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A bstract

T h e  p re s e n t  s tu d y  re p o rts  c o n c e n tr a t io n s  a n d  b io m a g n if ic a l io n  p o te n tia l  o f  p e r-  a n d  p o ly f lu o r in a te d  a lk y l  s u b s ta n c e s  (P F A S ) in  s p e c ie s  from  

th e  B a ren ts  S e a  fo o d  w eb . T h e  e x a m in e d  s p e c ie s  in c lu d e d  s e a  ic c  a m p h ip o d  (G a m m a r u s  w ilk itz k ii) ,  p o la r  c o d  (B o r e o g a d u s  s a id a ) ,  b lack  

g u i l le m o t  (C e p p h u s  g r y lle )  a n d  g la u c o u s  g u ii (L a r u s  h y p e r b o r e u s ) .  T h e s e  w e re  a n a ly z e d  l o r  P F A S , p o ly c h lo r in a te d  b ip h e n y ls  (P C B s ) , d ic h lo ro - 
d ip h e n y ltr ic h lo r o e lh a n e s  (D D T s )  a n d  p o ly b ro m in a te d  d ip h e n y l  e th e r s  (P B D E s) .  P e r f lu o ro o c ta n e  s u l f o n a te  (P F O S ) w a s  th e  p re d o m in a n t  o f  the 

d e te c te d  P F A S . T ro p h ic  le v e ls  a n d  fo o d  w e b  t r a n s fe r  o f  P F A S  w e re  d e te rm in e d  u s in g  s ta b le  n itro g e n  is o to p e s  (<5ISN ). N o  c o rre la tio n  w a s  found  
b e tw e e n  P F O S  c o n c e n tr a t io n s  a n d  t ro p h ic  le v e l w i th in  s p e c ie s .  H o w ev e r, a  n o n - l in e a r  r e la t io n s h ip  w a s  e s ta b l is h e d  w h e n  th e  e n tire  fo o d  w e b  was 

a n a ly z e d . B io m a g n if ic a tio n  f a c to r s  d is p la y e d  v a lu e s  > 1  fo r  p e r i lu o r o h e x a n e  s u lfo n a te  (P F H x S ) , p e r f lu o r o n o n a n o ic  a c id  (P F N A ), P F O S  and 
2 P F A S (7 ) .  M u lt iv a r ia te  a n a ly se s  s h o w e d  th a t  th e  d e g re e  o f  tro p h ic  t r a n s fe r  o f  P F A S  is s im ila r  to  th a t  o f  P C B , D D T  a n d  P B D E , d e sp ite  the ir 

a c c u m u la t io n  th ro u g h  d if fe re n t p a th w a y s .

©  2 0 0 6  E ls e v ie r  L td . A ll r ig h ts  re s e rv e d .
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1. In tro d u c tio n

C hem ica ls produced to m ake  industria l p ro d u c ts  m ore re ­
s is tan t against degradation  o r fire, possess p ropertie s that 
m ake them  po ten tia lly  harm ful to o rgan ism s w hen they leak 
into the environm ent. A m ong such ch em ica ls  are  halogenated  
o rganic syn thetics, which are only slow ly  broken dow n in
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nature and thus defined as persisten t organic pollutants 
(PO Ps) by the A rctic M onito ring  and A ssessm ent Program m e 
(A M A P) (de W it e t ah , 2004). L egacy  A M A P PO Ps such as 
the hydrophob ic  po lych lo rinated  b ipheny ls (PCBs) and 
d ich lo rod ipheny ltrich lo roethanes (D D T s, including m etabo­
lites) accum ulate  and b iom agn ify  in m arine  food w ebs due 
to  their m o lecu la r stab ility  (B o rgâ e t al., 2004). A s a result, 
upper troph ic  level o rganism s are exposed  to relatively high 
levels o f  con tam inan ts. M agnifica tion  factors, describ ing the 
m agnitude o f  trophic tran sfe r o f  such  pollutants, can be 
estim ated  by re la ting  ratio  o f  stab le  iso topes o f  nitrogen 
(<5i5N) to the chem ical concen tra tions (F isk  e t al., 2001; Hop
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et al.. 2002). K now ledge o f  the b iom agnification  po ten tial o f 
persisten t m an-m ade com pounds is essential in environm ental 
m anagem ent and pro tection .

Per- and po ly fluo rinated  alkyl substances (PFAS) are 
a g roup  o f  an th ropogen ic  chem icals , som e o f w hich  have 
been m anufac tu red  fo r m ore than 50 years. T hese fluorinated 
organic com pounds a re  used in the p roduction  o f  stain  repel­
ling agen ts , fluo ropo lym ers, pestic ides, lubricants, paints, 
m edicines and fire-fighting foam s (K ey et al., 1997; Preve- 
douros e t ah, 2006). T h e  excep tional p roperties that m ake flu- 
o roorgan ics so  a ttrac tive  fo r industrial app lications a lso  m ake 
them p o ten tia lly  hazardous lo  organism s and ecological sys­
tems. T hese  chem ica ls  repel both w ate r and lipids, and are ex ­
trem ely  resistan t tow ards degradation  (Faithfull and Weers, 
1998). In  con trast to ch lo rinated  organic substances, the env i­
ronm ental fate and in fluence  o f  PFAS have hardly gained any 
atten tion  during  the la s t decades o f  the 20th  century, m ainly 
due to  d ifficu lties w ith  regard  to the ir quan tita tive charac te r­
ization. R ecently , how ever, the developm ent o f  a new  m ethod 
sequence fo r analy sis (H ansen  et ah, 2001) revealed  re latively  
high levels o f  PFAS in  the environm ent. Two o f  the m ain 
groups o f  PFA S, perfluo rinated  sulfonates (including perfiuoro- 
octane su lfona te  — PFO S) and perfluorinated  carboxylic  
acids (P FC A s), w ere found to be w idely  d istribu ted  over 
the no rthern  hem isphere , includ ing  rem ote areas such as 
the A rctic  (B ossi e t ah, 2005 ; G iesy  and K annan , 2001; 
V erreault et ah , 2005). T h e  physico-chem ical p roperties o f  
PFAS suggest tha t these com pounds are  poor candidates 
for long -range  atm ospheric  transport. W orldw ide d issem ina­
tion o f  perfluorinated  com pounds m ust therefore  o ccu r either 
by w ay o f  a irborne neu tral precursors such as fiuoro telom er 
alcohols (FT O H s), b y  ocean ic  transport as d issolved or by 
long -range  transport as bound  to partic les in w ater or air 
(P revedouros e t ah, 2006; S im cik , 2005). U nlike legacy 
PO Ps, the am phiph ilic  PFAS have n o t been show n to accu­
m ulate  p re fe ren tia lly  in  ad ipose  tissue. T hey  ra ther b ind  to 
b lood  p ro te in s and accu m u la te  in the  liver o f  exposed  organ­
ism s (Jones e t ah , 2 0 0 3 ; V anden H euvel et ah, 199 la ,b ). E x ­
perim ental e ffect stud ies hav e  dem onstra ted  the tox ic ity  o f 
a n u m b er o f  perfluo rinated  substances through im pedance 
o f  ce ll-to -ce ll com m un ica tion  and perox isom e proliferation , 
w hich a re  both  m echan ism s fo r hepatocarc inogenesis (Ber- 
th iaum e and W allace, 2002; Hu et ah, 2002; U pham  e t ah, 
1998). M oreover, so m e PFAS are also suggested  to  affect 
lipid m etabo lism  and rep roduction  (H augom  and Spydevold , 
1992; L au  et ah , 2003 ; T h ibodeaux  e t ah , 2003).

D esp ite  be ing  am p h iph ilic , PFAS dem onstra te  b ioaccum u­
lation ten d en c ies  due to  their ability  to  bind to proteins. T he ir 
degree o f  b ioaccum ula tion  genera lly  increases w ith perfluoro- 
alkyl ch a in  leng th  (M artin  e t ah , 20 0 3 a,b) and trophic position  
(Van de  V ijver e t ah, 2003). Q uan tification  o f  b ioaccum ulation  
potential has p rim arily  been developed  fo r lipid so lub le  sub­
stances. C onsequently , their m odelling  estim ations a re  based 
on o c tan o l—w ater partitio n in g  (log Afow) p roperties (C ollander, 
1951). H ow ever, lo g W ow is not m easurab le  fo r m ost PFAS 
(G o lovanov  and T sy ganko  va, 2001), and quantification  ol b io ­
accum ula tion  based  on em pirica l da ta  is therefore essen tial to

understand the late ol PFAS and the ir im pact on m arine eco­
system s. Field studies from  the C anadian A rctic have ind i­
cated  b iom agnification o f  PFOS in aquatic food  w ebs 
(K annan et ah, 2005 ; Martin et ah , 2004; Tom y et ah, 
2004a). However, no research  on food web bioaccum ulation 
ol PFAS has so la r  b een  conducted in the European A rctic.

The present study is an assessm ent o f  four selected  species 
from the Barents Sea ice edge food web. The investigated 
species included the ice-associated  (sym pagic) am phipod 
G am m arus wilkitzkii, p o la r cod {Boreogadus sa ida), black 
guillem ot {Cepphus g ry lle )  and  g laucous guii {Larus hyper­
boreus). T he  m ain ob jec tive  w as to  assess w hether PFAS 
show  sim ilar b ioaccum ulative  behaviour as lipid soluble 
PO Ps in the selected species, particularly  em phasizing the 
potential fo r b iom agnification.

2. M a te r i a l s  a n d  m e th o d s

2.1. Sampling procedures and sample preparation

All organisms were co llected  in the  Barents Sea eas t of Svalbard (77— 
79°N, 30°E) in M ay—July 2004 . M ass sam ples o f  the ice am phipod G. wilkitz­
k ii were collected from ice-floes with an  electrica! suction pum p operated by 
SCUBA divers (Lpnne, 1988), O nly  specim ens > 2 0  mm (> 2  years) were kept 
for analysis. Polar cod (n =  50 ) were collected  with a Cam pclen 1800 bottom  
trawl deployed from R/V Ja n  M ayeti A dult black guillem ots (n  =  18) and 
glaucous gulls ( 1 1  = 9) (based  on  plum age) were sam pled using a  shotgun. 
A ll organism s were w eighed an d  w rapped in alum inum  foil before storage 
at - 2 0  °C, In  addition, fish fork-Iengths w ere m easured; they ranged from  
11 .5 -1 7 .0  cm corresponding to  I—4-year-o ld  (Falk-Petersen e t al., 1986). 
which is within the size-range eaten by black guillem ot and glaucous guii in 
the Barents Sea (Erikstad, 1990; M ehlum  and Gubrielsen, 1993). ín  the lab, 
wing length, bill +  head length and tarsus length were recorded for the sea­
birds before dissection. For bo th  seabirds and fish, liver and m uscle  sam ples 
were obtained from each specim en fo r analyses o f  contam inants and stable 
isotopes, respectively. Furtherm ore, the stom ach content was analyzed and 
sex was determ ined. A ll organism s used in the study appeared in  good nutri­
tional condition.

Prior to extraction, whole livers were hom ogenized using a b lender (U ltra- 
turrax T  25, Janke & Kunkel, IK A  Labortechnik, Staufen, Germ any). Duc to 
the small size o f  the polar cod liver, sam ples from  three fish o f s im ilar length 
(two fem ale and one m ale) w ere  pooled (n =  16) for the  analyses. T he  am ph i­
poda (whole body) were pooled (/; =  6) according to length to ga in  hom oge­
nized sam ples o f a t least I g.

2.2. Analysis o f  PFAS

All liver sam ples o f  po lar cod , black guillem ot and glaucous guii, as well 
as whole amphipoda, were analyzed for fluorinated com pounds according to 
the method described by B erger and H aukas (2005). In short, approxim ately  
I g  o f sam ple homogenate w as spiked w ith 20  ng o f  internal standard 
(ISTD) (7H-PFHpA; Table 1), before 3 mL o f  2 m M  am m onium  acetate in 
m ethanokw ater (1:1, by volum e) was added, T he sam ple was a llow ed to  ex­
tract for 30 m ín  in an u ltrasonic bath. After extraction, the m ixture was first 
filtrated through Kleenex on the tip o f a Pasteur-pipctte, and the resulting so ­
lution was filtrated further through a M icrocon YM -3 centrifugal filter 
(1 4 0 0 0  rpm, ~ 3 0  min). The final extract was transferred to an  uutoinjector 
vial, w eighed, and 2 n g  recovery standard (3,5-BTPA; Table 1) w as added.

The separation and quantification m ethod w as based on high perform ance 
liquid chrom atography (HPLC) in com bination w ith tiine-of-flight m ass spec­
trometry. Briefly, separation w as perform ed on a  colum n em ploying  a  b i­
nary gradient o f  2 mM am m onium  acetate in both m ethanol and water. 
E lectrospray ionization in the negative ion m ode ( E S I - )  was u sed  applying 
an alternating eone voltage o f  2 0  and 40 V. M ass spectra were recorded in
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Table I
Fluorinated analytes and  standard com pounds w ith abbreviations, h igh-resolu tion  ion m ass to charge ratio U i i / : )  used fo r  quantification and m ethod detection limits

Com pound Abbrevation Q uantification 
m ass (m ii)

M ethod detection  lim it ( n g g  1 

lee am phipod Polar c o d

wet w eight)

Black guillem ot G laucous guii

Perfiuorobutane sulfonate PF B S 298.94 0.20 0.16 0.14 0.18

Perfitiorohcxane sulfonate PFH xS 398.94 0.03 0.04 0.15 0.06

Perfluorooctane sulfonate PFOS 498 .93 0.26 0.23 2.57 0.30

Pertiuorodeeanc sulfonate PFDcS 598,92 > 1 5 >15 > 15 >15

Pcrfiuorohexanoic acid PFHxA 268.98 0.41 0.22 0.22 0.22

Perfiuoroheptunoic acid PFHpA 318.98 0.42 0.44 0.83 0.56

Perlluorooetanoic acid PFOA 368.98 1.25 1.25 6.60 1.28

Perfluorononanoic acid PFNA 418.97 0.33 0.24 2.69 1.00

PerHuorodecanoic acid PFDcA 468.97 2.40 0.32 >15 3.40

Perfl uorou ndccanoie ae  i d PFUnA 518.97 0.72 0.75 > 1 5 >15
Perlluorododecanoic acid PFDoA 568.96 > 1 5 > 15 > 15 > 1 5

Perfluorotetradecanoic acid PFTeA 668.96 > 1 5 > 15 > 1 5 >15

6:2  F luorotelom er sulfonate 6:2 FTS 426.97 0.21 0.40 2.64 0.70

Perfluorooctane sulfonam ide PFOSA 497.95 0.77 5.59 3.22 9.80

7H-Perfluoroheptanoic acid" 7H -PFH pA 280.98 — — — -
3,5-B is(lrifluorom ethyl)phenyl acetic acid1’ 3,5-BTPA 227.03 — — —

" Used as internal standard. 
h Used as recovery standard.

the full-scan mode. F o r quantification, the internal standard  method was ap­
plied, using 7H -PFH pA  as ISTD. F o r correction  o f  m atrix effect, external 
quantification standards were d issolved in an authentic m atrix extract for 
each  matrix. Integration was perform ed in  extracted  m ass chrom atogram s us­
ing the high-resolution m ass to charge ra tios given in Table I and a  typical 
m ass tolerance o f 0 .06 u.

M ethod validation included m ethod blanks, repeatability  checks, recovery 
experim ents, intra-lab method com parison  and  determ ination  o f  the method 
detection lim it (M DL) (Berger and H aukâs, 2005). T he  M D L was defined 
as the higher value o f  the  follow ing tw o alternatives: (1 ) m ean plus three  stan ­
dard  deviations (SD) o f  a series o f  five blind  ex tractions from  /j-hexadecane; 
(2) signal-to-noise ratio  o f three in the  chrom atogram  o f a  sam ple extract 
from  spiked liver calculated relatively to external s tandards dilu ted  in the co r­
responding liver ex tract. B lank values were not subtracted  due to relatively 
large variation in blank values and  the fact that they were accounted  fo r in 
the conservative M DL. R ecoveries typically ranged from  60  to  115%.

M D Ls fo r the  screening m ethod w ere in the range  0 .03—1.3 n g g -1 wet 
w eight for m ost PFAS, except fo r the long-chain and less po lar com pounds 
(PFD cS, PFUnA, PFD oA , PFTeA, PF O S A ) which had M D L s >  15 ng g -1 
w et weight (Table 1). Som e long-chain  PFAS had low er recoveries than the 
ISTD (Berger and H aukâs, 2005). C oncentrations o f  these  com pounds m ay 
have been underestim ated as no correction  w as perform ed fo r the differences 
in  recoveries between the  analy tes and  the ISTD. Som e quantified values 
(given in Table 2) are thus lower than the M D L for th e  respective  com pound,

2 .3 . A n a ly s is  o f  o r g a n o c h lo r in e s  a n d  o r g a n o b r o m in e s

Pooled w hole individuals o f  G. w ilkitzkii (n  =  6), an d  liver sam ples o f  polar 
cod (/7 =  9, pooled), b lack  guillem ot (n  — 10) and g laucous guii (n  =  9), w ere 
analyzed for organochlorine com pounds (O C s) and polybrom inated  diphenyl 
ethers (PBDEs). Based on  results from  the PFAS analysis, the  sam ples selected 
represented the  w hole range o f PFAS concentrations, P rio r to analysis, sam ples 
w ere  extracted  and prepared according to m ethods by  H erzke e t al. (2003). In 
short, sam ple hom ogenates w ere  d ried  in a  10-fold am ount o f  sodium  sulfate, 
spiked  with iso tope labeled  in ternal s tandards (see below ) and subsequently  
extracted  using cyclohexane/acetone (3:1; by volum e). A fraction  o f the result­
ing  ex trac t was used to  determ ine extrac tab le  organic  m a tte r gravim etrically. 
In o rd e r to rem ove lipids, gel perm eation  chrom atography  (G PC) was applied. 
An additional fractionation was carried  out on  a florisil co lum n. A recovery 
standard  (octachloronaphthalene) was added prior to quantification.

Sam ple  extracts w ere analyzed using  gas chrom atography  and low -resolu- 
lion quadrupule  m ass spectrom etry operated in  the e lectron  im pact m ode (G C/

EI-M S), S eparations w ere  pe rfo rm ed  on a 30  m  D B 5-M S capillary colum n as 
described  by H erzke e t al. (2005). T h e  sam ples w ere  analyzed for the content 
o f  polych lo rinated  b ipheny ls (P C B -28 , -52, -99 , -101, -105, -118, -138, -153, 
-156 , -180, -183, -187 , -194), d ich lorodiphenyltrichloroethane com pounds 
(p .p 1-DDT, o,/;'-D D T, p ,p '-DDE, o ,p '-DD E, o ,//-D D D ) and polybrom inated 
d iphenyl e thers (PBD E -28, -47, -7 1 , -77. -99, -100, -138, -153, -154, -183). 
Q uantification  was perform ed u s ing  the internal standard m ethod, applying 
n C -PC B congeners 28 , 52, 118, 153 and 180 as ISTD s for the PCB and 
D D T  analyses and UC -P B D E  congeners 28, 47, 99, 153 and 183 fo r the 
P B D E  analyses. T he  quality  o f  the m ethod used is verified regularly in inter­
national in ter-calibra tion  studies (Q U A SIM E M E , BRO C) and with certified 
reference  m aterials. M ethod b lanks w ere  analyzed w ith  every 10th sample. 
N o background concentrations w ere  detected in the b lank sam ples, and the 
M D L  was hence evaluated based o n  a  signal-to-noise  ratio  o f three in sample 
chrom atogram s. R ecoveries o f  the ISTD s typically  ranged from  40 to 80%.

M ethod  detection  lim its fo r the ch lo rinated  and brom inated com pounds 
ranged from  0 .02  lo  0 .57 n g g -1 w e t w eight fo r po lar cod, black guillem ot 
and g laucous guii. F o r the ice am phipod sam ples, M DLs ranged from  0,60 
to  3.41 n g g -1 w et weight.

2 .4 . A n a ly s is  o f  s ta b le  is o to p e s

Stable  n itrogen isotope ratios w ere  analyzed in  m uscle sam ples from  polar 
cod  (n  =  11 pools), b lack  gu illem ot (n  =  18), and glaucous guii (// =  9), as 
w ell as w hole  specim en o f  G. w ilkitzkii (n =  6). T he  analyses were performed 
a t the In stitu te  fo r Energy Technology, K jeller, N orw ay as described by Hop 
e t al. (2002). S table  isotope concen trations w ere expressed as:

<5,5n =  i ^ iooo , ( i )
V ^ su m d u rd  )

w here R  is the  corresponding  ratio o f  l5N /l4N , re la ted  to  the standard values.

2 .5 .  T r o p h ic  le v e l  a n d  b io m a g n ific a tio n  fa c to r s

For each  individual sam ple, the trophic level was determ ined using the 
re la tionsh ip  estab lished  by F isk  e t al. (2001):

TI — 0 4- (^ l5H ;onsumer ~  ^ffiriiypeOiúrei^ M)
*• ‘-'cunxum er —  ¿  ^  g  *

w here  T L COnsumer is the trophic level o f  the o rganism  and  <5lflNcatmms hyperboreus 
is determ ined as 7 .3 ± 0 , 2  (m ean ±  S E  for the B arents Sea, M ay 1999)

s u b ito  e .V . l ic e n se d  c u s to m e r  c o p y  s u p p lie d  a n d  p rin te d  fo r F la n d e rs  M arin e  In s titu te  L ib rary  (S L 105X 00225E )



M. H aukâs et al. /  Environm ental Pollution 148 (201)7) 3 6 0 - 1 7 J 363

t ies c  
<u 8  

3  S 
£  O

q S3 S3•H n q
1 C1 nii■si­cs q  S

iO'
q

1

rO C c cô ri

c ¿

n O' 00 O' _ 00 m OO en 00 oo o s- co n S3 n r- r- CO CO co rfoj q n q en •—• ■—1 S3 en n o NO
d

q — q O o —« q o n o en
o d ni d cri o d O O o —i -4 r-̂ l d d d O n d q d ■H d d
HH -H HH -H HH HH HH HH Hi Hi -H +1 HH -H HH Hi -H HH Hi HH HH HH -H Hi -H
—, n vo n . r- S3

n
q oc 00 •c 'C — en 'S3 i—, o - , S3 — . . V-, m oo Osn

1 o cri i •O S3 q q q o en n un q co d n O' n d q  q _u LO r*j
S3 — 1 1 - i C — • 1d •H r i r i o en d cri d q 1 d m ri o rn d c i

O 00 00 — 00— co oo oo —• 00 o  —-, o o o o O O o o O o O o o o o o o O o o
O d! r- n  d d  io . co c5 S S S S c3 o <3 o Ö o o Ö ri d d 1 2 d d o
— —, en in — 1 —, —i —■ 1 1 —, f—i 1 ' 1 1 “ ” T“* O' ~ ~ " " ' T_“

Pi

>1
3

q  es 
ri d

vO 00 o Oso
00 vD

O s 00 io Tî; ni1 en d —, c-4 en

^r m o sC ° ) \D 'Qr - Tî- —, CO T Í o
i O si

n fN
j T

n j
I

O!I 1
1 l# c OO o ir-; 1m 1•n

* d d >n rf V )
c à a s r>i d 5 CN 00

, '  i"
r ! Î --  M C I r l co d  r i c t  ■T s  r ,  r-i

co a s ir i s i o\
ï  O '  -
i  ! I

„  m  r -  r- , • „  w
“  ?  i °f T  ?  ?

2  i  S  5  “  i
«  oo -  r ,  -  in

I I 1
•O en 
ri d CO C C co

S3 t(-
s  ^O  rl
-H -H

. S3 co 
*0 oj q
C  O  S 3

O' CT> P
S' O' r î

CS S3
d  d

o  oo oo _  os n i — \ o  
C  ^  . j  «  r i  t  SI c/-, en

+1 +1 
O  S3

. d  
— I S3

Ç  O  O' 
OO in O'

es t— v_. c,•ce co — s-
-H -H -h HI -H 4| -h ,H +1 _H -H -H -Il ^

r-les — oo m -------
o O'!

■H i !  -H
r ~ .P l - -
°> Pi Men r-l o

'S3
•d

I

0 — 0 
-H Hi -H 
co o\ o  
d  d  <ri— r-, O

neo m
r i

Tj
K O'en

I d i r ii di diir- l_ i iy: i. 0\ ic—* “D cc -a r- O'
d C — —• c  d d

— ri
Hi -H
CO S3 
O' CO 
"H S3

5 v Ç Ç 5 S l 9 i 2 ! 0 ' 0 ' 0 ' 0 ' 0 ' 0 '
O ' C ' O ' O ' O ' C ' O ' O ' O ' O ' O ' O ' O ' à '
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(S u icide  ¿inri Hop, 2(103). The used trophic en richm ent fac to r o f  3.H w as de­
lined by H obson and W elch ( 1992). Recent research , how ever, has suggested 
thai ¿i factor o f  3.4 might better represent the  B arents Sea m arine food web 
(Sorcide el ul.. 2006). A pplying an adjusted d ie t-tissue  fractionation  o f 
2 . 4 " , for seab irds (H obson and W elch, 1992; M izutani el a l„  1991). Hep (2) 
can be m odified, as described by Hop et al. (2002) to :

'[’Li,¡„i =  3 +
(< P N hl„ , - 9.7)

3.8 13)

T h e  extent o f  biom agnification can be expressed in the Ibrtn  o f  biom agni- 
fieation factors (B M Fs). BM Ps in the present study  are  com pound-specific, 
troph ic  level-corrected factors o f  concentration increase  from  prey  lo  predator, 
and were calcu lated  by  applying the following equation  from  H op e t al. 
(2002):

BM F
[CONT„r,,i„„,)/feO N Tptv>

TL,i„. ilaliv PL»iv\
( 4 )

where |C O N T | is the contam inant's  concentration . B M F values >1 indicate 
biom agnification.

2.6. Data analysis

F o r all com pounds found in < 5 0 %  o f  the sam ples o f  a  g iven spec ies, no 
statistics is presented. For the com pounds included in statistical analyses, 
iu'iii detection  ¡¡nut to r the respective com pound rep laced  the Samples below  
detection  lim it in order to avoid m issing data  in the com pu ta tion . All inferen­
tial statistics w ere com puted in R 1.9,1 for W indow s, S ta tis tica  version 6 for 
W indow s (S tatSoft, Inc., Tulsa, OK, USA) and C A N O C O  4.5 for W indows 
(Ter B raak and  Sm ilauer, 2002), T he  statistical s ign ificance level w as se t at 
a  < 0 .0 5 .

A nalysis o f  variance (ANOVA) was conducted  to  test for possible d iffer­
ences in contam inant concentration and  lip id  percen tage betw een fem ale 
and m ale seabirds. T here  were no differences in gender, and m ales and fem ales 
in a species w ere  accordingly treated as one group. W hen analyzing  the  d iffer­
ences in m ean contam inant concentrations betw een spec ies, ANOVA and Tu- 
key’s honestly  significant difference (HSD) tests w ere em ployed . T he possible 
influence o f body  weight, size and trophic level on the con tam inan t concen tra­
tion was analyzed using linear regression and the generalized  additive  model 
(G A M ). T he Shapiro—W ilks’ W test was used to test fo r norm ality. L inearity  
and constant variance were evaluated by the m eans o f  d iagnostic  plots. Loge- 
transform ation o f  variables was perform ed to obtain  norm ality  and  reduce 
variance heterogeneity  and skewness. Since the  ch lo rina ted  and brom inated 
o rganic  substunces are  highly lipid so luble, the ir concen tra tions w ere  lipid 
norm alized before  analysis.

M ultivariate statistical analyses perform ed excluded  the ice  am phipod due 
to  the  low num ber o f com pounds detected in this organism . Principal com po­
nen t analysis (PCA) w as perform ed to describe the m ain  pa tte rn s o f  variation 
in con tam inan t concentration w ithin species. A dditionally , one PC A  included

all ihree species (p o la r cod, black g u illem o t, g laucous guii) for each o f  the four 
contam inant groups separately : PF A S  (3 com pounds), PCBs (13), DDTs (2) 
and PB D Es (2). Every group was com prised  only  by analytes found in all three 
species (Table 2). In all the  fo u r  PC As, the first principal com ponent axis 
(P C I) accounted for at least 95%  o f  the variance in the contam inant concen­
trations. T he  PCI sam ple scores representing  each  o f  the four contam inant 
g roups w ere subsequently  a p p lie d  in a m ultivariate analysis o f  variance 
(M ANOVA), a redundancy an a ly sis  (RD A ) and in linear regression analysis. 
RDA is a direct (constra ined) m ultivaria te  ord ination  analysis that was applied 
in  o rder to  relate con tam inan t concen tra tions to the  explanatory variable tro­
phic level (T L). T he significance o f  all canonical axes was tested using Monte 
C arlo  test w ith unrestricted  perm uta tions. L inear regression analysis was also 
conducted  to  lest the re la tionsh ips  betw een trophic level and  PCI sample 
scores for each  con tam inan t g roup.

3. R esu lts

3 .1 . C oncentra tions a n d  con tribu tion  o f  PFAS

PFOS show ed the h ig h e s t concen tra tions o f  the detected 
fluorinated  com pounds in a ll species stud ied , w ith values up 
to  225 n g g -1 in g laucous gu ii (Table 2). In addition, PFOS 
w as the only analyte found in all fo u r species. M ean concen­
trations ( n g g -1 w ei w eigh t) o f  PFOS increased in the order 
po lar cod (2 .02) <  ice am phipod  (3 .85) <  black guillem ot 
(13.5) <  g laucous guii (65 .8 ). 6:2 F luoro te lom er sulfonate 
(6:2 FT S ), perfluorohexane su lfona te  (PFH xS), perfl uorohexa- 
noic acid (P FH xA ), perfluo rooc tano ic  acid  (PFO A), perfluoro- 
nonanoic acid (PFN A ) and perfluorodecanoic  acid  (PFDcA) 
w ere detec ted  in a t least tw o o f  the investigated  species. Of 
these analy tes, the h ig h es t concen tra tion  was found for 
PFOA in black gu illem o t (17.1 n g g -1 ) fo llow ed by PFDcA 
in g laucous guii (9.43 n g g - 1 ). In the ice am phipod, only the 
m ore hydrophilic  6 :2  FT S and  PFO A  w ere detec ted  in  addition 
to  PFOS.

PFO S had the la rgest re la tiv e  con tribu tion  o f the individual 
PFAS congeners and constitu ted  52, 41 , 80 and 94%  o f all de­
tected  fluorinated  com pounds in ice am phipods, po lar cod, 
b lack gu illem o t and g laucous gu ii, respectively  (Fig. 1A). 
T he re lative con tribu tion  o f  “ o ther P F A S ” (congeners not de­
tected  in all species) d ecreased  from  fish and ice  am phipods to 
b irds (T ukey ’s H SD , p  <  0 .05). PFH xS and PFN A  w ere de­
tected  in all species excep t fo r the ice  am phipod. T here  was
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w et w eight (B) o f  PF H xS , PFOS, PFNA in ice  am phipod, polar cod, black
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an apparen t increase in concen tra tions o f  PFO S, PFH xS and 
PFNA from  ice am phipod  and /o r p o la r cod via black guillem ot 
to g laucous guii (Fig. i B). H ow ever, concentrations o f  PFHxS 
and PFN A  did not d iffe r sign ifican tly  betw een the birds, and 
PFOS levels w ere s im ila r in po lar cod and am phipods (Tu- 
key’s H SD , p  >  0 .05). No co rre la tions w ere found betw een 
PFOS concen tra tion  and body w eight/size o f seab irds o r be­
tw een PFO S co n cen tra tio n s and body w eight o f  po la r cod. 
N evertheless, there w as a positive relationsh ip  betw een 
PFOS concen tra tion  and  p o la r cod fork-leng th  (0 , = 2 .4 2 ,  ad­
ju s ted  /?2 =  0 .19, F | , i 4  — 4 .6 2 , p  =  0 .05).

3.2. C oncern rai ions a n d  contribu tion  o fO C s  and  P B D E s

P robab ly  due  to th e  relatively  h igh  M D Ls and low sam ple 
am ounts, no ch lo rina ted  o r b rom inated  congeners w ere de­
tected in G. w ilk itzk ii, excep t for PC B -153 in one sam ple, 
and p ,p '-D D E  in tw o sam ples (Table 2). T he concentrations 
o f ch lo rinated  and b rom ina ted  analy tes show ed h ighest values 
for P C B -138 and PC B -153, p ,p '-D D E  and PB D E-47 in all spe­
cies analyzed . PC B s an d  D D T s w ere the m ost abundant o f  the 
analyzed  co n tam in an t g roups, and contribu ted  therefore m ost 
to the overa ll burden o f  con tam inan ts (Fig. 2A). A lthough 
there w ere  d iffe rences betw een  individual analytes, the con ­
cen tra tions o fO C s  an d  PB D E s genera lly  increased in the o rder 
po la r cod  <  b lack  g u illem o t <  g laucous guii (Fig. 2B ) (Tu- 
key ’s H SD , p  <  0.05).

3.3. T roph ic  level a n d  transfer o f  P F O S

A w ide  range o f  <5I5N  (6 .7 — 16.7%0) w as found in the  inves­
tigated  species. T he ic e  am phipod  rep resen ted  the second  tro ­
phic level (Fig. 3) (m ean  T L  2 .0), w hereas po lar cod was 
in term ed ia te  be tw een  the th ird  and the fourth level (m ean 
T L  3 .7). B lack  g u illem o t (m ean  T L  4 .3) and g laucous guii 
(m ean T L  4.5) rep resen ted  trophic  levels 4—5. A ll species d if­
fered sign ifican tly  in m ean troph ic  level, except fo r b lack  gu il­
lem ot and  g laucous g u ii (T ukey ’s H SD , p  <  0,05 fo r  all but 
one pa irw ise  com parison).

PFOS levels d iffe red  significantly  am ong species (ANOVA, 
^ 4 .4 0  =  20.4, p <  0 .0 0 1 ) except betw een ice am phipods and 
polar cod (data from  Table 2), T here  w as an increase in 
PFOS concentration fro m  am phipods and fish to black gu ille­
mot and glaucous guii (T tikey’s HSD, p  <  0.05 for all but one 
pairw ise com parison). No correlation  was found between 
PFOS concentration a n d  trophic level w ithin species. N ever­
theless, a non-linear re la tionsh ip  was established w hen the en ­
tire food web w as an a ly zed  (Fig. 3) (ANOVA on GAM ; 
dl =  1.89, Chi square  =  18.7, p <  0 .001). W hen excluding 
the ice amphipod sam p le s  from the m odel, the relationship be­
tween PFOS and tro p h ic  level was significantly  linear 
(0 i =  2.68, adjusted /?2 =  0.48, F u t > =  35.0, p <  0.001).

3.4. B iom agnification fa c to rs

B iom agnilication fac to rs (B M Fs) w ere based on predator— 
prey relationships in fe rred  from literature and stom ach content 
inform ation, and co rrec ted  to unity for trophic level differ­
ences (Eq. (4)). B M Fs based on presum ed mixed diets w ere 
also calculated. T he m ix ed  diet com prised o f  20% ice am phi­
pods and 80% polar- cod  for black guillem ot, and 20%  ice am ­
phipods, 50%  po la r cod  and 30%  black guillem ot fo r glaucous 
guii. The m ixed diet com positions represented one trophic 
level low er than th e  troph ic  positions for the birds in question. 
M ean contam inant concen tra tions (ngg~* wet w eight for 
PFAS and n g g -1 lipid w eight fo r O C s and PBDEs) were ap­
plied in the calcu lation  o f  the BM Fs,

B iom agnification fac to rs  d isplayed values >1  fo r PFHxS, 
PFN A, PFOS and 2 P F A S  in the m ajority  o f predator—prey re­
lationships, except fo r polar cod—ice amphipods (Table 3). 
PFOS showed the h ig h es t BM F values o f  the fluorinated com ­
pounds. These values w ere com parable to lipid norm alized 
BM Fs for PC B-28, P C B -52, PC B -101, o p '-D D T  and  PBDE- 
28 fo r m ost p redator—prey  relationships. The only quantifiable 
contam inants in the ice  am phipod w ere PFOS and 2PFA S(7), 
and, consequently, these were the only two analytes for w hich 
the BM Fs could be calcu lated  based o n  the mixed diet. In both 
cases (PFOS, 2P F A S (7)), the b iom agnification factors dev i­
ated considerably from  that o f  only  one prey species.

UXXXJ □  £1: F A S (7 )

• |  □  E P C B ( I 3 )

% I O 0 0 -  ®  £ D D T (5 )

%  M E P B D E (IO )

P o la r c o d  B la c k  g u i l le m o l  G la u c o u s  g u iiP o la r  c o d  B  lu c k  g u i l le m o t  G la u c o u s  g u i i

Fig, 2. R elative  con tribu tion  to total con tam inan t burden (A), as well as m ean concentrations (± S E ) in  n g g  1 lipid weight (B) o t SPC B ( 13), 2D D T (5), and 
SP B D E (IO ) in po lar cod, b lack  gu illem o t and glaucous guii liver. C oncentrations are  displayed on two different logarithm ic axes, C olour codes a rc  sim ilar tor 

A and B.
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3.5. P F A S  behaviour co m p a re d  to lip id  soluble P O Ps

A pply ing  p rincipal co m p o n en t analy sis on concentrations 
o f  2P F A S (7 ) toge ther w ith  Z P C B (13), 2D D T (5 ) and 
2 P B D E (1 0 ) in the three sp e c ie s  (po lar cod, black guillem ot, 
g laucous guii) separately , th e  re la tionsh ip  betw een the four 
co n tam in an t g roups w ith in  each  species could be determ ined 
through evalua tion  o f  co rre la tio n  b ip lo ts (Fig. 4). In all three 
species, 2P F A S (7 ) d isp layed  no significant correlation  with 
2 P C B (1 3 ), 2 D D T (5 ) and E P B D E (IO ). C hlorinated  and bro­
m inated  com pounds on the o ther hand , w ere positively corre­
lated. A lthough , in p o la r co d  only the correlation  betw een 
2 P C B (!3 )  and 2 D D T (5 ) w a s  sta tistically  significant.

C o n cen tra tions o f  the fo u r  com pound groups d iffered  be­
tw een spec ies (M A N O V A , approxim ately  F X22 =  17.0, 
/ ; <  0 .001). R edundancy  an a ly s is  (R D A ), using scores from 
PC A  fo r each  con tam inan t g ro u p , show ed that 67.2%  o f  the to­
ta l variance  in co n cen tra tio n  o f  PFA S, PC Bs, D D Ts and 
P B D E s in the liver sam ples co u ld  be  exp lained  by trophic level 
(Fig. 5). Further, the R D A  revea led  a significant relationship 
betw een  th e  variance  in co n tam in an t concentration  and trophic 
level (T L ) (M onte C arlo  F  =  37.1, p  — 0 .002). D esp ite  the ap­
paren t d ifferences in concen tra tions betw een the contam inant 
g roups w ith in  spec ies (F ig. 4 ), there w ere significant positive 
co rre la tions betw een  the fo u r con tam inan t groups and trophic 
level w hen  inc lud ing  all spec ies (T able 4 , Fig. 5).

Table 3
Species specific and trophic level-corrected b iom agnification  factors (B M F) fo r PFAS, PCBs, D D Ts and PB D E s in the B aren ts  Sea ice  edge food web including ice 
am phipod, po lar cod, black guillem ot and g laucous guii

B iom agnification factors (B M F)

P. cod/I. am ph. B. guill./I. am ph. B, guill./P. cod G, gull/P. cod G. gu ll/B . guii]. B. guill./m ix d iet“ G. gull/m ix diet

TLprcdulor TLprjy 1.62 2.28 0.66 0.84 0.18 1.00 1.00

PFHxS — - 6.00 7.20 8.49 — —

PFOS 0.32 1.54 10.1 38.7 27.0 5.66 11.3
PFNA - - 8.76 11.6 9.34 - -
2PFAS(7) 0.41 1.01 5.25 16.9 22.8 3.15 7.72

PCB-28 — - 9.73 59.8 43.5 — —

PCB-52 - - 6.76 30.9 32.3 - -
PCB-99 - - 48.6 1270 185 - -
PCB-101 - - 17.4 86.8 35.3 — -
PCB-105 - - 66.1 1010 108 - -
P C B -1 18 — - 59.5 1310 155 - -
PCB-138 - - 69.0 2230 229 - -
PCB-153 - - 69.3 2710 277 - -
PC B -156 - - 9.62 354 260 - -
PC B -180 - - 88.3 5440 436 - -
PC B -183 - - 84.1 3560 299 - -
PC B -187 - - 82.6 2140 183 - -
P C B -194 - - 0.77 88.9 811 - -
2 P C B (I3 ) - - 35.6 1100 219 - -

0 .//-D D T - - 4.62 27.3 41.7 — -
p ,p ' - DDE - - 58.5 4350 526 - -
2D D T (5) - - 32.2 2320 509 - -

PBD E-28 — - 28.1 59.9 15.1 — -
PBD E-47 - - 45.0 686 108 - -
2P B D E O 0) - - 46.0 723 111 - -

" T h e  com position o f  the  m ixed d ie t is described  in  the  text. 
b D ifference in trophic level (T L) betw een p red a to r and prey.

ino -

5 0  -
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2 0  -
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C
c I O  -
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CL.

4 .0 4 .52.0 2.5

T rophic  leve)

Fig. 3. Relationship between concen trations ( n g g " 1 w et w eight) o f perfluor­
ooctane su lfonate (PFOS) and trophic level, quan tified  by <5IÄN, for the  ice 
edge food w eb  consisting o f  ice am phipod, p o la r cod , b lack  guillem ot and 
glaucous guii. T he trendline follows predic ted  values (sm all dots) o f a general­
ized  additive model. The arrow  illustrates that one am phipod sam ple 
(0.1 n g g -1 w et weight concentration) is ou tside  the range o f  the logarithm ical 
y-axis.
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IP F A S

IP B D F.

I D D T

SPC  B

Polar cod

1.31.3
PC  1 (7 0 .2 % )

SPCB
S D D T

SPB D E

SPFA S

Black guillemot

1.31.3
P C  1 (7 6 .9 % )

SPFA S
SPBD1

SPCB , 

S D D T '

1.3 G laucous gui!

PC  1 (7 2 .5 % )

Table 4

Slope, adjusted II ', /•'-statistic with degrees o f  freedom  und /j-valtie for linear 
regressions betw een trophic leve l and PC 1-scores for the different contam inant 
groups

Group S lope tP G.23

PFAS 0.25 0.44 19.9
PCBs 0.31 0.64 43.1
DDTs 0 .3 0 0.66 48.3
PBDEs 0 .32 0,70 58.0

All slopes are significant at / j <  0.001.

4. D iscussion

4.1. C oncentrations a n d  contribution o f  PFAS

The concentrations o f  PFOS found in polar cod and black 
guillem ot w ere com parab le  to those reported from the Cana­
dian A rctic (Tomy et a í., 2004a) and G reenland (Bossi et al.,
2005), respectively. T h e  liver levels o f PFOS in glaucous 
guii a ie  the h ighest reported  so  far in any Arctic seabird spe­
cies. No previous stud ies  have reported  PFAS concentrations 
in  G. w ilkitzkii. T h e  d e tec tion  o f PFH xS, PFOS and PFNA 
in m ost o f the liver sam ples can  be explained by the strong 
persistence o f  these com pounds and relatively high environ­
m ental concentrations. T h e  presence o f  the more hydrophilic 
PFOA and 6:2 FTS in ic e  am phipods may be due to  partition­
ing o f con tam inants d irec tly  w ith  the surrounding water. The 
relative contribution o f  PFOS com pared to PFHxS, PFNA 
and the other detected com pounds, increased from ice  am phi­
pods and fish to seab irds. This dem onstrates the high biom ag­
nification potential o f PFO S.

B iological factors th a t may have influenced the concentra­
tion pattern o f PFAS in  th e  target species include b io transfor­
m ation, feeding ecology, m igration and size/age. The high 
relative contributions o f  PFO S in  seabirds may be a result o f  
retention o f  this com pound. Flowever, it  m ay also be due to 
an ability  to b io transform  and excrete o ther less persistent flu- 
orocbem icals. M ore effective elim ination through increased 
m etabolic rate m igh t explain  the relative decrease o f “ o ther 
com pounds” from  ice am phipods and fish via black guillem ot 
to glaucous guii (L ivingstone et al., 1992). In addition, it has 
been suggested th a t b io transform ation  o f perfluorooctane sul­
fonam ide (PFO SA ) and sim ilar precursors to PFOS may affect 
the concentration  pattern  in  m arine  organism s by increasing 
the relative am oun t o f  PFO S (Tomy e t al., 2004a,b). Feeding 
ecology m ight a lso  influence the b ioaccum ulation o f fluori­
nated com pounds. G reater feeding rates in hom eotherm s

Fig. 4. Correlation b ip lo ts based on principal com ponent analysis (PCA) of 
pollutant concentrations (ZPFA S(7), 2P C B (13), 2D D T(5). XPBDE(IO)) in 
polar cod, black guillem ot and glaucous guii. C ircles represent individual sam ­
ples, and the  arrows poin t in the direction  o f steepest increase o f  the  respective 
pollutants. T he  angles betw een descriptors in the biplot reflect their covari­
ances or correlations. T he percentage o f  pollu tant concentration variance ex­
plained by each  axis is  given in brackets.
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P F A S  D D T s

Glaueou guii 6  / ^ / P B D L s

'r j
P olar coei

•
•

Black guillemot

- 1 . 3 1 .3

R D A I (  6 1 . 7 % )

Fig. 5. O rdination  diagram  based on  redundancy analysis  (RO A ) o f  the 
relationship betw een trophic level (TL, calculated  from  <5!ÄN ) and the con ta ­
m inant concentration in  polar co d , black guillem ot an d  g laucous guii. B lack  
c irc les  are m ean scores o f sam ples per species, w hereas th in  and bold arrow s 
are continuous response variables (scores o f  PFAS (3 com pounds), PCBs ( 13), 
DD Ts (2) and PBDEs (2) from  PC A ) and p red ic to r (T L ) variables, respec­
tively. The fraction  o f  unconstrained variance accounted fo r by each ax is  is 
given in brackets.

com pared to  poild lo therm s m ay  resu lt in h ig h e r levels in sea ­
b irds than in fish and am phipods (B raune and  N orstrom , 1989; 
F isk  e t al., 2001; H op et al., 2002). M igra tion  to northern  in ­
dustrial a reas, w hich are generally  m ore exposed  to per- and 
polyfluorinated  con tam ination  than the A rctic , m ay also co n ­
tribu te  to e leva ted  PFAS levels in seabirds. T h is is consisten t 
w ith the h igh  PFAS concentration  found in  the m ig ra ting  g lau ­
cous guii com pared  to the resident b lack  gu illem o t. F u rther­
m ore, age m ay have an e ffec t on the ob ta ined  level o f PFAS 
in organism s. For adult seab irds, how ever, there  are  no 
m ethods curren tly  available to  de term ine  age. N evertheless, 
B ustnes et al. (2003) show ed that in g laucous gulls, age  e x ­
p la ined  very  little o f  the varia tion  in  OC levels. B ased on their 
w ork, B orgâ  et al. (2004) suggested  that th e  trophic  level of 
b irds rather than the age determ ines the co n tam in an t burden . 
In th e  p resen t study, how ever, a positive re la tionsh ip  w as 
found  betw een size and PFO S concen tra tion  in p o la r cod , in­
d icating  the effect o f  age on the con tam ination  level in this 
species. A no ther im portant fac to r tha t m ay in fluence the co n ­
centrations o f  PFOS in o rgan ism s is the am o u n t o f  availab le  
b ind ing  sites o f  proteins in the analyzed  tissues , b u t qua lita tive  
and quan tita tive  determ inations o f th is a re  still lacking.

4.2. C oncentra tions and contribu tion  o fO C s  an d  P B D E s

PC B  and D D T  concen tra tions in  po lar cod , b lack  gu illem o t 
and g laucous guii were com parab le  to p rev iously  reported

levels from  the B arents S e a  and S valbard  (Borgii et ah, 
2001 , 2005; G abrielsen  e t a l., 1995; H erzke e t al., 2003). 
M oreover, recent A rctic  s tu d ie s  o f  b rom inated  com pounds 
have docum ented  sim ila r c o n cen tra tio n s  o f  PBD Es as the cur­
ren t p ro ject in po lar cod , b la c k  gu illem o t and g laucous guii 
(H erzke et ah, 2003; S p rm o  el ah , 2006; V orkam p el ah, 
2004). E ven though hardly a n y  ch lo rinated  and no brom inated 
com pounds were detec ted  in  the ice am phipods, earlie r studies 
have show n that G. w ilk itzk ii from th e  Barents Sea contains 
sign ifican t am ounts o f  O C s and P B D E s (B orgâ et ah , 2002; 
H op et ah , 2002; Sprm o e t a h , 2006).

D uring  the last 20 y e a rs , eco tox ico log ica l studies have 
show n that m any ch lo r in a te d  and brom inated  com pounds 
b iom agn ify  in aquatic food w ebs. U p take rates o f  m ost lipid 
soluble o rganohalogens are s im ila r  am ong  species (see Drouil- 
lard  and N orstrom , 2000). It is the elim ination  rate that deter­
m ines w hether a  chem ical b io m ag n ifies  o r not (B orgâ  et ah, 
2004). S low  elim ination  p rev en ts  the chem ical concentration 
in  an organism  from  rea c h in g  equ ilib rium  w ith that in the 
food , and b iom agnification  o ccu rs . G enerally , our resu lts sup­
port tha t there is b iom agn ifica tion  o f  the lipid soluble analytes 
in the investigated  food w eb.

B ased on w et w eight in l iv e r  sam ples, the concentrations of 
2 P C B (1 3 ) and 2 D D T (5 ) w e re  rang ing  3 - 2 4  and 2 —34 times 
h ig h e r than  £PF A S(7), respectively . SP B D E (IO ) levels, on the 
o ther hand, w ere co n sis ten tly  low er than 2PF A S(7). Even 
though these com parisons d o  no t take in to  account the amount 
o f  lipids in the liver re la tive  to  the am oun t o f  potential protein 
b ind ing  sites fo r PFAS, the d iffe ren ces in  the order o f  m agni­
tude m ay give som e in d ica tio n  o f the accum ulation  potential.

4.3. T roph ic  level and  tra n sfe r  o f  P F O S

T h e  calcu la ted  trophic lev e ls  fo r each  o f  the species studied 
are  com parab le  lo those rep o rted  fro m  sim ilar studies in the 
B aren ts S ea  (H op e t al., 2002). It is no tew orthy  tha t G. wilkitz­
k ii is 1.5 trophic levels low er than  p o la r cod , w hich m ay reflect 
the genera lly  low er levels o f th e  15N  iso tope in sym pagic  fauna 
re la tive  lo pelagic Z ooplankton given on a food base dom i­
nated  by  ice  a lgae  versus p h y to p lank ton  (T am elander et ah,
2006). T h e  po lar cod inc luded  in the cu rren t study w ere caught 
near the ice edge in M ay a f te r  the onset o f m elting . Even 
though they  m ay have been p a rtly  influenced by the sym pagic 
system , the gap in troph ic  level betw een  G. w ilkitzkii and  polar 
cod  cou ld  be a result o f  d ifferen t n itrogen  sources (Spreide et 
al., 2006). T he d irect transfer o f  con tam inan ts from  G. wilkitz­
k ii to p o la r cod in the p resen t study  is m ost probably insignif­
ican t considering  the ir diet pa tterns and different habitats 
(L pnne and G ulliksen , 1989; Po lterm ann , 2001). T his m ay ex­
plain  the com parab le  concen tra tions o f  PFO S in these tw o spe­
cies, ra th e r than an increase from  G. w ilkitzkii to po lar cod. 
Increased  exposure to  PFO S in the sym pag ic  environm ent 
m igh t resu lt from  adhering  o f  con tam inan ts to the surface of 
the ice  o r re lease o f con tam inan ts from  m elting  sea ice. The 
co ncen tra tion  o f PFO S in ic e  am phipods relative to  polar 
cod  in th e  p resen t study  may, how ever, a lso  reflect the use 
o f  d iffe ren t m atrices in the chem ical analyses.
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4.4. B iom apnification  fac to rs

E stim ated  b iom agn ifica tion  factors (BM Fs) for PFOS in the 
B arents Sea food  w eb w ere sim ilar o r  h igher than the BM Fs 
found fo r PFO S in the C anad ian  A rctic  m arine food w eb 
(Tomy e t al., 2004a). T he p resen t study displays BM Fs >1 
for all the sta tistica lly  analyzed  PFAS in the m ajority o f  pred- 
a to r -p re y  re la tionsh ips, w hich  im plies biom agnification o f 
these com pounds. C a lcu la ted  B M Fs fo r PCBs and DDTs 
were sim ila r o r  h ig h e r than those previously reported  for the 
Barents S ea  food w eb (B orgâ el ah , 2001; Hop et al., 2002). 
H owever, for substances th a t partition  d ifferentially  to liver 
tissue, the liver w eigh t to w ho le  am phipod body w eight ratio  
m ight be  a q u estionab le  B M F  estim ate . R egarding BM Fs for 
all com pounds, it should  also  be taken  into consideration 
that the p reda to r—prey  re la tionsh ip  betw een polar cod and 
G. w ilkitzkii m ay  be som ew hat unrealistic . Furtherm ore, pe­
lagic p o la r cod and ad u lt b la c k  g u illem o t only m ake a partial 
con tribu tion  to the g laucous guii d ie t. BM Fs calculated  re la ­
tive to  o n e  prey sp ec ie s  and  not to a m ixture o f species may 
be d ifficu lt to in terp re t, as few  A rctic  m arine predators are spe­
cialists. V ariable food availab ility  in th e  A rctic m arine system  
supports a d ie i o f  in ixeu  iie ius fu r B M F calculation . Tiie 
B M Fs based on a  m ix ed  d ie t correspond ing  to approxim ately  
one troph ic  level lo w er than the p reda to r should be quite re­
presen tative w hen regard ing  th e  actual trophic transfer o f  PFAS.

4.5. P F A S  behaviour co m p a red  to lip id  soluble P O P s

PFO S and PFC A  co n cen tra tio n s in  A rctic  b io ta have been 
show n to d isp lay  s im ila r trends as P C B  concentrations in anal­
ogous species-specific  sam p les (M artin  et al., 2004; Sm ith- 
wick e t al., 2005). T h e  cu rren t p ro jec t is the first to  report 
and com pare in d iv idua l tissue-specific  levels o f lip id  soluble 
PO Ps and  PFAS in an  A rctic  m arine  food  web. L evels o f lip id  
soluble PO Ps a re  know n to co rre la te  am ong individuals o f  the 
sam e species due  to s im ila r m ode o f  b ioaccum ulation , th a t is, 
com parab le  ra te  o f up take , d is tribu tion , storage, b io transfo r­
m ation and  excre tion  (L iv in g sto n e  e t al., 1992). In  the p resent 
study, th is w as supported  th ro u g h  positive  relationships be­
tw een th e  ch lo rin a ted  and  brom inated  com pounds w ithin 
species. N o co rre la tions w ere  fo und  betw een  the lip id  soluble 
PO Ps an d  PFA S. T h is  d em onstra tes th e  differences betw een 
these co n tam in an t g roups in com pound-specific  physiochem i- 
cal p roperties such  as lipid so lu b ility  and binding affinity to 
proteins. T he fluo rinated  co m p o u n d s are thus not accum ulated  
through th e  sam e p h ysio log ica l pa thw ays as PCBs, D D Ts and 
PBDEs.

D esp ite  the lack  o f  co rre la tion  b e tw een  lipid soluble PO Ps 
and PFA S w ith in  species, red u n d an cy  analysis including all 
three species (po lar cod, b lack  gu illem o t, glaucous guii) 
show ed that there  w ere  sig n ifican t correlations betw een the 
lipid so lub le  com p o u n d  g roups and  fluorinated substances in 
the deg ree  o f  b iom agn ifica tion  in  the food w eb. PFAS, 
PCBs, D D T s and P B D E s w ere all increasing significantly  
w ith troph ic  level and d isp layed  s im ila r slope values. A ssum ­
ing tha t w et w eigh t in liv e r  is a  re liab le  m easure o f  an

organ ism ’s burden ol fJuorinated com pounds, PFAS appear 
to accum ulate th rough  the food w eb to the sam e extent as 
the lipid soluble PO Ps.

4.6. C hallenges in the quantifica tion  o f  bioaccum ulation  
and  biom ai/nification o f  PFAS

W et w eight concen tra tions in liver have been a custom ary 
m easure fo r e stim ating  biom agnification o f  PFAS (Kannan 
et al., 2005; M artin et a l., 2004; Tomy et al., 2004a). However, 
quantify ing b ioaccum ulalion  and biom agnification o f PFAS 
based on w et w eight is in tricate due to  the lack o f know ledge 
about the binding sites o f  these com pounds. For lipid soluble 
com pounds, the varia tion  in lipid content am ong tissues and 
species is accounted  fo r by  expressing concentrations on a lipid 
w eight basis. W ith  regard  to fluorinated com pounds, the devi­
ation in am ount o f p ro te in  binding sites betw een tissues and 
species cannot be co rrec ted  for. It is therefore difficult to de­
term ine if the increase in  concentrations o f PFAS w ith trophic 
level is in fact food w eb  accum ulation o r a  result o f  enhanced 
binding to proteins and , hence, different retention abilities. 
V ariable protein con ten t can be related to the am ount of blood 
present in the tissues analyzed. PFOS and the structurally anal­
ogous PFAS retained in b lood plasm a have been show n to bind 
via the sulfonate group o r the hydrophobic alkyl chain  to the 
protein  album in (Jones e t al,, 2003). M artin et al. (2003b) 
and V erreault et al. (2005) have reported that plasm a levels 
o f  PFO S in rainbow  tro u t (O ncorhynchus mykiss) and glaucous 
guii seem  to be h igher than liver levels in these species. These 
findings establish the po ten tial im portance o f  blood content in 
the analyzed tissue. H ence , the detected concentration o f 
PFO S in an organ or organism  may depend upon th e  am ount 
o f  blood in  the respective  m atrix analyzed. A  direct com pari­
son betw een w et w eigh t based biom agnification factors for the 
fluorochem icals and lip id  norm alized biom agnification factors 
fo r the PC Bs, D D Ts and PBD Es w ould thus be difficult to 
interpret. In view  o f  th e  abovem entioned aspects o f  uncer­
tainty around the quantification for PFAS, their binding affin­
ity  to proteins and the m echanism  o f  accum ulation should be 
assessed in fu ture  studies.

5. C onclusions

T he present study is th e  first com prehensive survey o f per- 
fluoroorganic contam ination  in a  N orw egian A rctic m arine 
food web. S ignificant am ounts of per- and polyfluorinated 
com pounds w ere found in  seabirds, fish and ice am phipods 
from  the B arents Sea food web. Perfluorooctane sulfonate 
(PFO S) d isp layed  the h ighest concentrations, w ith values up 
to 225 n g g -1 w et w eight in glaucous guii liver. These are 
the h ighest values reported so fa r for any A rctic seabird spe­
cies. A significant increase in liver w et w eight concentrations 
o f  PFOS w ith trophic level w as found in the investigated food 
web. L iver based m agnification factors displayed values >  1 
for PFH xS, PFO S, PFNA and SPFA S in the m ajority  o f  pred- 
a to r -p re y  relationships, w hich suggests biom agnification of 
these com pounds. R edundancy analysis (RDA) show ed that
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the degree o f  trophic transfer o f  PFAS is s im ila r to that o f  the 
lipid so lub le  contam inants PCBs, D D Ts and  PB D E s, despite 
accum ulation  through d ifferent pathw ays.
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