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Abstract

The present study reports concentrations and biomagnificalion potential of per- and polyfluorinated alkyl substances (PFAS) in species from

the Barents Sea food web. The examined species included sea icc amphipod (Gammarus wilkitzkii), polar cod (Boreogadus saida), black

guillemot (Cepphus grylle) and glaucous guii (Larus hyperboreus). These were analyzed lor PFAS, polychlorinated biphenyls (PCBs), dichloro-

diphenyltrichloroelhanes (DDTs) and polybrominated diphenyl ethers (PBDEs). Perfluorooctane sulfonate (PFOS) was the predominant of the

detected PFAS. Trophic levels and food web transfer of PFAS were determined using stable nitrogen isotopes (<SISN). No correlation was found

between PFOS concentrations and trophic level within species. However, a non-linear relationship was established when the entire food web was

analyzed. Biomagnification factors displayed values >1 for periluorohexane sulfonate (PFHxS), perfluorononanoic acid (PFNA), PFOS and

2PFAS(7). Multivariate analyses showed that the degree of trophic transfer of PFAS is similar to that of PCB, DDT and PBDE, despite their

accumulation through different pathways.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Chemicals produced to make industrial products more re-
sistant against degradation or fire, possess properties that
make them potentially harmful to organisms when they leak
into the environment. Among such chemicals are halogenated

organic synthetics, which are only slowly broken down in
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nature and thus defined as persistent organic pollutants
(POPs) by the Arctic Monitoring and Assessment Programme
(AMAP) (de Wit et ah, 2004). Legacy AMAP POPs such as
the hydrophobic (PCBs) and
dichlorodiphenyltrichloroethanes (DDTs, including metabo-

polychlorinated biphenyls

lites) accumulate and biomagnify in marine food webs due
to their molecular stability (Borga et al.,, 2004). As a result,
upper trophic level organisms are exposed to relatively high
levels of contaminants. Magnification factors, describing the
magnitude of trophic transfer of such pollutants, can be
estimated by relating ratio of stable isotopes of nitrogen
(<SISN) to the chemical concentrations (Fisk et al., 2001; Hop
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et al.. 2002). Knowledge of the biomagnification potential of
persistent man-made compounds is essential in environmental
management and protection.

Per- and polyfluorinated alkyl substances (PFAS) are
a group of anthropogenic chemicals, some of which have
been manufactured for more than 50 years. These fluorinated
organic compounds are used in the production of stain repel-
ling agents, fluoropolymers, pesticides, lubricants, paints,
medicines and fire-fighting foams (Key et al., 1997; Preve-
douros et ah, 2006). The exceptional properties that make flu-
oroorganics so attractive for industrial applications also make
them potentially hazardous lo organisms and ecological sys-
tems. These chemicals repel both water and lipids, and are ex-
tremely resistant towards degradation (Faithfull and Weers,
1998). In contrast to chlorinated organic substances, the envi-
ronmental fate and influence of PFAS have hardly gained any
attention during the last decades of the 20th century, mainly
due to difficulties with regard to their quantitative character-
ization. Recently, however, the development of a new method
sequence for analysis (Hansen et ah, 2001) revealed relatively
high levels of PFAS in the environment. Two of the main
groups of PFAS, perfluorinated sulfonates (including perfiuoro-
octane sulfonate — PFOS) and perfluorinated carboxylic
acids (PFCAs), were found to be widely distributed over
the northern hemisphere, including remote areas such as
the Arctic (Bossi et ah, 2005; Giesy and Kannan, 2001;
Verreault et ah, 2005). The physico-chemical properties of
PFAS

for long-range atmospheric transport. Worldwide dissemina-

suggest that these compounds are poor candidates

tion of perfluorinated compounds must therefore occur either
by way of airborne neutral precursors such as fiuorotelomer
alcohols (FTOHs), by oceanic transport as dissolved or by
long-range transport as bound to particles in water or air
(Prevedouros et ah, 2006; Simcik, 2005). Unlike
POPs, the amphiphilic PFAS have not been shown to accu-

legacy

mulate preferentially in adipose tissue. They rather bind to
blood proteins and accumulate in the liver of exposed organ-
isms (Jones et ah, 2003; Vanden Heuvel et ah, 199la,b). Ex-
perimental effect studies have demonstrated the toxicity of
a number of perfluorinated substances through impedance
of cell-to-cell communication and peroxisome proliferation,
which are both mechanisms for hepatocarcinogenesis (Ber-
thiaume and Wallace, 2002; Hu et ah, 2002; Upham et ah,
1998). Moreover, some PFAS are also suggested to affect
lipid metabolism and reproduction (Haugom and Spydevold,
1992; Lau et ah, 2003; Thibodeaux et ah, 2003).

Despite being amphiphilic, PFAS demonstrate bioaccumu-
lation tendencies due to their ability to bind to proteins. Their
degree of bioaccumulation generally increases with perfluoro-
alkyl chain length (Martin et ah, 2003a,b) and trophic position
(Van de Vijver et ah, 2003). Quantification of bioaccumulation
potential has primarily been developed for lipid soluble sub-
stances. Consequently, their modelling estimations are based
on octanol—water partitioning (log Afow) properties (Collander,
1951). However, logW ow is not measurable for most PFAS
(Golovanov and Tsygankova, 2001), and quantification ol bio-

accumulation based on empirical data is therefore essential to

understand the late ol PFAS and their impact on marine eco-
systems. Field studies from the Canadian Arctic have indi-
cated biomagnification of PFOS in aquatic food webs
(Kannan et ah, 2005; Martin et ah, 2004; Tomy et ah,
2004a). However, no research on food web bioaccumulation
ol PFAS has so lar been conducted in the European Arctic.
The present study is an assessment of four selected species
from the Barents Sea ice edge food web. The investigated
included the

Gammarus wilkitzkii, polar cod {Boreogadus saida), black

species ice-associated (sympagic) amphipod

guillemot {Cepphus grylle) and glaucous guii {Larus hyper-
boreus). The main objective was to assess whether PFAS

show similar bioaccumulative behaviour as lipid soluble

POPs in the selected species, particularly emphasizing the

potential for biomagnification.

2. Materials and methods
2.1. Sampling procedures and sample preparation

All organisms were collected in the Barents Sea east of Svalbard (77—
79°N, 30°E) in May—July 2004. Mass samples of the ice amphipod G. wilkitz-
kii were collected from ice-floes with an electrica! suction pump operated by
SCUBA divers (Lpnne, 1988), Only specimens >20 mm (>2 years) were kept
for analysis. Polar cod (n = 50) were collected with a Campclen 1800 bottom
trawl deployed from R/V Jan Mayeti Adult black guillemots (n = 18) and
glaucous gulls 1 = 9) (based on plumage) were sampled using a shotgun.
All organisms were weighed and wrapped in aluminum foil before storage
at -20 °C, In addition, fish fork-lengths were measured; they ranged from
11.5-17.0 cm corresponding to I—4-year-old (Falk-Petersen et al., 1986).
which is within the size-range eaten by black guillemot and glaucous guii in
the Barents Sea (Erikstad, 1990; Mehlum and Gubrielsen, 1993). in the lab,
wing length, bill + head length and tarsus length were recorded for the sea-
birds before dissection. For both seabirds and fish, liver and muscle samples
were obtained from each specimen for analyses of contaminants and stable
isotopes, respectively. Furthermore, the stomach content was analyzed and
sex was determined. All organisms used in the study appeared in good nutri-
tional condition.

Prior to extraction, whole livers were homogenized using a blender (Ultra-
turrax T 25, Janke & Kunkel, IKA Labortechnik, Staufen, Germany). Duc to
the small size ofthe polar cod liver, samples from three fish of similar length
(two female and one male) were pooled (n = 16) forthe analyses. The amphi-
poda (whole body) were pooled (/;= 6) according to length to gain homoge-

nized samples of at least I g.

2.2. Analysis of PFAS

All liver samples of polar cod, black guillemot and glaucous guii, as well
as whole amphipoda, were analyzed for fluorinated compounds according to
the method described by Berger and Haukas (2005). In short, approximately
Ig of sample homogenate was spiked with 20 ng of internal standard
(ISTD) (7TH-PFHpA; Table 1), before 3 mL of 2mM ammonium acetate in
methanokwater (1:1, by volume) was added, The sample was allowed to ex-
tract for 30 min in an ultrasonic bath. After extraction, the mixture was first
filtrated through Kleenex on the tip of a Pasteur-pipctte, and the resulting so-
lution was filtrated further through a Microcon YM-3 centrifugal filter
(14000 rpm, ~30 min). The final extract was transferred to an uutoinjector
vial, weighed, and 2ng recovery standard (3,5-BTPA; Table 1) was added.

The separation and quantification method was based on high performance
liquid chromatography (HPLC) in combination with tiine-of-flight mass spec-
trometry. Briefly, separation was performed on a column employing a bi-
nary gradient of 2 mM ammonium acetate in both methanol and water.
Electrospray ionization in the negative ion mode (ESI-) was used applying
an alternating eone voltage of 20 and 40 V. Mass spectra were recorded in
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Fluorinated analytes and standard compounds with abbreviations, high-resolution ion mass to charge ratio v:/:) used for quantification and method detection limits

Table I
Compound Abbrevation Quantification
mass (mii)

Perfiuorobutane sulfonate PFBS 298.94
Perfitiorohcxane sulfonate PFHxS 398.94
Perfluorooctane sulfonate PFOS 498.93
Pertiuvorodeeanc sulfonate PFDcS 598,92
Pcrfiuorohexanoic acid PFHxA 268.98
Perfiuoroheptunoic acid PFHpA 318.98
Perlluorooetanoic acid PFOA 368.98
Perfluorononanoic acid PFNA 418.97
PerHuorodecanoic acid PFDcA 468.97
Perfluoroundccanoie aeid PFUnA 518.97
Perlluorododecanoic acid PFDoA 568.96
Perfluorotetradecanoic acid PFTeA 668.96

6:2 Fluorotelomer sulfonate 6:2 FTS 426.97
Perfluorooctane sulfonamide PFOSA 497.95
7H-Perfluoroheptanoic acid" 7H-PFHpA 280.98
3,5-Bis(Irifluoromethyl)phenyl acetic acid? 3,5-BTPA 227.03

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

the full-scan mode. For quantification, the internal standard method was ap-
plied, using 7H-PFHpA as ISTD. For correction of matrix effect, external
quantification standards were dissolved in an authentic matrix extract for
each matrix. Integration was performed in extracted mass chromatograms us-
ing the high-resolution mass to charge ratios given in Table I and a typical
mass tolerance of 0.06 u.

Method validation included method blanks, repeatability checks, recovery
experiments, intra-lab method comparison and determination of the method
detection limit (MDL) (Berger and Haukéas, 2005). The MDL was defined
as the higher value of the following two alternatives: (1) mean plus three stan-
dard deviations (SD) of a series of five blind extractions from /j-hexadecane;
(2) signal-to-noise ratio of three in the chromatogram of a sample extract
from spiked liver calculated relatively to external standards diluted in the cor-
responding liver extract. Blank values were not subtracted due to relatively
large variation in blank values and the fact that they were accounted for in
the conservative MDL. Recoveries typically ranged from 60 to 115%.

MDLs for the screening method were in the range 0.03—13 ngg-1 wet
weight for most PFAS, except for the long-chain and less polar compounds
(PFDcS, PFUnA, PFDoA, PFTeA, PFOSA) which had MDLs > 15 ng g-1
wet weight (Table 1). Some long-chain PFAS had lower recoveries than the
ISTD (Berger and Haukas, 2005). Concentrations of these compounds may
have been underestimated as no correction was performed for the differences
in recoveries between the analytes and the ISTD. Some quantified values

(given in Table 2) are thus lower than the MDL for the respective compound,

2.3. Analysis oforganochlorines and organobromines

Pooled whole individuals of G. wilkitzkii (n = 6), and liver samples of polar
cod (/7= 9, pooled), black guillemot (» — 10) and glaucous guii (n = 9), were
analyzed for organochlorine compounds (OCs) and polybrominated diphenyl
ethers (PBDEs). Based on results from the PFAS analysis, the samples selected
represented the whole range of PFAS concentrations, Prior to analysis, samples
were extracted and prepared according to methods by Herzke et al. (2003). In
short, sample homogenates were dried in a 10-fold amount of sodium sulfate,
spiked with isotope labeled internal standards (see below) and subsequently
extracted using cyclohexane/acetone (3:1; by volume). A fraction of the result-
ing extract was used to determine extractable organic matter gravimetrically.
In order to remove lipids, gel permeation chromatography (GPC) was applied.
An additional fractionation was carried out on a florisil column. A recovery
standard (octachloronaphthalene) was added prior to quantification.

Sample extracts were analyzed using gas chromatography and low-resolu-

lion quadrupule mass spectrometry operated in the electron impact mode (GC/

Method detection limit (ngg 1 wet weight)

lee amphipod Polar cod Black guillemot Glaucous guii
0.20 0.16 0.14 0.18
0.03 0.04 0.15 0.06
0.26 0.23 2.57 0.30
>15 >15 >15 >15
0.41 0.22 0.22 0.22
0.42 0.44 0.83 0.56
1.25 1.25 6.60 1.28
0.33 0.24 2.69 1.00
2.40 0.32 >15 3.40
0.72 0.75 >15 >15
>15 >15 >15 >15
>15 >15 >15 >15
0.21 0.40 2.64 0.70
0.77 5.59 3.22 9.80

EI-MS), Separations were performed on a 30 m DB5-MS capillary column as
described by Herzke et al. (2005). The samples were analyzed for the content
of polychlorinated biphenyls (PCB-28, -52, -99, -101, -105, -118, -138, -153,
-156, -180, -183, -187, -194), dichlorodiphenyltrichloroethane compounds
(p.p -DDT, o,/;-DDT, p,p’-DDE, o,p’-DDE, 0,/-DDD) and polybrominated
diphenyl ethers (PBDE-28, -47, -71, -77. -99, -100, -138, -153, -154, -183).
Quantification was performed using the internal standard method, applying
n C-PCB congeners 28, 52, 118, 153 and 180 as ISTDs for the PCB and
DDT analyses and UC-PBDE congeners 28, 47, 99, 153 and 183 for the
PBDE analyses. The quality of the method used is verified regularly in inter-
national inter-calibration studies (QUASIMEME, BROC) and with certified
reference materials. Method blanks were analyzed with every 10th sample.
No background concentrations were detected in the blank samples, and the
MDL was hence evaluated based on a signal-to-noise ratio of three in sample
chromatograms. Recoveries of the ISTDs typically ranged from 40 to 80%.

Method detection limits for the chlorinated and brominated compounds
ranged from 0.02 lo 0.57 ngg-1 wet weight for polar cod, black guillemot
and glaucous guii. For the ice amphipod samples, MDLs ranged from 0,60
to 3.41 ngg-1 wet weight.

2.4. Analysis ofstable isotopes

Stable nitrogen isotope ratios were analyzed in muscle samples from polar
cod (n = 11 pools), black guillemot (n = 18), and glaucous guii (/= 9), as
well as whole specimen of G. wilkitzkii (n = 6). The analyses were performed
at the Institute for Energy Technology, Kjeller, Norway as described by Hop

et al. (2002). Stable isotope concentrations were expressed as:

<$5n = 1™ 1000, (i)

VAsumdurd )

where R is the corresponding ratio of I5N/I4N, related to the standard values.

2.5. Trophic level and biomagnification factors

For each individual sample, the trophic level was determined using the
relationship established by Fisk et al. (2001):

TI — 0 4- (“15H ;onsuer ~ "ffiriiypeQOiurei®™ M)
" B

% ‘cunxumer — ~

where TLOhsumer is the trophic level of the organism and <3fIN catmms hyperboreus
is determined as 7.3 £0,2 (mean+ SE for the Barents Sea, May 1999)

subito e.V. licensed customer copy supplied and printed for Flanders Marine Institute Library (SL105X00225E)



363

M. Haukads et al. | Environmental Pollution 148 (201)7) 360-17J

Wl s r, -

t

T

o
Ox

[ehcantels)
Mo oL
o

«O en
m rid C Cco

“

"=

wn

-2

ay

1

q o

ri ri
q

q.
nrn-H

..

-a 0 —

H Hi
@ S3
o'
'"HS3 d riri
. . 00co
-q-0 0 n
riri o d I rid
enS3

o —o
-H Hi
co o\ o
in
el
d

LR

¢ o n

%3
@3
i

-H
r~.Pl--
°> Pi M
en l‘-‘ ]

!

S
en

H-H-H -~

s}

0s ni — lo
CJ, « rl]Ey

00 _
DA
o!

(S S3 0 oo
t—
dd%co
H-H -+ H H4[ H ,HH
o
es —

-l
00 m =---e-

S3
d
S3

+1

1

+
o

A
rl
S3

S3 T¢

-H -H

. S3 co

*0 oj q
c o

®

co = ERO=
G000 E icw
nquTHd.m
8l EP8
&adm =5
c sE 8o
8T E| =
Ly Fo

rn rn rn —

I

B 1) T5q

€l

&

. q
ndriocia

00 wn Tf
-

o 00 OO0Oo0oo0 Oo0O

r-
d

d

o

c5 S.
=
3

3 n

ri ri

o
S
S

5

00

00
d %f 1

en

OOQ@COOOA
d! r- n

O

Al

-

=

-

=

=

._l.n
=

n=
o H&o
oo

oof— B
=T~ oF
Tl ST
K3 —2= <
~ > T

8o B=8Ew
oo s o

o4 =
e o wD o

OoBoo 8
585~ wn |
oo~ o=
WHTET T
f58~Gro
88 Lo

2B 8z 7

o
o

¥ o

1
y

bbb

ej'O'0O'"C*00000q'C'C*a'O
cr'0'0'0'Co0c¢j'0'e0'0'0'n0O'r-0"'

B

B’
‘o
‘o8
E
8o

L]

tititititititititititi

q. 9
n rn n

4t HHEEEHEEEE Y

q.

q.
ri

LR R R R

con as o g') ° l)I(T:lai‘:lloislll)«o 53‘ gn_ﬂl

» .
1t ri

hOE Y
P> Ol QU

u,

0

on
licensed customer copy supplied and printed for Flanders Marine Institute Library (SLIO5SX00225E)

subito e.V.



364

(Suicide jinri Hop, 2(103). The used trophic enrichment factor of 3.H was de-
lined by Hobson and Welch (1992). Recent research, however, has suggested
thai ;j factor of 3.4 might better represent the Barents Sea marine food web
(Sorcide el 2006). Applying an adjusted diet-tissue fractionation of
2.4" for seabirds (Hobson and Welch, 1992; Mizutani el al,, 1991). Hep (2)
can be modified, as described by Hop et al. (2002) to:

ul..

(<PNHl,, ,-9.7)

TLigi= 3+
[Ligd 1 13)

The extent of biomagnification can be expressed in the Ibrtn of biomagni-
fieation factors (BMFs). BMPs in the present study are compound-specific,
trophic level-corrected factors ofconcentration increase from prey lo predator,
and were calculated by applying the following equation from Hop et al
(2002):

[CONT,.5,i,,,,,)/feONT py>

BMF 4

TL,iilaliv  PL»iv\

where [CONT]| is the contaminant's concentration. BMF values >1 indicate

biomagnification.

2.6. Data analysis

For all compounds found in <50% of the samples of a given species, no
statistics is presented. For the compounds included in statistical analyses,
iu'iii detection jjnut tor the respective compound replaced the Samples below
detection limit in order to avoid missing data in the computation. All inferen-
tial statistics were computed in R 1.9,1 for Windows, Statistica version 6 for
Windows (StatSoft, Inc., Tulsa, OK, USA) and CANOCO 4.5 for Windows
(Ter Braak and Smilauer, 2002), The statistical significance level was set at
a <0.05.

Analysis of variance (ANOVA) was conducted to test for possible differ-
ences in contaminant concentration and lipid percentage between female
and male seabirds. There were no differences in gender, and males and females
in a species were accordingly treated as one group. When analyzing the differ-
ences in mean contaminant concentrations between species, ANOVA and Tu-
key’s honestly significant difference (HSD) tests were employed. The possible
influence of body weight, size and trophic level on the contaminant concentra-
tion was analyzed using linear regression and the generalized additive model
(GAM). The Shapiro—W ilks” W test was used to test for normality. Linearity
and constant variance were evaluated by the means of diagnostic plots. Loge-
transformation of variables was performed to obtain normality and reduce
variance heterogeneity and skewness. Since the chlorinated and brominated
organic substunces are highly lipid soluble, their concentrations were lipid
normalized before analysis.

Multivariate statistical analyses performed excluded the ice amphipod due
to the low number of compounds detected in this organism. Principal compo-
nent analysis (PCA) was performed to describe the main patterns of variation

in contaminant concentration within species. Additionally, one PCA included

loo
80
60 1
1
40 FT - v
i
'AL
20 Al
AW
lee Polar Black Glaucous
amphipod cod guillemot guii

Fig. 1. Relative contribution to 2PFAS(7) (A) and mean concentrations (+SE) in ng g~

B

guillemot and glaucous guii. Concentrations are displayed on two different axes,

M. Hujikds et ui ! Environmental Pollution I-IP (2007) 060—07 1

all ihree species (polar cod, black guillemot, glaucous guii) for each of the four
contaminant groups separately: PFAS (3 compounds), PCBs (13), DDTs (2)
and PBDEs (2). Every group was comprised only by analytes found in all three
species (Table 2). In all the four PCAs, the first principal component axis
(PCI) accounted for at least 95% of the variance in the contaminant concen-
trations. The PCI sample scores representing each of the four contaminant
groups were subsequently applied in a multivariate analysis of variance
(MANOVA), a redundancy analysis (RDA) and in linear regression analysis.
RDA is a direct (constrained) multivariate ordination analysis that was applied
in order to relate contaminant concentrations to the explanatory variable tro-
phic level (TL). The significance o f all canonical axes was tested using Monte
Carlo test with unrestricted permutations. Linear regression analysis was also
conducted to lest the relationships between trophic level and PCI sample

scores for each contaminant group.

3. Results

3.1. Concentrations and contribution of PFAS

PFOS showed the highest concentrations of the detected
fluorinated compounds in all species studied, with values up
in glaucous guii (Table 2). In addition, PFOS

was the only analyte found in all four species. Mean concen-

to 225 ngg-1

trations (ngg-1 wei weight) of PFOS increased in the order
polar cod (2.02) < ice amphipod (3.85) < black guillemot
(13.5) < glaucous guii (65.8).
(6:2 FTS), perfluorohexane sulfonate (PFHxS), perfluorohexa-
noic acid (PFHxA), perfluorooctanoic acid (PFOA), perfluoro-
nonanoic acid (PFNA) and perfluorodecanoic acid (PFDcA)

6:2 Fluorotelomer sulfonate

were detected in at least two of the investigated species. Of
these analytes, the
PFOA in black guillemot (17.1 ngg-1) followed by PFDcA
in glaucous guii (9.43 ngg-1). In the ice amphipod, only the
more hydrophilic 6:2 FTS and PFOA were detected in addition
to PFOS.

PFOS had the largest relative contribution of the individual
PFAS congeners and constituted 52, 41, 80 and 94% of all de-
tected fluorinated compounds in ice amphipods, polar cod,
black guillemot and glaucous guii, respectively (Fig. 1A).
The relative contribution of “other PFAS” (congeners not de-

highest concentration was found for

tected in all species) decreased from fish and ice amphipods to
birds (Tukey’s HSD, p < 0.05). PFHxS and PFNA were de-
tected in all species except for the ice amphipod. There was

25  w Other PFAS 100
m PFHxS

20 QPFOS -80
o PFNA

15 - -60

1.0 - 40

0.5 - 20

0.0 ~2 r_ 1 0

lee Polar Black Glaucous

amphipod cod guillemot guii

wet weight (B) of PEHxS, PFOS, PFNA in ice amphipod, polar cod, black
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an apparent increase in concentrations of PFOS, PFHxS and
PFNA from ice amphipod and/or polar cod via black guillemot
to glaucous guii (Fig. iB). However, concentrations of PFHxS
and PFNA did not differ significantly between the birds, and
PFOS levels were similar in polar cod and amphipods (Tu-
key’s HSD, p > 0.05). No correlations were found between
PFOS concentration and body weight/size of seabirds or be-
tween PFOS concentrations and body weight of polar cod.
Nevertheless, there
PFOS concentration and polar cod fork-length (0, =2.42, ad-
justed /?2=0.19, F|,is —4.62, p = 0.05).

was a positive relationship between

3.2. Concernraiions and contribution ofOCs and PBDEs

Probably due to the relatively high MDLs and low sample
amounts, no chlorinated or brominated congeners were de-
tected in G. wilkitzkii, except for PCB-153 in one sample,
and p,p'-DDE in two samples (Table 2). The concentrations
of chlorinated and brominated analytes showed highest values
for PCB-138 and PCB-153, p,p'-DDE and PBDE-47 in all spe-
cies analyzed. PCBs and DDTs were the most abundant of the
analyzed contaminant groups, and contributed therefore most
to the overall burden of contaminants (Fig. 2A). Although
there were differences between individual analytes, the con-
centrations ofOCs and PBDEs generally increased in the order
polar cod < black guillemot < glaucous guii (Fig. 2B) (Tu-
key’s HSD, p < 0.05).

3.3. Trophic level and transfer of PFOS

A wide range of <ISN (6.7—16.7%0) was found in the inves-
tigated species. The ice amphipod represented the second tro-
phic level (Fig. 3) (mean TL 2.0), whereas polar cod was
intermediate between the third and the fourth level (mean
TL 3.7). Black guillemot (mean TL 4.3) and glaucous guii
(mean TL 4.5) represented trophic levels 4—5. All species dif-
fered significantly in mean trophic level, except for black guil-
lemot and glaucous guii (Tukey’s HSD, p < 0,05 for all but

one pairwise comparison).

Polar cod Bluck guillemot Glaucous guii

Fig, 2. Relative contribution to total contaminant burden (A), as well as mean concentrations (+SE) in ngg

365

PFOS levels differed significantly among species (ANOVA,
Ns40 =204, p< 0.001) except between ice amphipods and
polar cod (data from Table 2), There was an increase in
PFOS concentration from amphipods and fish to black guille-
mot and glaucous guii (Ttikey’s HSD, p < 0.05 for all but one
pairwise comparison). No correlation was found between
PFOS concentration and trophic level within species. Never-
theless, a non-linear relationship was established when the en-
tire food web was analyzed (Fig. 3) (ANOVA on GAM;
dl= 1.89, Chi 18.7, p< 0.001).
the ice amphipod samples from the model, the relationship be-
tween PFOS and trophic
(0i = 2.68, adjusted /?2= 0.48, Fut> 35.0, p< 0.001).

square = When excluding

level was significantly linear

3.4. Biomagnification factors

Biomagnilication factors (BMFs) were based on predator—
prey relationships inferred from literature and stomach content
information, and corrected to unity for trophic level differ-
ences (Eq. (4)). BMFs based on presumed mixed diets were
also calculated. The mixed diet comprised of 20% ice amphi-
pods and 80% polar-cod for black guillemot, and 20% ice am-
phipods, 50% polar cod and 30% black guillemot for glaucous
guii. The mixed diet compositions represented one trophic
level lower than the trophic positions for the birds in question.
Mean contaminant concentrations (ngg~* wet weight for
PFAS and ngg-1 lipid weight for OCs and PBDEs) were ap-
plied in the calculation of the BMFs,

Biomagnification factors displayed values >1 for PFHxS,
PFNA, PFOS and 2PFAS in the majority of predator—prey re-
lationships, except for polar cod—ice amphipods (Table 3).
PFOS showed the highest BMF values of the fluorinated com-
pounds. These values were comparable to lipid normalized
BMFs for PCB-28, PCB-52, PCB-101, op'-DDT and PBDE-
28 for most predator—prey relationships. The only quantifiable
contaminants in the ice amphipod were PFOS and 2PFAS(7),
and, consequently, these were the only two analytes for which
the BMFs could be calculated based on the mixed diet. In both
cases (PFOS, 2PFAS(7)), the biomagnification factors devi-

ated considerably from that of only one prey species.

UXXX] o £1:FAS(7)
o EPCB(I3)
1000- ® £DDT(5)
M EPBDE(IO)
Polarcod Black guillemol Glaucous guii

1 lipid weight (B) ot SPCB(13), 2DDT(5), and

SPBDE(IO) in polar cod, black guillemot and glaucous guii liver. Concentrations are displayed on two different logarithmic axes, Colour codes arc similar tor

A and B.
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Fig. 3. Relationship between concentrations (ngg"1 wet weight) of perfluor-
ooctane sulfonate (PFOS) and trophic level, quantified by <SAN, for the ice
edge food web consisting of ice amphipod, polar cod, black guillemot and
glaucous guii. The trendline follows predicted values (small dots) of a general-
ized additive model. The arrow illustrates that one amphipod sample
(0.1 ngg-1 wet weight concentration) is outside the range of the logarithmical

y-axis.

Table 3

3.5. PFAS behaviour compared to lipid soluble POPs

Applying principal component analysis on concentrations
of 2PFAS(7) together with ZPCB(13), 2DDT(5) and
2PBDE(10) in the three species (polar cod, black guillemot,
glaucous guii) separately, the relationship between the four
contaminant groups within each species could be determined
through evaluation of correlation biplots (Fig. 4). In all three
species, 2PFAS(7) displayed no significant correlation with
2PCB(13), 2DDT(5) and EPBDE(I0). Chlorinated and bro-
minated compounds on the other hand, were positively corre-
lated. Although, in polar cod only the correlation between
2PCB(!3) and 2DDT(5) was statistically significant.

Concentrations of the four compound groups differed be-
tween species (MANOVA, approximately FX22= 17.0,
/;< 0.001). Redundancy analysis (RDA), using scores from
PCA for each contaminant group, showed that 67.2% of the to-
tal variance in concentration of PFAS, PCBs, DDTs and
PBDEs in the liver samples could be explained by trophic level
(Fig. 5). Further, the RDA revealed a significant relationship
between the variance in contaminant concentration and trophic
level (TL) (Monte Carlo F= 37.1,p — 0.002). Despite the ap-
parent differences in concentrations between the contaminant
groups within species (Fig. 4), there were significant positive
correlations between the four contaminant groups and trophic
level when including all species (Table 4, Fig. 5).

Species specific and trophic level-corrected biomagnification factors (BMF) for PFAS, PCBs, DDTs and PBDEs in the Barents Sea ice edge food web including ice

amphipod, polar cod, black guillemot and glaucous guii

Biomagnification factors (BMF)

P. cod/I. amph. B. guill./I. amph. B, guill./P. cod

G, gull/P. cod G. gull/B. guii]. B. guill./mix diet“ G. gull/mix diet

TLpredulor TLprjy 1.62 2.28 0.66
PFHxS — - 6.00
PFOS 0.32 1.54 10.1
PFNA - - 8.76
2PFAS(7) 0.41 1.01 5.25
PCB-28 - - 9.73
PCB-52 - - 6.76
PCB-99 - - 48.6
PCB-101 - - 17.4
PCB-105 - - 66.1
PCB-118 — - 595
PCB-138 - - 69.0
PCB-153 - - 69.3
PCB-156 - - 9.62
PCB-180 - - 88.3
PCB-183 - - 84.1
PCB-187 - - 82.6
PCB-194 - - 0.77
2PCB(13) - - 35.6
0.//-DDT - - 4.62
p.p'-DDE - - 58.5
2DDT(5) - - 32.2
PBDE-28 — - 28.1
PBDE-47 - - 45.0
2PBDEOO0) - - 46.0

" The composition of the mixed diet is described in the text.

b Difference in trophic level (TL) between predator and prey.

0.84 0.18 1.00 1.00
7.20 8.49 — —
38.7 27.0 5.66 11.3
11.6 9.34 - -
16.9 22.8 3.15 7.72
59.8 43.5 - -
30.9 32.3 - -
1270 185 - -
86.8 35.3 — -
1010 108 - -
1310 155 - -
2230 229 - -
2710 277 - -
354 260 - -
5440 436 - -
3560 299 - -
2140 183 - -
88.9 811 - -
1100 219 - -
27.3 41.7 — -
4350 526 - -
2320 509 - -
59.9 15.1 - -
686 108 - -
723 111 - -
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Table 4

Slope, adjusted II', /+'-statistic with degrees of freedom und /j-valtie for linear
regressions between trophic level and PC l-scores for the different contaminant
groups

Group Slope tP G.23
PFAS 0.25 0.44 19.9
PCBs 0.31 0.64 43.1
DDTs 0.30 0.66 48.3
PBDEs 0.32 0,70 58.0

All slopes are significant at /J < 0.001.

4. Discussion

4.1. Concentrations and contribution of PFAS

The concentrations of PFOS found in polar cod and black
guillemot were comparable to those reported from the Cana-
dian Arctic (Tomy et ai., 2004a) and Greenland (Bossi et al.,
2005), respectively. The liver levels of PFOS in glaucous
guii aie the highest reported so far in any Arctic seabird spe-
cies. No previous studies have reported PFAS concentrations
in G. wilkitzkii. The detection of PFHxS, PFOS and PFNA
in most of the liver samples can be explained by the strong
persistence of these compounds and relatively high environ-
mental concentrations. The presence of the more hydrophilic
PFOA and 6:2 FTS in ice amphipods may be due to partition-
ing of contaminants directly with the surrounding water. The
relative contribution of PFOS compared to PFHxS, PFNA
and the other detected compounds, increased from ice amphi-
pods and fish to seabirds. This demonstrates the high biomag-
nification potential of PFOS.

Biological factors that may have influenced the concentra-
tion pattern of PFAS in the target species include biotransfor-
mation, feeding ecology, migration and size/age. The high
relative contributions of PFOS in seabirds may be a result of
retention of this compound. Flowever, it may also be due to
an ability to biotransform and excrete other less persistent flu-
orocbemicals. More effective elimination through increased
metabolic rate might explain the relative decrease of “other
compounds” from ice amphipods and fish via black guillemot
to glaucous guii (Livingstone et al., 1992). In addition, it has
been suggested that biotransformation of perfluorooctane sul-
fonamide (PFOSA) and similar precursors to PFOS may affect
the concentration pattern in marine organisms by increasing
the relative amount of PFOS (Tomy et al.,, 2004a,b). Feeding
ecology might also influence the bioaccumulation of fluori-

nated compounds. Greater feeding rates in homeotherms

Fig. 4. Correlation biplots based on principal component analysis (PCA) of
pollutant concentrations (ZPFAS(7), 2PCB(13), 2DDT(5). XPBDE(I0)) in
polar cod, black guillemot and glaucous guii. Circles represent individual sam-
ples, and the arrows point in the direction of steepest increase of the respective
pollutants. The angles between descriptors in the biplot reflect their covari-
ances or correlations. The percentage of pollutant concentration variance ex-

plained by each axis is given in brackets.
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PFAS DDTs

Glaueou guii 6 PB D L s

I
Polar coei

Black guillemot

RDATL ( 61.7%)

Fig. 5. Ordination diagram based on redundancy analysis (ROA) of the
relationship between trophic level (TL, calculated from <8AN) and the conta-
minant concentration in polar cod, black guillemot and glaucous guii. Black
circles are mean scores of samples per species, whereas thin and bold arrows
are continuous response variables (scores of PFAS (3 compounds), PCBs ( 13),
DDTs (2) and PBDEs (2) from PCA) and predictor (TL) variables, respec-
tively. The fraction of unconstrained variance accounted for by each axis is

given in brackets.

compared to poildlotherms may result in higher levels in sea-
birds than in fish and amphipods (Braune and Norstrom, 1989;
Fisk et al., 2001; Hop et al., 2002). Migration to northern in-
dustrial areas, which are generally more exposed to per- and
polyfluorinated contamination than the Arctic, may also con-
tribute to elevated PFAS levels in seabirds. This is consistent
with the high PFAS concentration found in the migrating glau-
cous guii compared to the resident black guillemot. Further-
more, age may have an effect on the obtained level of PFAS
in organisms. For adult seabirds, however, there are no
methods currently available to determine age. Nevertheless,
Bustnes et al. (2003) showed that in glaucous gulls, age ex-
plained very little of the variation in OC levels. Based on their
work, Borga et al. (2004) suggested that the trophic level of
birds rather than the age determines the contaminant burden.
In the present study, however, a positive relationship was
found between size and PFOS concentration in polar cod, in-
dicating the effect of age on the contamination level in this
species. Another important factor that may influence the con-
centrations of PFOS in organisms is the amount of available
binding sites of proteins in the analyzed tissues, but qualitative
and quantitative determinations of this are still lacking.

4.2. Concentrations and contribution ofOCs and PBDEs

PCB and DDT concentrations in polar cod, black guillemot
and glaucous guii were comparable to previously reported

| Environmental Pollution I4<S' (2007 1.160—.171

levels from the Barents Sea and Svalbard (Borgii et ah,
2001, 2005; Gabrielsen et al., 1995; Herzke et al., 2003).
Moreover, recent Arctic studies of brominated compounds
have documented similar concentrations of PBDEs as the cur-
rent project in polar cod, black guillemot and glaucous guii
(Herzke et ah, 2003; Sprmo el ah, 2006; Vorkamp el ah,
2004). Even though hardly any chlorinated and no brominated
compounds were detected in the ice amphipods, earlier studies
have shown that G. wilkitzkii from the Barents Sea contains
significant amounts of OCs and PBDEs (Borga et ah, 2002;
Hop et ah, 2002; Sprmo et ah, 2006).

During the last 20 years, ecotoxicological studies have
shown that many chlorinated and brominated compounds
biomagnify in aquatic food webs. Uptake rates of most lipid
soluble organohalogens are similar among species (see Drouil-
lard and Norstrom, 2000). It is the elimination rate that deter-
mines whether a chemical biomagnifies or not (Borga et ah,
2004). Slow elimination prevents the chemical concentration
in an organism from reaching equilibrium with that in the
food, and biomagnification occurs. Generally, our results sup-
port that there is biomagnification of the lipid soluble analytes
in the investigated food web.

Based on wet weight in liver samples, the concentrations of
2PCB(13) and 2DDT(5) were ranging 3-24 and 2—34 times
higher than £PFAS(7), respectively. SPBDE(IO) levels, on the
other hand, were consistently lower than 2PFAS(7). Even
though these comparisons do not take into account the amount
of lipids in the liver relative to the amount of potential protein
binding sites for PFAS, the differences in the order of magni-

tude may give some indication of the accumulation potential.
4.3. Trophic level and transfer of PFOS

The calculated trophic levels for each of the species studied
are comparable lo those reported from similar studies in the
Barents Sea (Hop et al., 2002). It is noteworthy that G. wilkitz-
kii is 1.5 trophic levels lower than polar cod, which may reflect
the generally lower levels of the 15N isotope in sympagic fauna
relative lo pelagic Zooplankton given on a food base domi-
nated by ice algae versus phytoplankton (Tamelander et ah,
2006). The polar cod included in the current study were caught
near the ice edge in May after the onset of melting. Even
though they may have been partly influenced by the sympagic
system, the gap in trophic level between G. wilkitzkii and polar
cod could be a result of different nitrogen sources (Spreide et
al., 2006). The direct transfer of contaminants from G. wilkitz-
kii to polar cod in the present study is most probably insignif-
icant considering their diet patterns and different habitats
(Lpnne and Gulliksen, 1989; Poltermann, 2001). This may ex-
plain the comparable concentrations of PFOS in these two spe-
cies, rather than an increase from G. wilkitzkii to polar cod.
Increased exposure to PFOS in the sympagic environment
might result from adhering of contaminants to the surface of
the ice or release of contaminants from melting sea ice. The
concentration of PFOS in ice amphipods relative to polar
cod in the present study may, however, also reflect the use

of different matrices in the chemical analyses.
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4.4. Biomapnification factors

Estimated biomagnification factors (BMFs) for PFOS in the
Barents Sea food web were similar or higher than the BMFs
found for PFOS in the Canadian Arctic marine food web
(Tomy et al.,, 2004a). The present study displays BMFs >1
for all the statistically analyzed PFAS in the majority of pred-
ator-prey relationships, which implies biomagnification of
these compounds. Calculated BMFs for PCBs and DDTs
were similar or higher than those previously reported for the
Barents Sea food web (Borga el ah, 2001; Hop et al., 2002).
However, for substances that partition differentially to liver
tissue, the liver weight to whole amphipod body weight ratio
might be a questionable BMF estimate. Regarding BMFs for
all compounds, it should also be taken into consideration
that the predator—prey relationship between polar cod and
G. wilkitzkii may be somewhat unrealistic. Furthermore, pe-
lagic polar cod and adult black guillemot only make a partial
contribution to the glaucous guii diet. BMFs calculated rela-
tive to one prey species and not to a mixture of species may
be difficult to interpret, as few Arctic marine predators are spe-
cialists. Variable food availability in the Arctic marine system
supports a diei of inixeu iieius fur BMF calculation. Tiie
BMFs based on a mixed diet corresponding to approximately
one trophic level lower than the predator should be quite re-

presentative when regarding the actual trophic transfer of PFAS.

4.5. PFAS behaviour compared to lipid soluble POPs

PFOS and PFCA concentrations in Arctic biota have been
shown to display similar trends as PCB concentrations in anal-
ogous species-specific samples (Martin et al., 2004; Smith-
wick et al., 2005). The current project is the first to report
and compare individual tissue-specific levels of lipid soluble
POPs and PFAS in an Arctic marine food web. Levels of lipid
soluble POPs are known to correlate among individuals of the
same species due to similar mode of bioaccumulation, that is,
comparable rate of uptake, distribution, storage, biotransfor-
mation and excretion (Livingstone et al., 1992). In the present
study, this was supported through positive relationships be-
tween the chlorinated and brominated compounds within
species. No correlations were found between the lipid soluble
POPs and PFAS. This demonstrates the differences between
these contaminant groups in compound-specific physiochemi-
cal properties such as lipid solubility and binding affinity to
proteins. The fluorinated compounds are thus not accumulated
through the same physiological pathways as PCBs, DDTs and
PBDEs.

Despite the lack of correlation between lipid soluble POPs
and PFAS within species, redundancy analysis including all
three species (polar cod, black guillemot, glaucous guii)
showed that there were significant correlations between the
lipid soluble compound groups and fluorinated substances in
the degree of biomagnification in the food web. PFAS,
PCBs, DDTs and PBDEs were all increasing significantly
with trophic level and displayed similar slope values. Assum-

ing that wet weight in liver is a reliable measure of an

2(2)

organism’s burden ol fJuorinated compounds, PFAS appear
to accumulate through the food web to the same extent as
the lipid soluble POPs.

4.6. Challenges in the quantification o fbioaccumulation
and biomai/nification of PFAS

Wet weight concentrations in liver have been a customary
measure for estimating biomagnification of PFAS (Kannan
et al., 2005; Martin et al., 2004; Tomy et al.,, 2004a). However,
quantifying bioaccumulalion and biomagnification of PFAS
based on wet weight is intricate due to the lack of knowledge
about the binding sites of these compounds. For lipid soluble
compounds, the variation in lipid content among tissues and
species is accounted for by expressing concentrations on a lipid
weight basis. With regard to fluorinated compounds, the devi-
ation in amount of protein binding sites between tissues and
species cannot be corrected for. It is therefore difficult to de-
termine if the increase in concentrations of PFAS with trophic
level is in fact food web accumulation ora result of enhanced
binding to proteins and, hence, different retention abilities.
Variable protein content can be related to the amount of blood
present in the tissues analyzed. PFOS and the structurally anal-
ogous PFAS retained in blood plasma have been shown to bind
via the sulfonate group or the hydrophobic alkyl chain to the
protein albumin (Jones et al,, 2003). Martin et al. (2003b)
and Verreault et al. (2005) have reported that plasma levels
of PFOS in rainbow trout (Oncorhynchus mykiss) and glaucous
guii seem to be higher than liver levels in these species. These
findings establish the potential importance of blood content in
the analyzed tissue. Hence, the detected concentration of
PFOS in an organ or organism may depend upon the amount
of blood in the respective matrix analyzed. A direct compari-
son between wet weight based biomagnification factors for the
fluorochemicals and lipid normalized biomagnification factors
for the PCBs, DDTs and PBDEs would thus be difficult to
interpret. In view of the abovementioned aspects of uncer-
tainty around the quantification for PFAS, their binding affin-
ity to proteins and the mechanism of accumulation should be

assessed in future studies.

5. Conclusions

The present study is the first comprehensive survey of per-
fluoroorganic contamination in a Norwegian Arctic marine
food web. Significant amounts of per- and polyfluorinated
compounds were found in seabirds, fish and ice amphipods
from the Barents Sea food web. Perfluorooctane sulfonate
(PFOS) displayed the highest concentrations, with values up
to 225 ngg-1 wet weight in glaucous guii liver. These are
the highest values reported so far for any Arctic seabird spe-
cies. A significant increase in liver wet weight concentrations
of PFOS with trophic level was found in the investigated food
web. Liver based magnification factors displayed values > 1
for PFHxS, PFOS, PFNA and SPFAS in the majority of pred-
ator-prey relationships, which suggests biomagnification of
these compounds. Redundancy analysis (RDA) showed that
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the degree of trophic transfer of PFAS is similar to that of the
lipid soluble contaminants PCBs, DDTs and PBDEs, despite
accumulation through different pathways.
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