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The organotin (OT) compounds tributyltin (TBT) and triphenyltin (TPhT) are potent biocides that have 
been used ubiquitously in antifouling paints and pesticides since the m id-1970s. These biocides are 
extrem ely toxic to marine life, particularly marine gastropod populations. The European Union therefore 
took measures to reduce the use o f  TBT-based antifouling paints on ships and ultim ately banned these  
paints in 2003. Despite sufficient data on OT concentrations in marine gastropods, data are scarce for 
other species such as the North Sea brown shrimp (Crangon crangon), a dominant crustacean species in 
North Sea inshore benthic com munities. The present study provides the first spatial overview of OT con
centrations in North Sea brown shrimp. W e have compared these data w ith historical concentrations in 
shrimp as w ell as w ith sedim ent concentrations. W e have also addressed the effect on the shrimp stock 
and any human health risks associated w ith the OT concentrations found. TBT and TPhT in shrimp tail 
m uscle ranged from 4  to 124 and from 1 to 24 pg kg 1 DW, respectively. High levels are accumulated 
in estuarine areas and are clearly related w ith sedim ent concentrations (biota-sedim ent accumulation 
factor ~10). Levels have decreased approximately 10-fold since the ban took effect, coinciding w ith  a 
recovery of the shrimp stock after 30 years o f gradual regression. Furthermore, the OT levels found in 
brown shrimp no longer present a human health risk.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

O rganotins (OTs), gen era lly  re p re se n ted  by th e  fo rm ula  RxSnL4_x, 
c o n ta in  a  te tra v a le n t t in  a to m  (Sn) covalen tly  b o u n d  to  1 -4  o rgan ic  
su b s titu en ts  (R; e.g., -C H 3, -C 4H9, -C 5H5 an d  -C 8H17) a n d  1 -3  ha lo 
gen  a to m s o r oxygen- o r  su lfu r-b ased  organ ic  m o ie ties (L; e.g., -Cl, 
-F, -SR ' a n d  -OR'). O w ing to  th e ir  s tro n g  b iocidal activ ity , trib u ty ltin  
(TBT, (C4H9)3SnL) a n d  tr ip h e n y ltin  (TPhT, (C5H5)3SnL) have b een  
w id e ly  u sed  in p e s t con tro l. TPhT (“fen tin ”) has b e en  a  p o p u la r  fu n 
gicide in  p o ta to , su g ar b e e t an d  hop cu ltu re  (Hoch, 2001). In 2003, 
th e  EU b an n ed  th e  use  o f fen tin  becau se  o f serious concerns ab o u t 
o p e ra to r  safety  a n d  u n d e s ired  effects on  n o n -ta rg e t o rgan ism s.

S tarting  in th e  m id-1970s, TBT w as th e  co m p o u n d  o f choice (and  
to  a  lesse r e x te n t TPhT) in  an tifo u lin g  ag en ts  to  red u ce  d rag  o r d a m 
age on  sh ip  hulls, buoys, fish n e ts  a n d  cages due  to  th e  a tta c h m e n t 
o f  fouling  o rg an ism s (e.g., barnac les, algae). At th e  en d  o f th e  1970s,
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an  u n d e sired  im p ac t o f  TBT on  th e  calcification  o f o y ste r  shells w as 
obse rv ed  (Alzieu e t  al., 1982). Soon th e rea fte r, th e  re la tio n sh ip  b e 
tw e e n  TBT an d  im posex  in m arin e  snails w as d iscovered  (Sm ith, 
1981). France w as th e  first c o u n try  to  re sp o n d  by issu ing  a  b a n  on 
th e  ap p lica tio n  o f  O T-based an tifo u lin g  p a in ts o n  hulls o f sh ips 
sm alle r th a n  25 m  in 1982. Sim ilar bans th ro u g h o u t th e  N orth  Sea 
c o u n tries  fo llow ed b e tw e e n  1987 an d  1991. In 1989, th e  EU im 
posed  th e se  m easu res on  all M em ber S tates th ro u g h  D irective 89/ 
677/EEC. In 2001, th e  In te rn a tio n a l M aritim e O rganiza tion  (IMO) 
a d o p te d  th e  ‘In te rn a tio n a l C onvention  on  th e  C ontrol o f  H arm ful 
A ntifouling  System s’ (AFS C onvention), w h ich  p ro h ib ited  th e  a p p li
ca tio n  o f  OTs as an tifo u lin g  ag en ts. The AFS C onvention  e n te red  in to  
force o n  17 S ep tem b er 2007  an d  globally  b a n n ed  OTs on  m arine  
vesse ls s ta rtin g  on  17 S ep tem b er 2008. The EU tran sp o se d  th e  
AFS C onvention  in to  R egulation  (EC) 782/2003 , w h ich  b an n ed  th e  
ap p lica tio n  o f o rg an o tin  on  EU-flagged vessels s ta rtin g  o n  1 Jan u ary  
2003. T hat reg u la tio n  fu r th e r  ob liged  all sh ips v isitin g  EU ports 
from  1 Jan u a ry  2008  o n to  be  free o f  OTs o r to  a t  least b e a r a  b a rrie r  
coating . T hese m easu re s have led to  a  slow  recovery  o f TBT- 
sensitive  g astro p o d  p o p u la tio n s an d  th e ir  TB T-related im posex
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p revalence  is d ecreas in g  (M orton, 2009; Oliveira e t al., 2009; Rod
ríguez e t  al., 2009; Sousa e t al., 2009).

B row n sh rim p  (Crangon crangon L.) has a  w ide  geograph ica l d is 
tr ib u tio n , ran g in g  from  th e  Icelandic coast an d  th e  W h ite  Sea 
(N o rth -W est Russia) to  th e  M oroccan co ast a n d  th e  Black Sea. It 
d o m in a tes  th e  sh a llo w  sandy  coasta l a reas o f  th e  so u th e rn  N orth  
Sea an d  th e  asso c ia ted  e stu aries , from  n o rth e rn  France to  
D enm ark, w h e re  b ro w n  sh rim p  can  co m p rise  u p  to  80% o f th e  to ta l 
b e n th ic  b iom ass (B am ber an d  H enderson , 1994; C attrijsse e t  al., 
1997). In th e  a sso c ia ted  b e n th ic  ecosystem , C. crangon  has a  pivotal 
function ; it is b o th  a  p ro m in e n t p re d a to r  o f  ju v en ile  fish a n d  sm alle r 
in v erteb ra te  species (Pihl a n d  R osenberg, 1984; W en n h ag e  a n d  G ib
son, 1998; H iddink e t al., 2002; W ennhage, 2002) a n d  is a lso  crucial 
p rey  for econom ically  im p o rta n t fish species such  as cod a n d  w h it
ing. C. crangon a lso  has d irec t econom ic  im p o rtan ce , w ith  a n  an n u al 
ca tch  o f a lm o st 4 0 0 0 0  to n n es  an d  a  th ird -p la ce  ran k in g  in landings 
v a lue  o f th e  N orth  Sea F isheries (ICES, 2010). The p re se n t s tu d y  co n 
ta in s  d a ta  on  TBT an d  TPhT c o n cen tra tio n s  in  C. crangon c au g h t b e 
tw e e n  1 S ep tem b er an d  10 N ovem ber 2009  a t m u ltip le  sam pling  
s ta tio n s  from  De Panne (B elgium ) to  Esbjerg (D enm ark). These s ta 
tio n s re p re se n t th e  m ajo r co m m erc ia l fish ing  grounds. W e have fo
cu sed  on  th e  W este rsch eld e , a  heavily  p o llu ted  E uropean  es tu a ry  
asso c ia ted  w ith  one o f th e  m o st d en se ly  p o p u la ted  a reas (F landers) 
a n d  la rg est p o rts (A ntw erp) in  th e  w orld . The W este rsch eld e  has a 
large C. crangon p o p u la tio n  a n d  h o sts a n  im p o rta n t n u rse ry  ground , 
th e  e s tu a rin e  tid a l m arsh  “V erd ro n k en  Land Van Saeftinghe” (C at
trijsse  e t  al., 1997). A ssocia ted  b io ta -se d im e n t a cc u m u la tio n  factors 
(BSAFs) w e re  derived . Finally, w e  have stu d ied  th e  effects o f  th e  
2008  g lobal TBT b a n  on  th e  OT c o n te n t an d  s ta tu s  o f  th e  S ou thern  
Bight sh rim p  stock  an d  asso c ia ted  h u m an  h e a lth  risks.

2. Experimental

2.1. Sample collection

Sam ples w ere  co llected  d u rin g  1 S e p tem b e r-1 0  N ovem ber, 2009 
d u rin g  th e  D utch, G erm an  a n d  Belgian D em ersal (Young) Fish Sur
veys (DFS in th e  N etherlands, DYFS in G erm any a n d  Belgium ) p e r
fo rm ed  by  th e  In s titu te  for M arine R esources a n d  E cosystem  
S tudies (IMARES, N etherlands), Jo h a n n  H einrich  von  T h ü n en - 
In stitu te , In s titu te  o f Sea F isheries (vTI-SF, G erm any) an d  th e  Insti
tu te  for A gricu ltu ral an d  F isheries R esearch  (ILVO, B elgium ) (S upp le
m en ta ry  M aterial, Table 1). Sam ples w ere  im m ed ia te ly  frozen 
a b o ard  an d  s to red  a t - 2 0  °C a t th e  re la ted  in s titu te s  p rio r to  tra n s 
p o rta tio n  to  ILVO (O stend, Belgium ) in p o ly sty ren e  foam  in su la ted  
co n ta in ers . F u rth e r sam ple  p rep ara tio n , ex tractio n , c lean -up , gas 
ch ro m a to g rap h ic  (GC) analyses an d  q u a lity  co n tro l w ere  do n e  in 
acco rdance  w ith  th e  gu idance  for m o n ito rin g  o f o rg a n o tin  levels in  
m arin e  b io ta  (M onteyne  e t  al., 2010) an d  w ere  p e rfo rm ed  a t th e  m a r
ine c h em istry  lab (MARCHEM) o f MUMM in O stend, w h ich  is a cc red 
ited  in  acco rdance  w ith  th e  recognized  In tern a tio n a l S tandard  ISO/ 
IEC 17025:2005 .

2.2. Sample preparation

Shrim p w ere  a llow ed  to  th a w  overn igh t, th e n  w ere  pee led  and  
briefly  rin sed  w ith  u ltra p u re  w a te r  to  o b ta in  ap p ro x im ate ly  100 g 
o f ta il m uscle  for each  sam p lin g  sta tion . Sam ples w e re  m ixed  in 
bo rosilica te  p e tr i d ishes u sin g  a  ro to r /s ta to r  ty p e  h o m o g en izer 
(U ltra tu rrax T 2 5  basic, IKA -Labortechnik GmbH, S taufen, G erm any), 
freeze-d ried  w ith  a  C hrist LMC-2 (M artin  Christ G efrie rtrocknung
san lag en  GmbH, O sterode am  Harz, G erm any) lyoph ilizer an d  p u l
v e rized  m an u a lly  u sin g  a  po rcela in  m o r ta r  an d  pestle . The p o w d er 
w as w e ig h ed  for ca lcu la tio n  o f d ry  w e ig h t (DW ) -  w e t w e ig h t 
(W W ) ratio , a n d  w as s to red  in  a  d e sicca to r c ab in e t u n til analysis.

2.3. Sam ple extraction and clean-up

The p ro ced u re  for OT e x tra c tio n  w as b ased  on  th e  u se  o f acid  re 
ag en ts  in m e th an o l an d  s tirrin g  in  hexane. A bout 1 g o f sh rim p  
p o w d e r w as tran sfe rre d  in to  a n  a m b e r  40  mL sc rew  cap  vial, and  
th e n  15 mL m eth a n o l a n d  7 mL hex an e  w ere  add ed . Sam ples w ere  
b u ffered  to  pH 5 by  ad d in g  3 mL o f 4  M so d iu m  ace ta te . An a liq u o t 
o f  25 pL o f tr ip ro p y ltin  so lu tio n  (10  pg  Sn/g in m eth an o l) w as 
ad d ed  as recovery  s ta n d a rd  p rio r to  d e riv a tiza tio n  for QA/QC p u r
poses to  check  th e  é th y la tio n  efficacy o f TBT. E thy lation  w as co m 
b in ed  w ith  a  co n tin u o u s d e so rp tio n  p rocess by d ro p -b y -d ro p  
ad d itio n  o f 4  mL o f so d iu m  te tra e th y l b o ra te  (S igm a-A ldrich , 
S te inheim , G erm any) p rep ared  w ith  de io n ized  w a te r  (5%, v/v) to  
th e  sam ples w h ile  v igorously  stirring . For th e  d eg rad a tio n  o f 
b o rox in  fo rm ed  d u e  to  th e  in ten siv e  d e riv a tio n  (Sm edes e t  al., 
2000), a n  a liq u o t o f  5 mL o f 10 M so d iu m  hydrox ide  w as ad d ed  
to  th e  sam ples. Finally, th e  in te rn a l s tan d ard s  te trap ro p y ltin  (used  
for quan tifica tio n ) a n d  p e n ty ltr ip h e n y ltin  (ad d itio n a l s ta n d a rd  for 
QA/QC pu rp o se ) o f a  co n ce n tra tio n  o f 4  pg  Sn/g in h exane  w ere  
ad d ed  to  th e  sam ples, an d  th e  phases w ere  se p a ra ted  by cen trifu 
gation . The p u rity  o f all so lven ts w as ap p ro p ria te  for o rgan ic  re si
d u e  analysis. C hlorinated  an d  e th y la te d  OTs w ere  o b ta in ed  from  
QUASIMEME (W ageningen , th e  N etherlands). In te rn a l s tan d ard  
a n d  recovery  s ta n d a rd  te tra p ro p y ltin  a n d  tr ip ro p y ltin  ch loride  
w ere  p u rch ased  from  Schm idt (A m sterdam , th e  N etherlands). 
G lassw are  w as w a sh e d  w ith  10% hydroch lo ric  acid  a n d  rin sed  six 
tim es  w ith  u ltra p u re  w a ter. C u sto m -m ad e  ch ro m a to g rap h y  col
u m n s (200  m m  x 9 m m  ID) w ere  filled w ith  2 g o f florisil (M erck, 
D arm stad t, G erm any) an d  25 mL o f  h exane  w as u sed  as th e  
c lean -u p  e lu tion . The ex trac ts  w e re  s to red  a t 4  °C u n til GC analysis.

2.4. Gas chromatographic analysis

A large-vo lum e in jec tion  (LVI) tech n iq u e  w as developed  
(M onteyne  e t  al., u n p u b lish ed  protocol). Fifty m icro liters o f  sam ple  
w as in jec ted  by a n  a u to sam p le r (C om bipal, CTC A nalytics, Italy) a t 
a  ra te  o f 1.7 pL s 1 th ro u g h  a P ro gram m ed  T em p era tu re  V aporizing  
(PTV) in jec to r (T herm o E lectron C orporation , A ustin , TX, USA), 
u sin g  a  glass s in te red  liner. The an a ly tic  sy s tem  co n sis ted  o f a 
Trace GC (T herm oQ uest, M ilan, Italy), a  20  m  Rtx®-5 SILMS a n a ly t
ical co lu m n  (0.25 m m  ID) w ith  a  5% p h eny l p o lysilpheny lene- 
siloxane s ta tio n a ry  ph ase  (0.25 p m  film  th ick n ess; Restek, Belle- 
fonte, PA, USA). The oven  w as p re h ea te d  to  35 °C a n d  m ain ta in ed  
th a t  te m p e ra tu re  for 4  m in, a fte r  w h ich  th e  te m p e ra tu re  w as in 
c reased  a t th e  ra te  o f 20  °C m in -1 to  120 °C (ram p  1), a t  a  ra te  o f 
7 °C m in -1 to  150 °C (ram p  2) an d  finally a t  a  ra te  o f  20  °C m in -1 
to  300  °C (ram p  3) (5 m in  hold). A c a rrie r  flow  o f h e liu m  of 
1.5 mL m in -1 w as used . The co m p o u n d s w ere  d e te c te d  by  a  Finn- 
igan  Trace MS in e lec tro n -im p ac t ion iza tio n  (El) m ode o p e ra tin g  
in se lec ted  ion  m o n ito rin g  (SIM).

2.5. Quality control

M ulti-level ca lib ra tio n  curves (r2 > 0 .995) in  th e  lin ea r response  
in te rv a l o f  th e  d e te c to r  w ere  c rea ted  for q u an tifica tion . The id en ti
fication  w as based  on  re te n tio n  tim es an d  in te n sity  ra tio s o f  3 m o n 
ito red  ions for q u an tifica tion . The q u a lity  co n tro l w as p e rfo rm ed  by 
reg u la r analysis o f p ro ced u ra l b lanks, a  p ro ced u ra l sp ike o f  100 ng 
Sn/g, d u p lo  m easu rem en ts , in te rn a l re ference  m ate ria l (m u sse l t is 
sue) a n d  certified  re ference  m ate ria l (m u sse l tis su e  ERM®-CE477). 
R ecovery o f MBT, DBT an d  TBT in ERM®-CE477 w as 117 ±14%, 
97  ± 15% an d  99 ± 11% (n = 12, 4 -y e ar period), respectively . Recov
ery  o f TPhT in th e  p ro ced u ra l sp ike is 90  ± 15%. S em i-annual in te r
na tio n a l p roficiency te s t  (QUASIMEME) re su lts  w e re  also 
c o n sis ten tly  successful. Limits o f  q u an tifica tio n  (LoQ) for TBT and  
TPhT w ere  1 pg  kg-1 DW. LoQs o f m o n o b u ty ltin  (MBT), d ib u ty ltin
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(DBT), m o n o p h en y ltin  (MPhT) a n d  d ip h en y ltin  (DPhT) w ere  10 ,1 0 , 
3 an d  1 pg  kg-1 DW, respectively .

Ali co n cen tra tio n  re su lts  fu r th e r  u sed  in  th is  a rtic le  a re  ex 
p ressed  as pg  o f o rg an o tin  ion  p e r kg, ex p ressed  o n  th e  basis o f 
DW.

2.6. Sed im ent data and the b io ta-sedim ent accum ulation factor

C oncentrations o f OT an d  o th e r  p o llu tan ts  in  th e  <63 p m  sed i
m e n t frac tio n  a n d  m ed ian  g ra in  size o f  th e  sam p lin g  s ta tio n s  in 
th e  W este rsch e ld e  e s tu a ry  d u rin g  1 9 9 9 -2 0 0 9  w ere  o b ta in ed  
th ro u g h  on line  d a tab ases  o f th e  Belgian M arine D ata C entre 
(BMDC, h ttp ://w w w .m u m m .a c .b e /d a ta c e n tre /) an d  th e  D utch 
R ijk sw ate rstaa t (w w w .w ate rb ase .n l). Sed im en t OT co n cen tra tio n s 
w e re  u sed  to  calcu la te  th e  B io ta-Sedim ent A ccum ulation  Factor 
(BSAF), a  p a ra m e te r  d escrib ing  b io accu m u la tio n  o f sed im en t- 
asso c ia ted  c o n ta m in a n ts  in to  o rg an ism s o r th e ir  tissu es (B urkhard, 
2009). BSAFs are  u sefu l for ecological risk  a sse ssm e n ts  b ecause  
co n ce n tra tio n  d a ta  a re  usu a lly  availab le  for sed im en t, in  c o n tra s t 
to  b io ta . D epending  o n  th e  n a tu re  o f th e  c o n tam in an t, BSAF calcu 
la tio n  varies. The h eav y -m eta l BSAF is de fin ed  as th e  ra tio  o f th e  
tis su e  co n ce n tra tio n  ve rsu s co n ce n tra tio n  in  surface  sed im en t 
(<63 p m  frac tion ) o n  th e  basis o f  DW (Ankley e t  al., 1994). W h en  
ap p lied  to  o rgan ic  co m p o u n d s (e.g. PCBs), chem ica l co n cen tra tio n s

3

are  no rm alized  for lipid c o n te n t o f th e  tis su e  a n d  organ ic  carbon  
co n te n t o f  th e  sed im en t (Ankley e t  al., 1992). M etal-type  BSAFs 
w ere  deriv ed  for TBT, as it accu m u la tes  in body  tissu es in a  sim ilar 
m an n e r  sim ila r to  heavy  m eta ls , i.e., th ro u g h  selective  b in d in g  to  
p ro te in s (K annan e t al., 1996; Kim e t al., 1996; T anabe, 1999).

2.7. Tolerable hum an daily intake (TDI)

Based o n  th e  No O bserved A dverse Effect Level (NOAEL) o f TBT 
for im m u n o to x ic ity  in  rats, m u ltip lied  by  a  safety  facto r 1/100, a 
TDI o f 0.25 pg  kg-1 body  w e ig h t has b een  p ro p o sed  (Penninks, 
1993). The E uropean  Food Safety A u thority  (EFSA) e stab lish ed  a 
g ro u p  TDI for th e  su m  o f  DBT, TBT, TPhT a n d  d io c ty ltin  (DOT) to  
0.25 pg kg-1 body  w e ig h t d u e  to  th e  s im ilarity  o f th e ir  im m u n o - 
tox ic  p ro p erties . Hence, for each  sam p lin g  sta tio n , su m m ed  OT 
co n cen tra tio n s  w e re  u sed  to  calcu la te  th e  a llow ed  daily  co n su m p 
tio n  (in  kg FW sh rim p  m eat).

2.8. Landings per u n it effort (LPUE)

The larg est sec tion  o f th e  Belgian sea  fisheries fleet co nsists o f 
sm alle r b o tto m  traw le rs  (<250 kW  en g in e  p ow er) p e rfo rm ing  daily  
in sh o re  trip s  to  p rov ide fresh  daily  sh rim p  an d  d em ersa l fish (i.e., 
flounder, sole, plaice, dab, cod an d  w h itin g ) to  th e  local ports. M any
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Fig. 1. Spatial distribution of TBT (light gray bars) and TPhT (dark gray bars) concentrations in shrimp meat (7-axis, in pg kg 1 DW) from the stations along the southeastern 
coast of the North Sea.

Please cite this article in press as: Verhaegen, Y., e t al. Organotins in North Sea brown shrimp (Crangon crangon L.) after implementation of the TBT ban.
Chemosphere (2011), doi: 10.1016/j.chemosphere.2011.11.028

http://www.mumm.ac.be/datacentre/
http://www.waterbase.nl


ARTICLE IN PRESS

4 7. Verhaegen et al. / Chemosphere xxx (2011 ) xxx-xxx

3° 15' 3° 30' 3°45f 4°00' 4“ 15'

80
TBT in shrim p

TBT in sedim ent

TPhT in shrim p

8

TPhT in s e d im e n t^ - '"

0.8

100

I ?  iso
Q  ÛS T loo

150 ■=
Œ

200 "E W 
3  C

250 £
0 300

100

50

W)

Fig. 2. (A) TBT and TPhT concentrations (7-axis, in jig kg-1 DW) in shrimp meat and 
sediment along the longitudinal gradient in the Westerschelde estuary (X-axis). (B) 
CaC03 content (7-axis, in g kg-1 DW) and the inverse median grain size (7-axis, 
inverted, in pm) of the sediment and (C) Sediment mercury content (7-axis, in 
pg kg-1 DW) along the longitudinal gradient (X-axis) in the Westerschelde estuary, 
showing similar longitudinal patterns as the sediment OT concentrations.

o f th e se  local traw le rs  sw ap  b e tw e e n  sh rim p  (co d -en d  m esh  size 
~ 22 m m ) a n d  fish g ear (co d -en d  m esh  size >65 m m ) o n  a  seasonal 
basis. Landing d a ta  asso c ia ted  w ith  b o th  fish ing  activ ities reflects 
th e  a b u n d an ce  o f th e  ta rg e t species in  th e  S o u th ern  Bight, as th ey  
are  co rrec ted  by  th e  asso c ia ted  fish ing  effort. A nnual LPUEs (in  kg 
fresh  w e ig h t (FW) x h o rsep o w er-1 x fish ing h o u rs-1 ) for C. cran
gon  a re  ca lcu la ted  an d  rep o rted  an n u ally  to  th e  ICES w ork ing  
G roup on  Crangon F isheries a n d  Life H istory  (ICES, 2010). Since 
1997, th e  LPUEs o f th e  m ajo r sh rim p  p red a to rs  (cod an d  w h itin g )

w ere  de riv ed  in  a  sim ila r m an n e r  (see  S up p lem en tary  M aterial 
for LPUE fo rm ula  an d  lan d in g  a n d  effo rt data).

3. Results and discussion

3.1. Spatial distribution o f  OT accumulation in brown shrim p

In th e  a u tu m n  o f  2009, TBT an d  TPhT levels in sh rim p  ranged  
from  4  to  124 an d  from  1 to  2 4  p g  kg-1 DW, respec tive ly  (Fig. 1; Sup
p lem en ta ry  M aterial, Table 1 ). Levels o f MBT, DBT, MPhT a n d  DPhT 
w ere  all b e lo w  th e  Limits o f Q uan tifica tion  (LoQs; 10, 10, 3 and  
1 p g  kg-1 DW, respec tive ly) an d  are  n o t fu r th e r  d iscussed . In g e n 
eral, o ffshore  OT co n cen tra tio n s  a re  low, b u t th e  levels increase  n ear 
m ajo r e s tu a ries  (W esterschelde, R hine-M euse Delta, Em s-Dollard, 
W eser a n d  Elbe). Shrim p OT c o n cen tra tio n s  in  th e  G erm an  Bight 
(GW 2-GW 10, Fig. 1 ; S u p p lem en tary  M aterial, Table 1 ) a re  re la tively  
h igh  a n d  increase  w ith  p ro x im ity  to  th e  Elbe estu ary . The G erm an 
Bight is ch a rac te rized  by a  h igh  d irec t inflow  o f riverine  w a te r  from  
th e  W eser an d  Elbe an d  a d v ec tio n  from  th e  rivers Rhine, M euse and  
Em s-D ollard th ro u g h  th e  c o n tin e n ta l coasta l c u rren t. In th e  G erm an 
Bight, in ten siv e  sh ip p in g  activ ity  an d  s tro n g  tid a l sh ea r c u rren ts  
lead  to  a  co n tin u o u s d is tu rb an ce  o f th e  se d im e n t bed  a n d  re su sp e n 
sion  o f p a rticu la te  m atte r, w h ich  increases th e  b iological availab ility  
o f  p o llu tan ts  (B ecker e t al., 1992).

TPhT c o n cen tra tio n s  re la tive  to  TBT w ere  h ig h es t (>50%) in  th e  
s ta tio n s  n e a r th e  Schelde a n d  E m s-D ollard e s tu a ries  an d  w ith in  th e  
O osterschelde  es tu a ry  (BCS1, BCS2, ESI, NW 8, NCS5, GW1), re flect
ing th e  large (h isto ric ) use  o f fen tin  fungicides in (p o ta to ) ag ricu l
tu re  in th e  re la ted  c a tch m e n t areas. Low est OT co n cen tra tio n s 
w e re  o b se rv ed  in sh o re  in  th e  S o u th ern  W ad d en  Sea n e a r Texel, 
n ea r-sh o re  a t  th e  N o rth e rn  W ad d en  islands Sylt an d  Rom o a n d  off
sho re  a t th e  S o u th ern  san d b an k s n e a r De Panne.

3.2. Detailed spatial distribution o f  OT accum ulation in brown shrim p  
in the W esterschelde estuary

In W este rsch eld e  es tu a ry  shrim p , TBT co n ce n tra tio n  increases 
g rad u ally  from  50 pg  kg-1 D W n earV liss in g en (W S 2 )to  124 pg  kg-1 
DW  u p s tre a m  o f T ern eu zen  (W S5) (Fig. 1). F u rth e r u p s tre a m  n ear 
H an sw eert (W S7) th e  co n ce n tra tio n  d ro p s to  85 pg  kg-1 DW, and  
ten d s  to  rise  ag a in  fu r th e r  u p s tre a m  (107  pg  kg-1 a t  W S8). A s im ila r  
spa tia l p a tte rn  in  OT c o n ce n tra tio n  in sed im e n t is o b se rv ed  (Fig. 2A) 
(M onteyne  & Roose, d a ta  co u rte sy  o f  BMDC). The lo w er OT concen-
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Fig. 3. Temporal trend of <63 pm  sedim ent TBT concentrations (V-axis, in pg kg-1 DW) in the W esterschelde lower estuary (Terneuzen-Vlissingen, betw een WS2-WS6) and 
m outh  (Southern Vlakte van de Raan, roughly near BCS3-WS1) during 1999-2009 (X-axis). TBT concentrations were obtained through the BMDC and Dutch W aterbase (see 
Supplem entary M aterial Table 3). Concentrations from different sampling locations (see Supplem entary M aterial Fig. 1 ) w ere pooled for the lower estuary and m outh. Means, 
standard deviations and sample sizes are presented for each sampling date. The single m easurem ent (<LoQ) in the W esterschelde m outh in the sum m er of 2009 is depicted as 
1 pg kg-1 DW.
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T able 1
Field derived BSAFs for shrimp m eat in 2003 and 2009 for two sampling locations.

Location Date BSAF Sediment concentration

BCS3 June 2003 11.5 ±2.8 (n = 2) 27.19
BCS3 Autumn 2009 20.5 1.41
WS2-WS6 June 2003 12.6 45.80
WS2-WS6 Autumn 2009 7.8 ±2.7 (n = 5) 12.13

<63 pm  Sediment TBT concentrations (in pg kg~' DW) used w ere calculated based 
on the exponential regression formula associated w ith the tem poral trends in 
sedim ent TBT concentration (Fig. 3, see Supplem entary M aterial Table 3). Shrimp 
m eat TBT concentrations in pg kg~' DW for 2003 originate from W illemsen et al. 
(2004) and Veltman et al. (2006) (see Supplementary M aterial Table 2).

tra tio n s  in sh rim p  a n d  sed im e n t a t  W S7 is re la te d  to  th e  s tro n g  c u r
ren ts  a sso c ia ted  w ith  th e  n a rro w  c ro ss-sec tio n  o f th e  e s tu a ry  n e a r 
H answ eert. T hese c u rren ts  p rev en t th e  local d ep o sitio n  o f finer, 
CaC03 rich  sed im en ts  (Fig. 2B). S ed im en t d a ta  a lso  reveal th a t  TBT 
does no t te n d  to  accu m u la te  in th e  sam e w ay  as o th e r  o rgan ic  po l
lu ta n ts  (e.g. benzo-[a ]-p y ren e , d a ta  no t sh o w n ) b u t  ra th e r  a cc u m u 
la tes as heavy  m eta ls  do  (e.g. m ercury , Fig. 2C). This concurs w ith  th e  
m eta l- ty p e  accu m u la tio n  o f TBT obse rv ed  in b io ta  (Tanabe, 1999). 
For TPhT, a  sim ila r t re n d  w as c lear in  th e  se d im e n t b u t  less c lear 
in shrim p. TPhT c o n cen tra tio n s  in sh rim p  increase  g rad u ally  from  
14 to  24  p g k g -1 DW b e tw e e n  V lissingen an d  Saeftinghe. In sed i
m en t, TPhT c o n cen tra tio n  increases from  2 to  7.5 pg kg-1 DW, w ith  
a n  in te rm ed ia ry  m in im u m  a t W S7.

3.3. Temporal variation o f  TBT in shrim p and sed im en t and BSAF in the 
W esterschelde estuary

A lim ited  a m o u n t o f d a ta  o n  OT c o n cen tra tio n s  in  C. crangon is 
availab le  for th e  W este rsch eld e  a n d  th e  S o u th ern  Bight on ly  (see 
S u p p lem en tary  M ateria l Table 2). Based on  o u r m ea su re m e n ts  a t 
sam p lin g  s ta tio n  BCS3 in S ep tem b er 2009  (29  pg  kg-1 DW) and  
th e  findings o f W illem sen  e t  al. (2004) n e a r BCS3 in 2003 (368 
a n d  259 pg  kg-1 DW), th e  TBT co n ce n tra tio n  in  sh rim p  has d e 
c reased  m ore th a n  10-fold in 6 years. Several obse rv a tio n s in d ica te  
th a t  th e  asso c ia ted  BSAFs sh o u ld  be based  on  th e  TBT c o n ce n tra 
tio n s m easu red  in se d im e n t in s tead  o f in su sp en d ed  solids, w h ich  
c o n tra s ts  w ith  th e  findings o f  V eltm an  e t al. (2006). TBT c o n te n t 
in sh rim p  exh ib its  a  co m p arab le  sp a tia l t re n d  as in sed im en t 
(Fig. 2.A). In c o n tra s t to  su sp en d ed  solids (d a ta  no t show n), w h ich  
a re  strong ly  su b jec t to  tid a l v a ria tions, th e  sed im e n t in th e  W est- 
e rsch e ld e  ex h ib its  a  c lear sp a tia l (Fig. 2A) a n d  tem p o ra l t re n d  in 
TBT c o n te n t (Fig. 3). The ex p o n en tia l reg ress io n  asso c ia ted  w ith  
th e  tem p o ra l t re n d  show s a  good fit (R2 = 0 .93; see S up p lem en tary  
M aterial for th e  asso c ia ted  reg ress io n  form ula). The reg ress io n  for
m u la  w as u sed  to  e x trap o la te  th e  decreas in g  TBT co n ce n tra tio n  in

th e  lo w er W este rsch e ld e  e s tu a ry  to  O ctober 2009, th e  period  of 
sh rim p  sam pling , an d  to  su b seq u en tly  d erive  th e  re la ted  BSAFs. 
O ur resu lts  in d ica te  a n  average  BSAF o f rough ly  10 (Table 1 ), m ea n 
ing a  s tro n g  accu m u la tio n  a n d  p robab ly  a p o o r m etab o liza tio n  of 
TBT in shrim p. This is c o n sis ten t w ith  V eltm an  e t al. (2006), w ho  
obse rv ed  h igh  accu m u la tio n  ra tio s o f TBT an d  TPhT in C. crangon, 
an d  T akahash i e t  al. (1999), w h o  found  a  lim ited  m etab o liza tio n  
capacity  o f TBT in  C aprellidae (C rustacea; M alacostraca).

3.4. Putative effect on the shrim p stock in the Southern Bight

In b ro w n  shrim p, a  y e t u n ex p la in ed  p o p u la tio n  decline  an d  
recovery  w as a p p a re n t in th e  S o u th ern  Bight, s im ilar to  th e  TBT 
asso c ia ted  fa te  o f severa l g astro p o d  p o p u latio n s: since th e  m id 
1970s, th e  a n n u a l LPUE g rad u ally  d ec lined  u n til 2002  a n d  has 
recovered  qu ick ly  since 2007 (Fig. 4). It is strik in g  th a t  th e  recen t 
re su rrec tio n  o f  th e  b ro w n  sh rim p  p o p u la tio n  coincides w ith  th e  
b a n  o f  TBT a n d  a  n e a r 10-fold d ro p  in  TBT co n ce n tra tio n  levels d u r
ing th e  tim e  sp an  u n d e r  co n sid era tio n . The recovery  o f  th e  b ro w n  
sh rim p  p o p u la tio n  in  th e  S o u th ern  Bight c an n o t be  a ttr ib u te d  to  a 
su d d en  re d u c tio n  o f fish ing  effo rt o r  p re d a tio n  p re ssu re  (e.g. by 
overfish ing), as th e  LPUE o f its m o st im p o rta n t p red a to rs  (cod 
an d  w h itin g ) ind ica te  (Fig. 4). Effects o f en v iro n m en ta l OT co n cen 
tra tio n s  on  th e  physio logy o f  C. crangon a re  unk n o w n , b u t acu te  
lab o ra to ry  ex p o su re  o f  C. crangon to  TBT sh o w ed  a s tro n g  d ecrease  
in activ ity  an d  ex p ress io n  o f  th e  ecd y s te ro id  recep to r, a  nu c lear 
h o rm o n e  re ce p to r c rucial for th e  t ig h t o rc h estra tio n  o f d ev elo p 
m en t, g ro w th  a n d  re p ro d u c tio n  (V erhaegen  e t al., 2010, 2011).

A dult C. crangon (an d  o th e r  decap o d s) are  be lieved  to  be  fairly 
re s is ta n t to  o rg an o tin  ex posure , w ith  a  96-h-LC50 o f 2 8 .5 -4 1  pg  L-1 
TBTO (C ham p, 1986; V erhaegen  e t  al., 2011). Sub-toxic  b u t  n o n e 
th e less  d e tr im en ta l effects m ay  occur a t  m u ch  lo w er levels. In 
th e  closely  re la te d  fidd ler crab, Uca pugilator, 0.5 pg  L-1 w as suffi
c ien t to  sign ifican tly  d is ru p t lim b g en era tio n  (W eis e t  al., 1987). In 
c o n tra s t to  a d u lt C. crangon, larval stages a re  be lieved  to  be  sen si
tive  to w ard s  o rg ano tins, w ith  a  96-h-LC50 o f 1.5 p g L -1 TBTO; 
Cham p, 1986). In th e  closely  re la ted  A m erican  lobster, Homarus 
americanus, 1 p g  L-1 TBTO w as suffic ient to  a lm o st co m p le te ly  stop  
larval g ro w th  (Laughlin  an d  French, 1980). Two m ajo r issues h a m 
p e r th e  d e m o n s tra tio n  o f an  u n a rg u ab le  cau sativ e  link  b e tw e e n  d e 
c reased  OT c o n cen tra tio n s  an d  th e  sh rim p  stock  recovery. First, w e 
can n o t e s tim a te  th e  h isto rica l en v iro n m en ta l effects o f OTs on  la r
val C. crangon, as fu n d am en ta l en v iro n m en ta l co n cen tra tio n  d a ta  
in larval (p lank ton ic) stages o f C. crangon o r  ev en  o f re la ted  species 
a re  lacking. Second, su b tox ic  d o se -d ep e n d e n t physio logical effect 
d a ta  is lacking as th e  poor survival o f  larvae, ju v en iles  an d  ad u lts  
o f  C. crangon u n d e r  lab o ra to ry  co n d itions cu rre n tly  h in d ers  re liable
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Fig. 4. Long-term annual time series of LPUEs for the Southern Bight (7-axis, average monthly LPUEs in kg FW x horsepower 1 x fishing hours 1) for shrimp (light gray) and 
cod and whiting (dark gray) during 1973-2010 and 1997-2010, respectively (X-axis). See Supplementary Material Table 4 for the landing and effort data.
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chro n ic  ex p o su re  ex p erim en ts . Once a n  accep tab le  a d u lt lab o ra 
to ry  survival is reached , analysis o f h a tch in g  success an d  o f early  
larval g ro w th  a n d  survival a f te r  m a te rn a l ex p o su re  to  h isto rical 
se d im e n t (o r p o re -w ate r)  OT c o n cen tra tio n s  cou ld  be th e  key.

3.5. Consumer health risk

In o u r ex p erim en ts , th e  DW  to  FW ra tio  o f pee led  sh rim p  w as 
d e te rm in e d  a t 22 .4  ± 1.1% (n = 46). A ccording to  th e  TDI se t by  EFSA, 
a p e rso n  w eig h in g  60 kg is a llow ed  to  co n su m e 5.22 ± 2 .86 kg o n  a 
daily  basis (n = 35; S u p p lem en tary  M aterial, Table 1) o f FW sh rim p  
m ea t from  com m erc ia lly  ex p lo ited  sh rim p  a reas (exclud ing  th e  in 
n e r  E m s-D ollard estu ary , O osterschelde  a n d  W este rsch eld e ). This 
ren d ers  b ro w n  sh rim p  a  h e a lth y  seafood  p roduct, in  c o n tra s t to  
its s ta tu s  less th a n  a d ecade  ago. In 2003, th e  daily  c o n su m p tio n  
o f 169 g o f pee led  sh rim p  w as suffic ien t to  ex ceed  th e  TDI for TBT 
alone. A ccording to  Avia e t  al. (2011), th e  average  daily  c o n su m p 
tio n  o f C. crangon m ea t in  G erm any an d  Belgium  is e s tim a te d  a t 
0 .063 g an d  1.4 g p e r person, respectively . T hese n u m b ers  m ay  
n o t be  ap p ro p ria te  for b o th  coun tries , as a  large p a r t o f especially  
th e  G erm an p o p u la tio n  are  v irtu a lly  non-co n su m ers, b u t it c an  be 
co n clu d ed  th a t  ev en  peop le  co n su m in g  b ro w n  sh rim p  o n  a  daily  b a 
sis can  do  so w ith  no h e a lth  risks w ith  re sp ec t to  OT in take.
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