ag em en t considers th e  developm en t o f  
decision  su p p o rt system s. A lth o u g h  still in a n  experim ental 
ph ase , reference can  be m ade  to  such an  a p p ro a c h  fo r the 
W ad d e n  Sea (resu lts a re  accessib le th ro u g h  in te rn e t h t tp : / /  
w w w .w addense .n l.) O th e r m o d els w hich  are  evolving in 
co asta l zone m anagem en t, stu d y in g  th e  in te rac tio n s o f 
a q u a c u ltu re  w ith  o th e r w a ter users, include  a  fuzzy logic 
ex p ert system  called  S IM C O A S T  (M cG lad e  a n d  Price 1993; 
M cG lad e  1997).

Key conclusions

e T h e  explicit use o f  m odels in  p lan n in g  reg u la tio n  an d  
im p a c t m an ag em en t is very  lim ited  b u t it ap p ears  th a t 
co n sid erab le  im plicit use d o es o ccu r in th e  reg u la tio n  
process.

° M o d e ls  a p p ea r to  be  best developed  w here  aq u acu ltu re  is 
well e stab lished  as a  g row th  in d u stry , fo r exam ple , N o rw ay , 
S c o tla n d , C a n a d a  an d  USA.

•  E ffective m odelling  o f  im p ac ts  fro m  a q u ac u ltu re  is tak in g  
p lace  p rim arily  in  n o rth e rn  E u ro p e .

® C u rre n t m odels a re  consid ered  to  be lim ited  in  scope b u t do  
co v er th e  m ain  h y d ro d y n am ic  a n d  p a rtic le  processes.

• T h e  in teg ra tio n  o f  m odelling  in to  reg u la tio n  an d  m o n ito rin g  
p ro g ram m es is n o t accep ted  E urope-w ide.

•  M a n y  m odels exist th a t a re  re la ted  to  n o n -a q u ac u ltu re  
im pacts . Som e o f  these a re  freely  availab le. O th ers  a re  u n d e r 
developm en t.

® K ey  a rea s o f  m odelling  u n c erta in ty  su rro u n d : se ttling  
ve locities/faecal q ua lity  a n d  feed type, d isp e rsio n  coeffi­
c ien ts, re su spension  p a ram ete rs  a n d  ch aracteris tics , w hole 
w a te r  b o d y /m u lti-fa rm  im pacts , h o ld in g  capacity , n u tr ie n t 
fluxes, ecosystem  effects, 

o C o n sid e rab le  expertise  exists in  E u ro p ea n  In s titu te s  an d  
scientific  o rgan izations.

® D iffe ren t a p p ro ach es  have been  developed  in different
c o u n trie s  in re la tio n  to  d e te rm in in g  h o ld in g  o r carry ing
c ap ac ity , p lan n in g  an d  regu la tion .

•  K eys to  th e  fu tu re  d ev elopm en ts include accessibility,
d e fin itio n  o f  E Q Ss, tra in in g  a n d  su p p o r t fo r  users, re so u rc ­
ing , a n d  stru c tu red  research.

Recommendations

General

® T h e  use o f  a  m o delling  a p p ro ac h  in  a q u ac u ltu re  p lann ing , 
reg u la tio n  a n d  m o n ito rin g  sh o u ld  be en couraged .

» M o delling  sh o u ld  be reg ard ed  as an  objective  to o l to  
op tim ize  re so u rce  ex p lo ita tio n , to  su p p o r t ac tiv ities in  m any  
sectors o f  a q u a c u ltu re  includ ing  g ro w th  p red ic tio n , im pact 
m an ag em en t (e.g. o rg an ic  w aste , m edicines, an tifo u lan ts , 
genetics), c o as ta l zo n e  m an ag em en t a n d  p lan n in g  and  
resource  m an ag em en t. R eg u la tio n  sh o u ld  n o t rely  on 
m odelling  a lone.

•  F lex ib ility  in th e  d ec ision -m ak ing  process invo lv ing  m odel 
o u tp u t m u st be  m ain ta in ed .

•  T h ere  req u ires  to  be  an  en ab lin g  e n v iro n m en t fo r  th e  use  o f 
m odels acro ss  E u ro p e . T h is will req u ire  co m m itm en t from  
governm en ts a n d  reg u la to rs , an  in v estm en t in tra in in g , free 
a n d  easy access to  n o n -com m erc ial users o f  ex is ting  m odels, 
techn ical su p p o r t a n d  tra in in g  p rog ram m es.

« M o delling  sh o u ld  be used as p a r t  o f  th e  m o n ito rin g  stra tegy . 
W here  possib le  m o delling  c an  p red ic t d irec tio n a l o r  tem ­
p o ra l im p ac t th u s  a llow ing  a  ta rg e tin g  o f  sam p lin g  resource  
an d  also a rea s a t  ‘r isk ’ from  im pacts.

» M o delling  resu lts  sh o u ld  be  ta k e n  in to  acco u n t w hen 
reg u la to ry  gu idelines a re  developed . EQ Ss sh o u ld  be  set 
locally  o r reg ionally  to  allow  m o d els to  be developed  fo r 
se tting  ex p lo ita tio n  capacity .

Modelling processes

® M odels req u ire  to  be  scaled  a p p ro p ria te ly .
® M o d e l v a lid a tio n  m u st be an  in teg ra l p a r t  o f  th e  m odelling  

process tak in g  a c c o u n t o f  an y  specia l physical, b io tic  o r 
zo o g eo g rap h ica l v a ria tio n . B est av ailab le  d a ta  sh o u ld  be 
used.

® C red ib ility  o f  re g u la tio n  u sing  m odels necessitates good  
va lid a tio n  a n d  fit o f  observed  a g a in s t p red ic ted  values. D ue  
reg ard  m u st b e  ta k e n  o f  m o d el lim ita tio n s  an d  assum ptions. 
T h e  accu racy  o f  p red ic tio n  req u ired  will d ep en d  o n  the 
p u rp o se  o f  th e  m odel. IC E S (1995) recom m ends th e  use  o f 
confidence lim its a ro u n d  pred ic tions.

® M odels req u ire  to  be  fit fo r p u rp o se , fast, user-friend ly , as 
sim ple as possib le , co st effective a n d  tran sp a re n t a s  possible. 
O u tp u ts  sh o u ld  be easily in te rp re ted , e.g. g rap h ica l or 
c o n to u re d  o u tp u ts .

Availability and development

» E xisting  h y d ro d y n a m ic  w a ter q u a lity  m odels cu rren tly  
co n stru c ted  sh o u ld  be  m ade  av ailab le  to  su p p o r t a q u a ­
cu ltu re  dev e lo p m en t a n d  va lid a ted , tak in g  acc o u n t o f  special 
en v iro n m en ta l o r so c io -econom ic  co n sid era tio n s. In fo rm a ­
tio n /d a ta  exchange shou ld  a lso  be enco u rag ed  a n d  the 
delivery o f  m o d els to  th e  client m ig h t be  en h an ced  by expert 
system s (decision  su p p o r t system s).

° T h ere  is a  m a jo r  d a ta  c o n s tra in t on  th e  ap p lica tio n  o f  
m odels in  su p p o rtin g  a q u ac u ltu re  dev e lo p m en t a n d  its 
reg u la tio n  w h ich  in tu rn  is de te rm in ed  by in ad eq u a te  
fu n d in g  o r  research .

» E xisting  im p ac t m odels an d  th e ir p e rfo rm an ce , e.g. 
D E P O M O D , M O M  an d  O P E N S E D  shou ld  be eva lu a ted  
an d  be m ad e  av ailab le  fo r n o n -com m erc ia l use (e.g. u n iv er­
sities, grow ers o r  reg u la to rs) th en  v a lida ted  fo r  o th e r 
lo ca tio n s ta k in g  in to  acco u n t local special co n sidera tions.

http://www.waddense.nl


170 A. H enderson et al

° T h e  developm en t across E u ro p e  o f  site-specific and 
‘re g io n a l’ m odels to  set ho ld ing  cap ac ity  fo r  aq u acu ltu re  
en te rp rise , are req u ired  as a m a tte r  o f  u rgency, 

e T h e  developm ent acro ss  E u ro p e  o f  m o d els to  ad d ress  w hole 
w a te r  b o d y  im pacts from  solu tes (n u trie n ts  a n d  m edicines) 
a n d  a lso  m u lti-fa rm  in pu ts , a re  req u ired  as a  m a tte r  o f  
u rgency .
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