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A R T I C L E  I N F O  A B S T R A C T

T h e sp a tia l d is tr ib u t io n  o f  p o ly f lu o r o a lk y l c o m p o u n d s  (PFCs) w a s  in v e s t ig a te d  in  d a b  (L im an da  lim a n d a ) 
b ile  f lu id s  c o l le c te d  from  Ice la n d  a n d  th e  N o rth  S ea . C o n c e n tr a tio n s  o f  v a r io u s  PFCs, in c lu d in g  p er flu o r i-  
n a te d  su lfo n a te s  (C4-C 6, C8 PFSAs), p e r f lu o r in a te d  c a r b o x y lic  a c id s  (C9- C 14 PFCAs) a n d  n -m e th y l p er f lu o -  
r o o c ta n e  s u lfo n a m id o e th a n o l (M eFO SE), w e r e  q u a n tifie d . P e r f lu o ro o c ta n e  s u lfo n a te  (PFOS) w a s  th e  
p r e d o m in a n t  c o m p o u n d  w ith  h ig h e s t  c o n c e n tr a t io n s  a lo n g  th e  D a n ish  a n d  G e rm a n  c o a s t  (m e a n  
9 .3 6  n g /g  w e t  w e ig h t  (w w ) ) .  S ig n if ic a n tly  lo w e r  PFOS c o n c e n tr a t io n s  w e r e  fo u n d  a t  th e  o th e r  s a m p lin g  
s ta t io n s  in  th e  N o rth  S ea  an d  Ice la n d  (p  < 0 .0 1 , t - t e s t ) .  C o n v e rse ly , th e  sp a tia l d is tr ib u t io n  o f  th e  PFCAs 
in  Ice la n d  an d  th e  N o rth  S ea  w a s  m o r e  u n ifo rm . T h e m o s t  a b u n d a n t PFCA w a s  p e r flu o r o n o n a n o ic  acid  
(PFNA), w h i le  th e  m e a n  c o n c e n tr a t io n  d e c r e a se d  w ith  in c r e a s in g  c h a in  le n g th  fro m  4 .7  n g /g  w w  for PFNA  
to  0 .0 4  n g /g  w w  for p e r f lu o r o te tr a d e c a n o ic  a c id  (PFTeD A). O vera ll, th e  d iffe r e n t  sp a tia l d is tr ib u t io n  o f  
PFCs in d ic a te s  d iffe r e n t  o r ig in  o f  so u r c e s  a n d  d iffe r e n t  tr a n s p o r ta tio n  m e c h a n is m .
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Polyfluoroalkyl com pounds (PFCs) have received increasing 
public a tten tion  due to  the ir persistence, bioaccum ulation poten­
tial (M artin et al., 2003) and possible adverse effects on organisms 
(Joensen e t al., 2009; Lau et al., 2007). PFCs are w idely used as pro­
cessing additives during fluoropolym er production and as surfac­
tan ts in consum er applications, including surface coatings for 
carpets, furniture and paper products over the past 50 years (Kissa, 
2001). PFCs in general bind to  blood proteins (Jones e t al., 2003) 
and the  longer-chain PFCs are known to bioaccum ulate (M artin 
e t al., 2004). Scientific concern about PFCs increased due to  their 
global d istribution and ubiquitous detection  in th e  environm ent, 
especially in m arine m am m als (Giesy and Kannan, 2001; Houde 
e t al., 2006). As a result, the  3 M Company voluntarily phased- 
ou t the  production of perfluorooctyl sulfonyl fluoride (POSF) in 
2000 (Prevedouros e t al., 2006). Furtherm ore, the European Union 
(EU) formed a directive w hich prohibits the general use of perfluo­
rooctane sulfonate (PFOS) and its derivatives from June 2008 
(European Community Directive, 2006). Since May 2009, PFOS 
has been included in Annex B of the Stockholm Convention on per­
sistent organic pollutants (Stockholm Convention, 2009). However, 
th e  restrictions are focused only on th e  C8 com pounds, w hereas re­
lated PFCs are still being produced. In addition, m ost studies con-

* Corresponding author.
E-mail address: lutz.ahrens@ gkss.de (L. Ahrens).

centrate  only on selected PFCs (e.g. PFOS), w hile relatively little 
is know n about the d istribution o f individual PFCs in m arine w ild­
life, w hich is im portant for environm ental risk assessm ents.

The aim  of this study was to exam ine the levels and spatial d is­
tribu tion  of PFCs in dab (Limanda limanda) bile fluids collected 
from the coast o f Iceland and in the North Sea. Dabs w ere selected 
because they live in a large geographic range in shallow seas 
around N orthern Europe, they are relatively sedentary in their hab­
ita t and they are sensitive to  environm ental pollutants. In this 
study, concentrations of 11 PFCs (i.e., C4-C6, C8 perfluoroalkyl sul­
fonates (PFSAs), C9-C 14 perfluoroalkyl carboxylic acids (PFCAs) and 
n-m ethyl perfluorooctane sulfonam idoethanol (MeFOSE)) w ere 
quantified in 60 bile samples.

Dab bile samples w ere collected w ith  traw l nets from the coast 
of Iceland (sam pling station 1 ) and in th e  North Sea (sam pling sta­
tions 2 -6 ) in August and Septem ber 2008 (n = 60, see Fig. 1). For 
this study, 10 individuals per station of m ature  female and male 
dabs w ith  a body length betw een 20 and 31 cm w ere used. All bile 
sam ples for PFC analyses w ere taken w ith  Teflon-free syringes, 
placed into polyethylene cryogenic vials and stored in a - 2 0  °C 
freezer until analysis. Details of th e  sam pling param eters including 
sex, length and w eight of th e  dabs are listed in Table SI of the Sup­
plem entary material.

Target analytes included 36 ionic PFCs (i.e., PFCAs, PFSAs, per­
fluoroalkyl sulfinates (PFSiAs), perfluoroalkyl phosphonoic acids
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Fig. 1. Map show ing the sam pling stations for the dabs (Limanda lim anda) at the  
coast o f  Iceland and in the North Sea.

(PFPAs), fluorotelom er carboxylic acids (FTCAs), and unsaturated  
fluorotelom er carboxylic acids (FTUCAs)) as well as 7 neutral PFC 
precursor com pounds (i.e., perfluoroalkanesulfonam ides, perflu- 
oroalkanesulfonam idoethanols) plus 20 m ass-labelled internal 
standards (IS) (for details see Table S2 in the Supplem entary m ate­
rial and (Ahrens e t al., 2009c)).

Bile sam ples (~0.2 g) w ere extracted using solid-liquid extrac­
tion  described elsew here (Ahrens et al., 2009c). For the m ethod 
blank, 1 mL of acetonitril was extracted in the same m anner as 
the natural samples. The sam ples w ere analysed using high-perfor­
m ance liquid chrom atography com bined w ith  negative ion electro­
spray tandem  mass spectrom etry (HPLC-(-)ESI-MS/MS) as 
previously described (Ahrens et al., 2009c). Quantification was per­
formed using response factors calculated by a ten-po in t calibration 
curve (i.e., 1 -3000 pg absolute injected). The co-elution of in terfer­
ences (e.g. tauro-cholate bile salts) w ith  the sam e transition  ions of 
PFHxS and PFOS can lead to significant biases for the ir quantifica­
tion  (Chan e t al., 2009; Lloyd e t al., 2009). Over-reporting of the 
concentration levels of PFHxS and PFOS was avoided by (1) using 
a Synergi Hydro-RP 80A colum n for the HPLC system  to separate 
the interferences from the perfluorohexane sulfonate (PFHxS) 
and PFOS peak (Chan et al., 2009) and (2) using the interference- 
free transition  of m/z 499.0/98.8 for PFOS (see Fig. SI in the Supple­
m entary  m aterial). For the o ther PFCs no interferences w ere 
observed.
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Fig. 2. M ean  com p o sitio n  profile o f  ind iv idual PFCs in  dab  bile fluids from  th e  coast 
o f Iceland  an d  th e  N orth  Sea. Note: th e  PFC con cen tra tio n s , w h ich  w ere  n o t d e tec te d  
(n.d.), a re  sh o w n  as th e  sum  o f  th e  h a lf  va lues o f th e  m e th o d  d e tec tio n  lim it (MDL).

The analytical quality of the laboratory has been approved in 
interlaboratory studies (Van Leeuwen e t al., 2009). As a standard 
procedure, blanks, instrum ent detection limits (IDLs), m ethod 
quantification limits (MQLs) and recoveries of spiked sam ples were 
exam ined (for details see (Ahrens e t al., 2009c)). All m ethod blanks 
w ere under the MQL. The MQLs are in a range of a few tens of pg/g 
w et w eight (ww). For the descriptive statistics, the Kaplan-M eier 
m ethod was used (Heisei, 2006) and the statistical analyses were 
perform ed using SPSS for W indows (version 16) and Microsoft 
Excel.

Concentrations of individual PFCs in bile fluids o f dabs collected 
a t the coast of Iceland and in the North Sea are show n in Table 1. In 
this study, 11 of 43 PFCs w ere quantified in bile sam ples (i.e., per- 
fluorobutane sulfonate (PFBS), perfluoropentane sulfonate (PFPS), 
PFHxS, PFOS, perfluorononanoic acid (PFNA), perfluorodecanoic 
acid (PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododeca- 
noic acid (PFDoDA), perfluorotridecanoic acid (PFTriDA), perfluoro- 
tetradecanoic acid (PFTeDA) and MeFOSE). PFOS was the dom inant 
com pound w ith  a m axim um  concentration of 19.7 ng/g w w  (sam ­
pling station 5). The shorter-chain PFSAs (i.e., PFBS, PFPS, and 
PFHxS) made only a m ean contribution of ~5% to the )TPFSAs. In 
contrast to  the PFSAs, only the longer-chain PFCAs (C9-C 14) could 
be detected  in dab biles, w hich suggests a higher bioaccum ulation 
potential of PFSAs com pared to PFCAs (M artin e t al., 2004). The 
)TPFCA concentrations ranged betw een 0.02 and 10.5 ng/g w w  
w ith  PFNA, PFDA and PFUnDA as the dom inating compounds, 
w hereas perfluorooctanoic acid (PFOA) was not detected. The
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Table 1
Average concentrations (ranges) in dab (Limanda limanda) b ile fluids from the coast o f  Iceland and the North Sea in ng/g w w  (n = 6  x 10).a

A nalyte Sampling station

1 2 3 4 5 6

PFBS <0.10 <0.10 <0.10 0.09 (< 0 .10-0 .28) <0.10 <0.10
PFPSb <0.06 <0.06 0.06 (< 0 .06-0 .51) 0.21 (< 0 .06-2 .06) <0.06 <0.06
PFHxS <0.03 0.58 (< 0 .03-3 .78) <0.03 <0.03 0.20  (< 0 .03-1 .85) 0.37 (< 0 .03-1 .96)
PFOS 1.99 (< 0 .30-4 .47) 3 .40  (< 0 .30-7 .65) 1.21 (< 0 .30-4 .85) 2.52 (< 0 .30-7 .29) 9 .3 4 (1 .1 0 -1 9 .7 ) 9.39 (< 0 .30-18 .0 )
PFNA 1.13 (< 0 .02-2 .85) 2.01 (< 0 .02-7 .35) 1.49 (< 0 .02-3 .66) 0.08 (< 0 .02-0 .30) 0.33 (0 .0 6 -0 .6 9 ) 0.37 (< 0 .02-1 .55)
PFDA 0.44 (< 0 .02-1 .16) 0.02 (< 0 .02-0 .10) <0.02 0.57 (< 0 .02-2 .33) 0.71 (0 .0 3 -2 .4 1 ) 0.41 (0 .0 3 -1 .2 6 )
PFUnDA 1.11 (< 0 .01-2 .67) <0.01 0.31 (< 0 .01-1 .41) 1.01 (< 0 .01-3 .36) 0.62 (0 .0 1 -2 .4 8 ) 0.75 (0 .0 1 -1 .7 3 )
PFDoDA 0.19 (< 0 .01-0 .52) <0.01 <0.01 0.57 (0 .0 8 -1 .9 9 ) 0.32 (< 0 .01-1 .40) <0.01
PFTriDA 0.39 (< 0 .02-0 .66) <0.02 <0.02 0.41 (< 0 .02-2 .67) 0.18 (< 0 .02-0 .45) <0.02
PFTeDA <0.03 <0.03 <0.03 0.15 (< 0 .03-1 .51) 0.08 (< 0 .03-0 .59) <0.03
NMeFOSE 1.07 (< 0 .08-2 .41) 1.06 (< 0 .08-2 .90) 1.42 (< 0 .08-2 .51) <0.08 <0.08 <0.08
£PFCAs 3.26  (0 .3 6 -7 .0 9 ) 2.03  (0 .0 2 -7 .3 5 ) 1.80 (0 .4 5 -3 .6 6 ) 2.79 (0 .7 3 -1 0 .5 ) 2.25  (0 .1 4 -6 .6 9 ) 1.53 (0 .0 5 -3 .6 2 )
£PFC s 6.32 (1 .0 4 -1 2 .8 ) 7.07 (1 .6 7 -1 3 .8 ) 4 .50  (1 .1 3 -9 .7 6 ) 5.61 (0 .7 3 -1 4 .4 ) 11.79 (1 .4 2 -2 8 .3 ) 11.29 (1 .7 8 -2 1 .6 )

a <x = low er than the respective m ethod  d etection  lim it (MDL). 
b To be considered as estim ated , because no standard w a s available.
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Fig. 3 . PFOS, VPFCAs and MeFOSE concentration in dab bile fluids from the coast of 
Iceland and the North Sea. PFOS concentrations at sam pling stations 5 and 6 are 
significantly higher than at sam pling stations 1 -4  (p < 0.01 ( ), t-test), VPFCAs 
concentrations at sam pling station 1 are significantly higher than at sam pling  
station  6 (p < 0.05 ( ), t-test) and MeFOSE concentrations at sam pling stations 1 -3  
are significantly higher than at sam pling stations 4 - 6  (p < 0.001 ( ), t-test). Mean
concentrations are indicated as a black circle, w hile the yellow  and red boxes show  
25% and 75% percentiles and the error bars represent the m inim um  and m axim um  
concentrations. (For interpretation o f the references to colour in this figure legend, 
the reader is referred to the w eb  version o f this article.)

m ean PFCA concentration decreased w ith  increasing chain length 
from 4.7 ng/g w w  for PFNA to 0.04 ng/g w w  for PFTeDA. The pres­
ence of MeFOSE a t sam pling stations 1 -3  may indicate incom plete 
biotransform ation of MeFOSE to PFOS in the liver w hich can be ex­
creted into the bile (Tomy e t al., 2004). This is consistent w ith  the 
positive correlation of MeFOSE and PFOS w ith  each o ther 
(p < 0.001, Pearson correlation, see Table S3 in the Supplem entary 
m aterial). Interestingly, the concentrations o f PFNA and MeFOSE 
w ere negatively correlated w ith  the fish length (p< 0.01, Pearson 
correlation) and fish w eight (p < 0.05, Pearson correlation) (see 
Table S3 in the Supplem entary material), w hich indicates th a t w ith 
increasing age of the dabs the contam ination of these com pounds 
decreases.

The contribution of individual PFCs in dab bile from the coast of 
Iceland and the North Sea is show n in Fig. 2. Overall, PFOS, PFNA 
and MeFOSE had the highest m ean contribution w ith  ~45%, ~14% 
and --14%, respectively, to the VPFCs. PFOS was the predom inant 
com pound a t sam pling stations 5 and 6 w ith  a m ean contribution 
of ~80%, while its m ean contribution a t sam pling stations 1 -4  ran­
ged betw een 27% and 48%. A high contribution was found for PFNA 
and MeFOSE a t sam pling stations 1 -3  ranging from 18-33% to

15-32%, respectively. PFUnDA had a high contribution at sam pling 
stations 1 and 4 w ith  both  ~18%. Similar PFC distributions were 
observed previously in liver samples from the Canadian Arctic w ith 
PFOS and the longer-chain PFCAs as the predom inant com pounds 
(M artin e t al„ 2004).

The spatial distributions of PFOS, )TPFCA ar*d MeFOSE in dabs 
from the coast of Iceland and the North Sea are show n in Fig. 3. 
The m ean concentrations of PFOS a t sam pling stations 5 and 6 
close to the Danish and German coast w ere 9.34 ng/g w w  and 
9.39 ng/g ww, respectively. Significantly low er m ean PFOS concen­
trations w ere found at sam pling stations 1-4 , ranging from 
1.21 ng/g w w  to 3.40 ng/g w w  (p < 0.01, t-test). The reason could 
be the influence of the nearby industrial area of the Danish and 
German coast, w here the rivers have been identified as im portant 
input sources for PFCs resulting in a PFOS concentration level of 
0 .69-3.95 ng/L in surface w ater of the German Bight (Ahrens 
e t al., 2009a). Conversely, the m ean concentration of )TPFCA was 
significantly higher a t sam pling station 1 (i.e., 3.26 ng/g w w ) in 
com parison to  sam pling station 6 (i.e., 1.53 ng/g ww) (p< 0.05 , 
t-test). However, no significant differences for )TPFCAs were 
observed for the o ther sam pling stations, w hich indicates a rela­
tively hom ogeneous d istribution  of PFCAs. The m ean concentration 
of MeFOSE was significantly higher a t sam pling stations 1 -3  w ith 
m ean concentrations betw een 1.06 ng/g w w  and 1.42 ng/g w w  in 
com parison to  sam pling stations 4 -6 , w here MeFOSE was not de­
tected. It is possible th a t MeFOSE had its origin from atm ospheric 
deposition; however, the exact contam ination source is not known.

The different spatial distributions of PFOS and PFCAs in dabs 
correspond w ith  the spatial d istribution o f PFCs in m arine m am ­
mals, for w hich fish is the m ain food source. The PFOS concentra­
tions in harbour seals (Phoca vitulina) from the German Bight 
w ere a factor of 10-50  higher than  in Arctic ringed seals (Pusa hisp­
ida), w hile the PFCA concentrations w ere only a factor o f 2 higher 
in harbour seals (Ahrens et al., 2009b; Butt e t al., 2007). These re­
sults indicate th a t PFOS is m ainly found near source areas such as 
the Danish and German coasts, w hereas the d istribution of PFCAs is 
m ore uniform  due to  their potential for long-range transportation  
via volatile precursors (Young et al., 2007) and/or directly by ocean 
currents (Armitage et al., 2006). A different spatial d istribution of 
PFOS and PFCAs can also be found in harbour porpoise (Phocoena 
phocoena) livers (Van de Vijver e t al., 2004) and guillem ot (Uria aal­
ge) eggs (Löfstrand e t al., 2008). Similar to this study, decreasing 
PFOS concentrations w ere observed from north  to south and a 
m ore uniform  distribution of PFCAs in N orthern Europe.

Overall, the presence of high levels of PFCs in the bile of dabs is 
an  interesting observation, because the bile fluid is secreted by 
hepatocytes from the liver and is im portan t for the excretion of sev­
eral com pounds including organic pollutants. Furtherm ore, dabs 
are good bioindicator of sedim ent pollution because they live in 
the benthic zone and their diet consists of zoobenthos. This could 
be problematic, because PFCs have the potential to bioaccum ulate 
in the m arine food w eb (M artin e t al., 2003) and are potentially 
harm ful to m arine m am m als (Ishibashi e t al., 2008). In addition, 
consum ption of the contam inated  dabs could possibly be a source 
of PFCs to hum ans (Falandysz e t al., 2006). Further investigations 
concerning the accum ulation potential and w hole body burdens 
in m arine wildlife are necessary to assess potential adverse effects 
of PFCs. This study provides data  on the baseline concentrations and 
spatial d istribution for individual PFCs in dabs. The investigation of 
the spatial and tem poral changes of PFC contam ination in m arine 
wildlife is an  im portant challenge for the future.
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Appendix A. Supplementary data

Supplem entary data associated w ith  this article can be found, in 
the  online version, a t doi:10.1016/j.m arpolbul.2009.10.007.
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Mercury in wahoo, Acanthocybium solandri, from offshore waters of the southeastern 
United States and the Bahamas

Douglas H. Adams *
Florida Fish and Wildlife Conservation Commission, Fish and Wildlife Research Institute, 1220 Prospect Ave., #285 , Melbourne, FL 32901, USA

A R T I C L E  I N F O  A B S T R A C T

W a h o o , A c a n th o c y b iu m  so la n d ri, a re  p r e d a to r y  o c e a n ic  f ish  th a t  o c c u r  an d  are  h a r v e s te d  in  a ll tro p ic a l an d  
su b tro p ic a l o c e a n s . T o ta l m erc u r y  c o n c e n tr a t io n s  a n a ly z e d  in  d o rsa l m u sc le  t is s u e  o f  2 0 8  w a h o o  fro m  o ff­
s h o r e  w a te r s  o f  th e  s o u th e a s te r n  U n ite d  S ta te s  a n d  th e  B a h a m a s ra n g ed  fro m  0 .0 2 1  to  3 .4  m g /k g  ( w e t  
w e ig h t ) , w ith  a m e a n  o f  0 .5 0  m g /k g  (±  0 .5 9 5  SD ). A n a ly se s  in d ic a te d  s ig n if ic a n t  p o s i t iv e  lin e a r  r e la t io n ­
sh ip s  b e tw e e n  m e r c u r y  a n d  le n g th , a s  w e ll  a s , a g e  o f  w a h o o . T h e p is c iv o r o u s  n a tu r e , g e n e r a lly  h ig h  tro ­
p h ic  p o s it io n , fa s t g r o w th  rate, a n d  a s s o c ia te d  h ig h  m e ta b o lis m  o f  w a h o o  w it h in  tr o p ic a l o ffs h o r e  p e la g ic  
e n v ir o n m e n ts  m a y  le a d  to  c o m p a r a t iv e ly  h ig h e r  c o n c e n tr a t io n s  o f  m erc u r y  o v e r  r e la t iv e ly  sh o r t  t im e  
p e r io d s . M ercu ry  in  w a h o o , a  h ig h ly  m o b ile  s p e c ie s  c o n s is t in g  o f  o n e  w o r ld -w id e  p o p u la t io n , is  r e g io n a lly  
in f lu e n c e d  b y  la r g e -s c a le  sp a tia l d if fe r e n c e s  in  a v a ila b le  m erc u r y  in  s e le c te d  p r e y  f ish  s p e c ie s  -  m a n y  o f  
w h ic h  h a v e  b e e n  fo u n d  to  c o n ta in  r e la t iv e ly  h ig h  c o n c e n tr a t io n s  o f  m ercu ry .
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