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Abstract Profiles of seven compounds of perfluoro-alkyl
substances (PFASs) were compared among three species of
top predators from the Danish North Sea: the white-beaked
dolphin (Lagenorhynchus albirostris), the harbor porpoise
(Phocoena phocoena), and the harbor seal (Phoca vitulina).
The seals had higher total burdens (757.8 ng g ' ww) than
the dolphins (439.9 ng g ' ww) and the porpoises (355.
8 ng g ' ww), probably a reflection of feeding closer to
the shore and thus contamination sources. The most striking
difference among the species was the relative contribution
of perfluorooctanesulfonamide (PFOSA) to the profiles; the
seals (0.1 %) had much lower levels than porpoises (8.3 %)
and dolphins (26.0 %). In combination with the values
obtained from the literature, this result indicates that
Carnivora species including Pinnipedia have a much higher
capacity of transforming PFOSA to perfluorooctane sulfonic
acid (PFOS) than cetacean species. Another notable differ-
ence among the species was that the two smaller species
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(seals and porpoises) with supposedly higher metabolic
rates had lower concentrations of the perfluorinated carbox-
ylic acids, which are generally more easily excreted than
perfluorinated sulfonamides. Species-specific characteristics
should be recognized when PFAS contamination in marine
mammals is investigated, for example, several previous
studies of PFASs in cetaceans have not quantified PFOSA.
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Introduction

Perfluorinated alkylated substances (PFASs) are synthetic
compounds with several applications, e.g., fire-fighting
foams, cleaners, lubricants, and various coatings (Kissa
2001). They are persistent in the environment, and although
the largest producer in the world, the 3 M Company seized
production of perfluorooctane sulfonic acid (PFOS) in 2002
and perfluorooctanoic acid (PFOA) in 2008, these substances
continue to be in the environment and bioaccumulate in biota
(Giesy and Kannan 2001; Kissa 2001; Kannan et al. 2001,
2005; Butt et al. 2007). PFOS is still produced in China, but
emission levels are not known (Lim et al. 2011). Two PFASs
(PFOS and perfluorooctane sulfonyl fluoride (PFOS-F) have
been listed under the Stockholm Convention on persistent
organic pollutants (POPs) (Wang et al. 2009). Among the
reported effects of PFASs are reproductive toxicity (Lau et
al. 2003; Luebker et al. 2005), neurotoxicity (Johansson et al.
2008; Liu et al. 2010), hepatotoxicity (Miller et al. 1975;
Malinverno et al. 2005), immunotoxicity (Grandjean et al.
2012), and effects on metabolism (Berthiaume and Wallace
2002). Unlike most other POPs, which accumulate in lipid-
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rich tissue, PFASs bind to blood proteins and accumulate
mainly in the liver, the kidneys, and bile secretion (Jones et
al. 2003). Given the persistence and bioaccumulation potential
of PFASs, their toxicity to wildlife at high trophic levels is of
concern. Marine mammals occupy the highest trophic levels
in the marine food web, and high concentrations have been
reported in several species at diverse locations (e.g., Van de
Vijver et al. 2004; Dietz et al. 2008; Dorneles et al. 2008; Butt
et al. 2010).

It is widely accepted that PFOS is the predominant PFAS
in wildlife samples (Martin et al. 2004; Houde et al. 2006).
While this is also the case for many cetacean species, a
literature survey revealed several studies reporting cetacean
species carrying perfluorooctanesulfonamide acid (PFOSA)
concentrations similar to or greater than PFOS concentra-
tions. In bottlenose dolphins (Tursiops truncatus) a
PFOS/FOSA ratio of 0.6 has been reported, in common
dolphin (Delphinus delphis) a ratio of 1.1, in melon-
headed whale (Peponocephala electra) 0.9, in narwhal
(Monodon monoceros) 1.8, in beluga (Delphinapterus
leucas) different studies have reported ratios of 0.1-1.0, in
long-finned pilot whale (Globicephala melas) ratios of 0.7—
5.4, and in minke whale (Balaenoptera acutorostrata) ratios
of 0.2-12.3 (Kannan et al. 2002; Muir et al. 2004; Tomy et
al. 2004a; Bossi et al. 2005a; Hart et al. 2008; Moon et al.
2010; Reiner et al. 2011). On the other hand, marine mam-
mals from the order Carnivora (including Pinnipedia) have
consistently shown much greater concentrations of PFOS
than PFOSA as seen in, e.g., polar bear (Ursus maritimus,
ratios 241.7-1552.9), harbor seal (Phoca vitulina, ratios
76.2-116.9), and ringed seal (Pusa hispida, ratios 9.5-336.0)
(Martin et al. 2004; Smithwick et al. 2005; Bossi et al. 2005b;
Butt et al. 2008; Dietz et al. 2008, 2012; Shaw et al. 2009;
Ahrens et al. 2009). However, all these studies represent
different geographical areas and timespans, so the recorded
PFAS profiles are not directly comparable between the
phylogenetic groups.

PFAS toxicity is dependent on the specific profile as well
as on the total burden. Longer chain compounds with a
sulfonate group appear to exhibit stronger biological effects
than short chain compounds with a carboxylate group (Liao
et al. 2009). Although relatively few studies have focused
on toxicity of PFOSA, it seems to differ from PFOS in terms
of toxicity. PFOSA has shown stronger neurotoxicity than
PFOS, possibly due to its increased hydrophobicity (Slotkin
et al. 2008). Although PFOSA is often the predominant
PFAS in cetacean samples, several studies of PFAS in ceta-
ceans have not quantified this substance (e.g., Van de Vijver
et al. 2003, 2007; Dorneles et al. 2008; Law et al. 2008).

In the current study, we aimed to minimize time and
space as sources of variation by focusing on PFAS profiles
of three marine mammal species from the same area—har-
bor porpoise (Phocoena phocoena), white-beaked dolphin
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(Lagenorhynchus albirostris), and harbor seal from the
North Sea—with samples from the same time period
(1999-2002). In the North Sea, marine mammals show high
PFAS concentrations (Law et al. 2008; Ahrens et al. 2009;
Galatius et al. 2011; Dietz et al. 2012). We aimed to interpret
observed differences in relation to excretion rates or metab-
olism of PFASs and published studies of prey preferences.

Materials and methods
The samples

The harbor seal sample consisted of 13 individuals collected
at haul-outs in the Wadden Sea during the phocine distem-
per virus outbreak in the summer of 2002 (Hérkonen et al.
2006). Data from these individuals made up part of the
sample for Dietz et al. (2012). The harbor porpoise sample
consisted of 11 individuals collected from by-catches in the
Danish North Sea in the years 1999-2002. Data from these
individuals made up part of the sample for Galatius et al.
(2011). The white-beaked dolphin (L. albirostris) sample
consisted of seven specimens stranded on the Danish
North Sea coast during the years 1999-2002 (Kinze et al.
2011), and collected in cooperation with the Natural History
Museum, University of Copenhagen. Due to the life history-
related differences in PFAS profiles and concentrations of
harbor porpoises observed by Galatius et al. (2011), no
neonates, suckling juveniles, or lactating females were in-
cluded for any species in this study. Harbor seals and harbor
porpoises were classified according to age information from
the decalcified teeth (Dietz et al. 1991; Hohn and Lockyer
1995; Lockyer et al. 2010), while the white-beaked dolphins
were aged based on their size (Galatius et al. 2012).

Extraction and analysis

Liver samples were frozen and stored at —20 °C. In the
laboratory, samples were lightly thawed and homogenized
before chemical analysis. Seven compounds were quanti-
fied: PFOS, PFOSA, perfluorohexane sulfonate (PFHxS),
PFOA, perfluorononanoic acid (PFNA), perfluorodecanoic
acid (PFDA), and perfluoroundecanoic acid (PFUnA). The
extraction method was based on ion pairing as described by
Bossi et al. (2005b). '*C,-PFDA and '*C4-PFOS were used
as surrogate standards. Instrumental analysis was performed
by liquid chromatography—tandem mass spectrometry with
electrospray ionization. The extracts (20 uL injection vol-
ume) were chromatographed on a C18 Betasil column (2.1,
50 mm, Thermo Hypersil-Keystone, Bellefonte, PA, USA)
using an Agilent 1100 Series HPLC (Agilent Technologies,
Palo Alto, CA, USA). The HPLC was interfaced to a triple
quadrupole API 2000 (Sciex, Concord, Ontario, Canada)
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equipped with a Turbolon Spray source operating in nega-
tive ion mode. Detection limits ranged from 0.2 to
1.4 ng g ' ww. Instrument set-up, quality assurance, and
calibration procedures, as well as the standards and reagents
used are described in detail by Bossi et al. (2005b).

To investigate the relative contributions of the PFASs and
their covariance pattern in relation to geography, a principal
components analysis (PCA) was performed on the covariance
matrix of the concentration data. To standardize the impact of
each compound on the analysis, variance was normalized to
unit. The statistical analyses were performed using the statis-
tical packages in R (R Development Core Team 2008).

Results and discussion

The three species showed considerable variation, both in
terms of PFAS concentrations and profiles (Table 1, Fig. 1).
Some of the observed variation is probably related to differ-
ences in prey preference and, thus, differences in specific
intake of the analyzed compounds. Harbor porpoises have
been found to eat mainly demersal fish species. In the North
Sea, Aarefjord et al. (1995) found the most important species
(by weight) to be whiting (ca 40 %, Merlangius merlangus),
cod (ca 25 %, Gadus morhua), and eel pout (ca 15 %, Zoarces
viviparus). Harbor seals eat mainly demersal fish species of
which Hall et al. (1998) found the most important (by weight)
to be whiting (24 %), sole (15 %, Solea solea), dragonet
(13 %, Callionymus lyra), and sand goby (11 %,
Pomatoschistus minutus). White-beaked dolphins seem to be
specializing in Gadidae species (Jansen et al. 2010). These
authors found cod (56 %) and whiting (38 %) to be the
dominant species (by weight) in the diet of white-beaked
dolphins from the North Sea. We have not been able to find
relevant data to assess the intake of different PFASs from these
prey species in the North Sea. However, these diet studies
reveal large overlaps, indicating that other factors are more
important as explanations for the observed differences.

Harbor seals showed the highest concentrations of ) PFAS
(757.8 ng g ' ww, SD 246.8) followed by white-beaked
dolphins (439.9 ng g~ ww, SD 202.6) and harbor porpoises
(355.8ng g " ww, SD 153.7). The higher concentrations in the
seals relative to the cetaceans may be related to different
metabolisms but may also be accounted for by harbor seals
feeding close to shore (Tougaard et al. 2006; Herr et al. 2009)
and thus closer to contamination sources.

Perfluorosulfonic acids

In terms of the perfluorosulfonic acid (PFSA) profiles, the
most striking difference was the contribution of PFOSA,
which was very low in the harbor seals (0.1 % of > PFAS),
intermediate in the harbor porpoises (8.3 %), and high in the

Table 1 Basic data and PFAS liver concentration data (ng g ww)
from the harbor seals, harbor porpoises, and white-beaked dolphins
from the North Sea, collected in 1999-2002, including mean,
mean contribution (%), standard deviation (SD), median (Med),
and range

Harbor seal Harbor porpoise White-beaked

(N=13) (N=11) dolphin (N=7)
PFOS Mean 689.1 3253 289.6
% 932 89.1 64.8
SD 236.2 153.6 158.4
Med 634.0 391.0 229.0
Min 430.0 89.0 126.0
Max 1284.2 534.0 540.0
PFOSA Mean 0.9 16.0 122.0
% 0.1 6.7 28.5
SD 0.7 9.5 104.9
Med 0.7 12.3 104.0
Min ND 7.0 43
Max 2.9 32.1 283.0
PFHxS Mean 16.3 1.1 2.8
% 2.1 0.4 0.6
SD 7.9 1.8 2.6
Med 14.6 <DL 1.2
Min 6.5 <DL <DL
Max 324 6.3 6.8
PFOA Mean 1.8 <DL 1.1
% 0.2 0.2 0.2
SD 1.5 0.0 1.4
Med 1.8 <DL <DL
Min ND <DL <DL
Max 6.1 <DL 4.4
PFNA Mean 8.7 <DL 4.2
% 14 0.3 1.0
SD 3.6 0.0 1.3
Med 9.0 <DL 39
Min ND <DL 2.4
Max 15.1 <DL 6.3
PFDA Mean 14.8 4.9 9.7
% 2.1 1.3 22
SD 6.1 5.1 44
Med 14.7 32 7.9
Min 7.1 <DL 52
Max 28.3 15.0 17.8
PFUnA Mean 5.1 7.2 10.6
% 0.9 2.0 2.6
SD 1.8 7.6 2.7
Med 5.5 52 9.9
Min 2.0 <DL 7.7
Max 8.7 29.0 13.6
> PFAS Mean 757.8 355.8 439.9
SD 246.8 153.7 202.6
Med 720.0 419.2 407.3
Min 457.7 106.8 265.9
Max 1,364.7 589.0 868.7

<DL below detection limit, ND not detected
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Fig. 1 Plot of the profiles of seven PFASs in liver tissue from harbor
seals, harbor porpoises, and white-beaked dolphins from the North Sea

white-beaked dolphins (26.0 %) (Fig. 1). It is probable that
these differences reflect basic physiological differences be-
tween Carnivora and Cetacea. Biotransformation of PFOSA
to PFOS has been demonstrated in vertebrate liver micro-
somes (Tomy et al. 2004b; Xu et al. 2004). Phylogenetic
differences in capacity for transformation are likely,
resulting in different, species-specific balances between the
two compounds. Although PFOS is usually the predominant
PFAS in wildlife matrices (Martin et al. 2004; Houde et al.
2006), concentrations of PFOSA similar to or even higher

Polar bear }

than PFOS concentrations have also been reported for sev-
eral cetacean species (e.g., melon-headed whale, bottlenose
dolphin, common dolphin, minke whale, and pilot whale)
(Hart et al. 2008; Kannan et al. 2002; Bossi et al. 2005a).
Except for one example which is the sea otter (Enhydra
lutris) (Hart et al. 2009), we are not aware of such findings
from Carnivora species, where PFOS concentrations are
otherwise consistently many times higher than PFOSA con-
centrations (Bossi et al. 2005b; Dietz et al. 2008; Hart et al.
2009; Dietz et al. 2012 among others, see also Fig. 2). New
results show that the PFOS/FOSA ratio in polar bear liver is
much higher than that in other tissues, indicating effective
transformation of PFOSA to PFOS in the liver of this
carnivore (Greaves et al. 2012). PFOSA is also effectively
transformed to PFOS in Sprague—Dawley rats (half-life
estimates range from 2.5 to 5.9 days, for different isomers)
(Ross et al. 2012). Fast transformation of PFOSA to PFOS
fits well with the pattern of PFOS/PFOSA ratios among the
carnivore species listed in Fig. 2. Polar bears, which have
the highest ratios, may go through long periods fasting
between meals (Ramsay and Stirling 1988) and will, thus,
have transformed the vast majority of ingested PFOSA
between meals. On the other hand, the lowest recorded ratio
among the carnivores is in the sea otter (Fig. 2), which may
be explained by very frequent meals. Sea otters need to
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Fig. 2 PFOS/PFOSA ratios in liver tissue of marine mammals from
available literature. Carnivores are shown as black bars, cetaceans as
blue. Data points from the present study are specified in red. A logarith-
mic scale is used, making differences apparently smaller. References: a
Smithwick et al. 2005, b Martin et al. 2004, ¢ Ahrens et al. 2009, d Shaw
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Fig. 3 Scores along PC1 and
PC2 from the PCA of PFAS
profiles in harbor seals, harbor

Harbour seals
Harbour porpoises
White—beaked dolphins

porpoises, and white-beaked
dolphins from the North Sea.
Dots indicate individual scores,
squares are centroid positions ~
of the species, and ellipses
show the 95 % confidence
intervals of the centroid
positions. Broken lines show

the 0 or average values of the §
PCs o o -
v
[©]
o
o -
o

ingest up to a quarter of their own mass in prey items daily
(Morrison et al. 1974). Among the cetacean species, this
pattern where species with frequent food intake have lower
ratios does not occur. Small cetaceans, such as harbor por-
poise, finless porpoise, and franciscana, need to feed on a
daily basis because of high heat loss and limited capacity to
store energy (Koopman 1998). However, these three species
have the highest ratios recorded among the cetaceans, indi-
cating a reverse pattern to that seen in carnivores. This is
also reflected among our samples, as harbor porpoises
have larger ratios than the white-beaked dolphins. This
can be explained either by higher capacity for transfor-
mation in the smaller cetacean species than the larger,
or if the higher metabolism of the smaller cetacean
species more than outweighs their more frequent intake
of PFOSA. Under either scenario, it reflects very differ-
ent patterns between cetaceans and carnivores.

Thus, given the present results from species with similar
diet from the same area and period, we find that a general
phylogenetic difference in the ability to transform PFOSA to
PFOS is by far the most probable explanation for the ob-
served differences. As mentioned, the difference between
the two cetaceans may be related to different rates of me-
tabolism. In a comparison of PFAS profiles across harbor
porpoises at different life history stages, Galatius et al.
(2011) found the greatest PFOS/PFOSA ratios in porpoises
with perceived increased rates of metabolism, namely neo-
nates, young juveniles, and lactating females. Harbor por-
poises are smaller than white-beaked dolphins and have a

2 4 6
PC 1 (51.2%)

much more rapid life cycle than white-beaked dolphins
(Read and Hohn 1995; Galatius et al. 2013) and, most likely,
a higher rate of metabolism.

Another difference between the seals and the cetaceans was
the higher concentrations of PFHxS found in the seals. An
explanation could be that the relatively short-chained PFHxS
(Ce) is more rapidly excreted in cetaceans. Given the appar-
ently more rapid excretion of perfluorinated carboxylic acids
(PFCAs) in harbor seals and porpoises relative to white-
beaked dolphins (see next page), this does not seem a likely
explanation. Other studies of North Sea and Baltic harbor
seals have found similar PFHxS concentrations (Ahrens et
al. 2009; Dietz et al. 2012), while a study of harbor seals from
the East Atlantic (Shaw et al. 2009) recorded much lower
concentrations, indicating differences in ingestion rather than
excretion as the background for this particular difference.

Table 2 Component loadings of the seven analyzed PFASs on princi-
pal components 1 and 2 from the PCA

Compound PC1 loading PC2 loading
PFOS 0.89 —-0.09
PFOA 0.59 0.37
PFHxS 0.93 —0.16
PFOSA —0.24 0.81
PENA 0.87 0.02
PFDA 0.88 0.25
PFUnA —0.06 0.70
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Perfluorinated carboxylic acids

Harbor porpoises and harbor seals showed lower concentra-
tions of perfluorinated carboxylic acids (3 PFCA; 3.8 and
4.6 %, respectively) than white-beaked dolphins (6.0 %).
The two shorter-chained PFCAs, PFOA (Cg) and PFNA
(Cy), were not detected above detection limit among any
of the porpoises, while they were found in all seals and
dolphins except one seal. The inter-specific differences of
the concentrations of the two longer-chained compounds
PFDA (Cy) and PFUnA (C;;) were smaller than those of
the shorter-chained compounds. PFCAs are usually excreted
much faster than PFSAs of the same chain length (Stahl et
al. 2011), and the two smaller species (porpoises and seals)
are likely to have higher metabolic rates and may thus
almost eliminate the more easily excreted compounds soon
after ingestion. This may also be reflected in the very low
contribution of the shortest-chained analyzed PFSA,
PFHxS, in the porpoises (0.4 %).

Ordination along components 1 and 2 of the PCA provided
almost complete separation of the three species (Fig. 3). PC1
and PC2 combined explained 71 % of the total variance. PC1
showed strong positive loadings on all investigated com-
pounds, except PFOSA and PFUnA with moderate negative
and neutral loadings, respectively (Table 2). PC2 showed
strong positive loadings on PFOSA and PFUnA, moderate
positive loadings on PFOA and PFDA, and more neutral
loadings on PFOS, PFHxS, and PFNA (Table 2). Harbor seals
were separated from the two cetacean species by higher scores
along PC1, while white-beaked dolphins were separated from
the other two species by higher scores along PC2. PC1 may be
seen as mainly reflecting the phylogenetically dependent abil-
ity to transform PFOSA. PC2 may be seen as reflecting
differences in metabolic rate, where the more easily excreted
compounds (except PFHxS; see previous) show lower con-
centrations in the two smaller species with higher metabolic
rates. In conclusion, our study shows that PFAS profiles
may vary considerably among top predators from the same
area and underscores the importance of studying a well-
chosen array of compounds. Although PFOS is usually the
predominant PFAS in wildlife matrices (Martin et al. 2004;
Houde et al. 2006), quantification of PFOS without PFOSA is
often not a reliable indicator of PFAS load in cetaceans. This
seems to be different from Carnivora with regard to biotrans-
formation of PFOSA. The evolutionary split between ceta-
ceans and their terrestrial ancestors occurred more than 50
million years ago (Thewissen and Williams 2002). During the
vast majority of their evolutionary history, they have lived
exclusively on fish, squid, and invertebrates. Pinnipeds have a
fossil record going back 25-27 million years (Berta 2008),
while the polar bear has diverged from the other ursids within
the last million years (Hailer et al. 2012) and still occasionally
eats plants (Clarkson and Stirling 1994). These differences in
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the evolutionary time that the different marine mammal line-
ages have lived on exclusively animal-based diets may have
had an impact on their ability to metabolize contaminants, as
they will not have had to deal with, e.g., plant toxins during
that time. This may have led to differences in the enzyme
systems responsible for metabolism of xenobiotic substances
among the groups. Several studies have previously investigat-
ed PFAS contamination in cetaceans without quantifying
PFOSA (e.g., Van de Vijver et al. 2003, 2007; Dorneles et
al. 2008; Law et al. 2008). This practice can potentially lead to
significant underestimates of PFAS burdens.

Acknowledgments The Natural History Museum, University of
Copenhagen, DTU-Aqua, Danish Forest and Nature Agency, Department
of Bioscience, Aarhus University Roskilde, and The Fisheries and
Maritime Museum, Esbjerg funded the harbor porpoise and white-
beaked dolphin sampling and storage. Svend Tougaard and Thyge Jensen
(formerly the Fisheries and Maritime Museum, Esbjerg) helped in
collecting the seals. Center for Game Health and Dept. of Environmental
Science, Aarhus University provided funding for the analyses. Inga Jensen
skillfully conducted the PFC analyses at the Department of Environmental
Science laboratory, Aarhus University.

References

Aarefjord H, Bjorge AJ, Kinze CC, Lindstedt 1 (1995) Diet of the
harbour porpoise (Phocoena phocoena) in Scandinavian waters.
Reports of the International Whaling Commission Special Issue
15:211-222

Ahrens L, Siebert U, Ebinghaus R (2009) Temporal trends of
polyfluoroalkyl compounds in harbor seals (Phoca vitulina) from
the German Bight, 1999-2008. Chemosphere 76:151-158

Berthiaume J, Wallace KB (2002) Perfluorooctanoate, perfluoroo
ctanesulfonate, and N-ethyl perfluorooctanesulfonamido ethanol;
peroxisome proliferation and mitochondrial biogenesis. Toxicol Lett
129:23-32

Bossi R, Riget FF, Dietz R, Sonne C, Fauser P, Dam M, Vorkamp K
(2005a) Preliminary screening of perfluorooctane sulfonate (PFOS)
and other fluorochemicals in fish, birds and marine mammals from
Greenland and the Faroe Islands. Environ Pollut 136:323-329

Bossi R, Riget FF, Dietz R (2005b) Temporal and spatial trends of
perfluorinated compounds in ringed seal (Phoca hispida) from
Greenland. Environ Sci Technol 39:7416-7422

Butt CM, Muir DCG, Stirling I, Kwan M, Mabury SA (2007) Rapid
response of arctic ringed seals to changes in perfluoroalkyl pro-
duction. Environ Sci Technol 41:42-49

Butt CM, Mabury SA, Kwan M, Wang XW, Muir DCG (2008) Spatial
trends of perfluoroalkyl compounds in ringed seals (Phoca hispida)
from the Canadian Arctic. Environ Toxicol Chem 27:542-553

Butt CM, Berger U, Bossi R, Tomy GT (2010) Levels and trends of
poly- and perfluorinated compounds in the arctic environment.
Sci Total Environ 408:2936-2965

Clarkson PL, Stirling I (1994) Polar bears. In: Hygnstrom SE, Timm
RM, Larson GE (eds) Prevention and control of wildlife damage.
University of Nebraska, Lincoln, pp C-25-C-34

Dietz R, Heide-Jorgensen MP, Teilmann J, Valentin N, Harkonen T
(1991) Age determination in European harbour seals Phoca
vitulina L. Sarsia 76:17-21



Environ Sci Pollut Res (2013) 20:8013-8020

8019

Dietz R, Bossi R, Riget FF, Sonne C, Born EW (2008) Increasing
perfluoroalkyl contaminants in east Greenland polar bears (Ursus
maritimus): a new toxic threat to the Arctic bears. Environ Sci
Technol 42:2701-2707

Dietz R, Riget FF, Galatius A, Sonne C, Teilmann J, Bossi R
(2012) Spatial trends of perfluorochemicals in harbor seals
(Phoca vitulina) from Danish waters. Sci Total Environ
414:732-737

Dorneles PR, Lailson-Brito J, Azevedo AF, Meyer J, Vidal LG,
Fragoso AB, Torres JP, Malm O, Blust R, Das K (2008) High
accumulation of perfluorooctane sulfonate (PFOS) in marine
tucuxi dolphins (Sotalia guianensis) from the Brazilian coast.
Environ Sci Technol 42:5368-5373

Galatius A, Dietz R, Riget FF, Sonne C, Kinze CC, Lockyer C, Bossi R
(2011) Temporal and life history related trends of perfluoro
chemicals in harbor porpoises from the Danish North Sea. Mar
Pollut Bull 62:1476-1483

Galatius A, Jansen OE, Kinze CC (2013) Parameters of growth and
reproduction of white-beaked dolphins from the North Sea. Mar
Mamm Sci. doi:10.1111/j.1748-7692.2012.00568.x

Giesy JP, Kannan K (2001) Global distribution of perfluorooctane
sulfonate in wildlife. Environ Sci Technol 35:1339-1342

Grandjean P, Andersen EW, Budtz-Jorgensen E, Nielsen F, Molbak K,
Weihe P, Heilmann C (2012) Serum vaccine antibody concentra-
tions in children exposed to perfluorinated compounds. JAMA
307:391-397

Greaves AK, Letcher RJ, Sonne C, Dietz R, Born EW (2012)
Perfluoroalkyl carboxylate and sulfonate concentrations and pat-
terns are highly contrasting in tissues and blood of East Greenland
polar bears. Environ Sci Technol 46:11575-11583

Hailer F, Kutschera VE, Hallstrom BM, Klassert D, Fain SR, Leonard
JA, Arnason U, Janke A (2012) Nuclear genomic sequences
reveal that polar bears are an old and distinct bear lineage. Science
336:344-347

Hall AJ, Watkins J, Hammond PS (1998) Seasonal variation in the diet
of harbour seals in the south-western North Sea. Mar Ecol Prog
Ser 170:269-281

Héarkonen T, Dietz R, Reijnders P, Teilmann J, Harding K, Hall
A, Brasseur S, Siebert U, Goodman SJ, Jepson PD, Rasmus-
sen TD, Thompson P (2006) The 1988 and 2002 phocine
distemper virus epidemics in European harbour seals. Dis
Aquat Org 68:115-130

Hart K, Kannan K, Isobe T, Takahashi S, Yamada TK, Miyazaki N,
Tanabe S (2008) Time trends and transplacental transfer of
perfluorinated compounds in melon-headed whales stranded
along the Japanese coast in 1982, 2001/2002, and 2006. Environ
Sci Technol 42:7132-7137

Hart K, Gill VA, Kannan K (2009) Temporal trends (1992-2007) of
perfluorinated chemicals in Northern Sea otters (Enhydra lutris
kenyoni) from South-Central Alaska. Arch Environ Contam
Toxicol 56:607-614

Herr H, Scheidat M, Lehnert K, Siebert U (2009) Seals at sea: model-
ling seal distribution in the German bight based on aerial survey
data. Mar Biol 156:811-820

Hohn AA, Lockyer C (1995) Protocol for obtaining age estimates from
harbour porpoise teeth. Reports of the International Whaling
Commision, Special Issue 16:494—496

Houde M, Martin JW, Letcher RJ, Solomon KR, Muir DCG (2006)
Biological monitoring of polyfluoroalkyl substances: a review.
Environ Sci Technol 40:3463-3473

Jansen OE, Leopold MF, Meesters EHWG, Smeenk C (2010) Are
white-beaked dolphins Lagenorhynchus albirostris food special-
ists? Their diet in the southern North Sea. ] Mar Biol Assoc U K
90:1501-1508

Johansson N, Fredriksson A, Eriksson P (2008) Neonatal exposure to
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid

(PFOA) causes neurobehavioural defects in adult mice.
Neurotoxicology 29:160—169

Jones PD, Hu WY, De Coen W, Newsted JL, Giesy JP (2003) Binding
of perfluorinated fatty acids to serum proteins. Environ Toxicol
Chem 22:2639-2649

Kannan K, Koistinen J, Beckmen K, Evans T, Gorzelany JF, Hansen
KJ, Jones PD, Helle E, Nyman M, Giesy JP (2001) Accumulation
of perfluorooctane sulfonate in marine mammals. Environ Sci
Technol 35:1593-1598

Kannan K, Corsolini S, Falandysz J, Ochme G, Focardi S, Giesy JP
(2002) Perfluorooctanesulfonate and related fluorinated hydrocar-
bons in marine mammals, fishes, and birds from coasts of the Baltic
and the Mediterranean Seas. Environ Sci Technol 36:3210-3216

Kannan K, Tao L, Sinclair E, Pastva SD, Jude DJ, Giesy JP (2005)
Perfluorinated compounds in aquatic organisms at various trophic
levels in a Great Lakes food chain. Arch Environ Contam Toxicol
48:559-566

Kinze CC, Jensen T, Tougaard S, Baagee HJ (2011) Records of
cetacean strandings on the Danish coastline during 1998-2007.
Flora og Fauna 116:91-99

Kissa E (2001) Fluorinated surfactants and repellents. Marcel Dekker,
New York

Koopman HN (1998) Topographical distribution of the blubber of
harbor porpoises (Phocoena phocoena). ] Mammal 79:260-270

Lau C, Thibodeaux JR, Hanson RG, Rogers JM, Grey BE, Stanton
ME, Butenhoff JL, Stevenson LA (2003) Exposure to
perfluorooctane sulfonate during pregnancy in rat and mouse. II:
Postnatal evaluation. Toxicol Sci 74:382-392

Law RJ, Bersuder P, Mead LK, Jepson PD (2008) PFOS and PFOA in
the livers of harbour porpoises (Phocoena phocoena) stranded or
bycaught around the UK. Mar Pollut Bull 56:792-797

Leonel J, Kannan K, Tao L, Fillmann G, Montone RC (2008) A
baseline study of perfluorochemicals in franciscana dolphin and
subantarctic fur seal from coastal waters of Southern Brazil. Mar
Pollut Bull 56:778-781

Liao C, Wang T, Cui L, Zhou Q, Duan S, Jiang G (2009) Changes in
synaptic transmission, calcium current, and neurite growth by
perfluorinated compounds are dependent on the chain length
and functional group. Environ Sci Technol 43:2099-2104

Lim TC, Wang B, Huang J, Deng S, Yu G (2011) Emission inventory
for PFOS in China: review of past methodologies and sugges-
tions. Sci World J 11:1963-1980

Liu XH, Liu W, Jin YH, Yu WG, Wang FQ, Liu L (2010) Effect of
gestational and lactational exposure to perfluorooctanesulfonate
on calcium-dependent signaling molecules gene expression in
rats” hippocampus. Arch Toxicol 84:71-79

Lockyer C, Mackey B, Read F, Harkonen T, Hasselmeier I (2010) Age
determination methods in harbour seals with a review of methods
applicable to carnivores. NAMMCO Sci Publ 8:245-264

Luebker DJ, York RG, Hansen KJ, Moore JA, Butenhoff JL (2005)
Neonatal mortality from in utero exposure to perfluoro
octanesulfonate (PFOS) in Sprague-Dawley rats: dose-response,
and biochemical and pharmacokinetic parameters. Toxicology
215:149-169

Malinverno G, Colombo I, Visca M (2005) Toxicological profile of
hydrofluoropolyethers. Regul Toxicol Pharmacol 41:228-239

Martin JW, Smithwick MM, Braune BM, Hoekstra PF, Muir DCG,
Mabury SA (2004) Identification of long-chain perfluorinated
acids in biota from the Canadian Arctic. Environ Sci Technol
38:373-380

Miller ML, Clark LC Jr, Wesseler EP, Stanley L, Emory C, Kaplan S
(1975) Light microscopic morphometry and fine structure of the
liver: a response to perfluorinated liquid emulsions used as artifi-
cial blood. Ala J Med Sci 12:84-113

Moon HB, Kannan K, Yun S, An YR, Choi SG, Park JY, Kim ZG,
Moon DY, Choi HG (2010) Perfluorinated compounds in minke

@ Springer


http://dx.doi.org/10.1111/j.1748-7692.2012.00568.x

8020

Environ Sci Pollut Res (2013) 20:8013—-8020

whales (Balaenoptera acutorostrata) and long-beaked common
dolphins (Delphinus capensis) from Korean coastal waters. Mar
Pollut Bull 60:1130-1135

Morrison P, Rosenmann M, Estes JA (1974) Metabolism and thermo-
regulation in sea otter. Physiol Zool 47:218-229

Muir D, Alace M, Butt C, Braune B, Helm P, Mabury S (2004) New
contaminants in Arctic biota. Synopsis of research conducted
under the 2003-2004 Northern Contaminants Program. Indian
and Northern Affairs Canada, Ottawa, pp 139-148

Nakata H, Kannan K, Nasu T, Cho HS, Sinclair E, Takemura A (2006)
Perfluorinated contaminants in sediments and aquatic organisms
collected from shallow water and tidal flat areas of the Ariake Sea,
Japan: environmental fate of perfluorooctane sulfonate in aquatic
ecosystems. Environ Sci Technol 40:4916-4921

Quinete N, Wu Q, Zhang T, Yun SH, Moreira I, Kannan K (2009)
Specific profiles of perfluorinated compounds in surface and
drinking waters and accumulation in mussels, fish, and dolphins
from southeastern Brazil. Chemosphere 77:863—-869

R Development Core Team (2008) An introduction to R: notes on R, a
programming environment for data analysis and graphics. Net-
work Theory Ltd, UK

Ramsay MA, Stirling 1 (1988) Reproductive-biology and ecology of
female polar bears (Ursus maritimus). J Zool 214:601-634

Read AJ, Hohn AA (1995) Life in the fast lane: the life history of harbor
porpoises from the Gulf of Maine. Mar Mamm Sci 11:423-440

Reiner JL, O’Connell SG, Moors AJ, Kucklick JR, Becker PR, Keller
JM (2011) Spatial and temporal trends of perfluorinated com-
pounds in beluga whales (Delphinapterus leucas) from Alaska.
Environ Sci Technol 45:8129-8136

Ross MS, Wong CS, Martin JW (2012) Isomer-specific biotransforma-
tion of perfluorooctane sulfonamide in Sprague-Dawley rats. En-
viron Sci Technol 46:3196-3203

Shaw S, Berger ML, Brenner D, Tao L, Wu Q, Kannan K (2009) Specific
accumulation of perfluorochemicals in harbor seals (Phoca vitulina
concolor) from the northwest Atlantic. Chemosphere 74:1037-1043

Slotkin TA, MacKillop EA, Melnick RL, Thayer KA, Seidler FJ
(2008) Developmental neurotoxicity of perfluorinated chemicals
modeled in vitro. Environ Heal Perspect 116:716—722

Smithwick M, Muir DCG, Mabury SA, Solomon KR, Martin JW,
Sonne C, Born EW, Letcher RJ, Dietz R (2005) Perfluoroalkyl

@ Springer

contaminants in liver tissue from East Greenland polar bears
(Ursus maritimus). Environ Toxicol Chem 24:981-986

Thewissen JGM, Williams EM (2002) The early radiations of Cetacea
(Mammalia): evolutionary pattern and developmental correla-
tions. Annu Rev Ecol Syst 33:73-90

Tomy GT, Budakowski W, Halldorson T, Helm PA, Stern GA, Friesen
K, Pepper K, Tittlemier SA, Fisk AT (2004a) Fluorinated organic
compounds in an eastern Arctic marine food web. Environ Sci
Technol 38:6475-6481

Tomy GT, Tittlemier SA, Palace VP, Budakowski WR, Brackevelt E,
Brinkworth L, Friesen K (2004b) Biotransformation of N-ethyl
perfluorooctanesulfonamide by rainbow trout (Onchorhynchus
mykiss) liver microsomes. Environ Sci Technol 38:758-762

Tougaard J, Tougaard S, Jensen RC, Jensen T, Adelung D, Liebsch N,
Miiller G (2006) Harbour seals on Horns Reef before, during and
after construction of Horns Rev Offshore Wind Farm. Final report
to Vattenfall A/S. Biological Papers from the Fisheries and Mar-
itime Museum no. 5, Esbjerg

Van de Vijver KI, Hoff P, Das K, Van Dongen W, Esmans E, Jauniaux
T, Bouquegneau JM, Blust R, De Coen W (2003) Perfluorinated
chemicals infiltrate ocean waters: link between exposure levels
and stable isotope ratios in marine mammals. Environ Sci Technol
37:5545-5550

Van de Vijver KI, Hoff PT, Das K, Van Dongen W, Esmans EL, Siebert
U, Bouquegneau JM, Blust R, De Coen WM (2004) Baseline
study of perfluorochemicals in harbour porpoises (Phocoena
phocoena) from Northern Europe. Mar Pollut Bull 48:992-997

Van de Vijver KI, Hoslbeek L, Das K, Blust R, Joiris C, De Coen W
(2007) Occurrence of perfluorooctane sulfonate and other
perfluorinated alkylated substances in harbor porpoises from the
Black Sea. Environ Sci Technol 41:315-320

Wang T, Wang Y, Liao C, Cai Y, Jiang G (2009) Perspectives on the
inclusion of perfuorooctane sulfonate into the Stockholm Con-
vention on persistent organic pollutants. Environ Sci Technol
43:5171-5175

Xu L, Krenitsky DM, Seacat AM, Butenhoff JL, Anders MW (2004)
Biotransformation of N-ethyl-N-(2-hydroxyethyl)perfluoroo
etanesulfonamide by rat liver microsomes, cytosol, and slices
and by expressed rat and human cytochromes P450. Chem Res
Toxicol 17:767-775



	PFAS profiles in three North Sea top predators: metabolic differences among species?
	Abstract
	Introduction
	Materials and methods
	The samples
	Extraction and analysis

	Results and discussion
	Perfluorosulfonic acids
	Perfluorinated carboxylic acids

	References


