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a b s t r a c t

Eighty-five stranded or bycaught harbor porpoises collected from the Danish North Sea between 1980
and 2005 were analyzed for perfluorochemicals in the liver. PFOS was the predominant compound, mak-
ing up on average 88.9% of the

P
PFC, followed by PFOSA (7.8%). PFUnA (1.9%) and PFDA (1.2%) were

detected in most samples. PFHxS, PFNA and PFOA were only found in a minority of the samples. We found
substantial differences in PFC concentrations among life history stages, the highest concentrations were
found in neonates, suckling juveniles and lactating females. Such differences should be considered when
PFC levels in wildlife are evaluated. The high concentrations found in young porpoises are of concern as
PFCs have known toxic effects on the development of the central nervous system and reproductive
organs. Despite efforts to reduce PFC emissions, a decreasing temporal trend of concentrations was not
detected for any compound. PFCA concentrations were found to be increasing.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Perfluorochemicals (PFCs) are widely used synthetic com-
pounds with various applications such as fire-fighting foams,
cleaners, lubricants and various coatings (Kissa, 2001). They have
been shown to bioaccumulate, be persistent in biota and wide-
spread (Giesy and Kannan, 2001; Kissa, 2001; Kannan et al.,
2001, 2005; Tomy et al., 2004). Two PFCs, perfluorooctane sulfonic
acid (PFOS) and perfluorooctane sulfonyl fluoride (PFOS-F) have re-
cently been included under the Stockholm Convention on persis-
tent organic pollutants (POPs) (Wang et al., 2009). Emerging
evidence suggests 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)
and potential effects on metabolism (Berthiaume and Wallace,
2002). Perfluorooctanoic acid (PFOA) is considered to be a likely
human carcinogen (Upham et al., 2009). Unlike most other POPs
which accumulate in lipid-rich tissue, PFCs bind to blood proteins
and accumulate mainly in the liver, kidney and bile secretions
(Jones et al., 2003). Due to the observed toxicity of PFOS, the 3M
Company commenced reduction of PFOS production in 2001 (Butt
et al., 2007).
All rights reserved.
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Given the persistence and bioaccumulation potential of PFCs,
their toxicity to wildlife is of great concern. Marine mammals occu-
py the highest trophic levels in the marine food web and are thus
exposed to very high concentrations of persistent compounds. The
harbor porpoise (Phocoena phocoena) is the only cetacean species
found consistently throughout the Danish waters. In porpoises
from the Baltic and North Sea, PFOS is the dominant PFC (Van de
Vijver et al., 2004). These authors found higher PFOS concentra-
tions in the German Baltic and Denmark than in samples from
Norway and Iceland. Combinations of PFOS levels and stable
carbon isotopes indicate that porpoises feeding near-shore have
higher loads than porpoises feeding further from shore (Van de
Vijver et al., 2004). PFOS levels similar to those found by Van de
Vijver et al. (2004) were observed in liver of harbor porpoises
stranded or caught around UK coastal waters in 1992–2003 (Law
et al., 2008), where mean concentration was 546 ± 610 ng g�1.

While PFCs are increasing significantly with age in liver tissue of
polar bears (Ursus maritimus) (Sonne et al., 2008) and do not show
age trends in ringed seals (Pusa hispida) (Butt et al., 2008), the
dynamics of these compounds may be different for small cetaceans
such as harbor porpoises. For example, Van de Vijver et al. (2003)
found significantly lower levels of PFOS in adult North Sea harbor
porpoises than in juveniles. In a sample of porpoises from the
Barents Sea, the highest concentration of PFOS in liver tissue was
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Fig. 1. Map of the Danish North Sea. Grid square coordinates defined by the
International Council for Exploration of the Sea (ICES) are given on top and right,
latitude and longitude left and bottom. The numbers of specimens from each grid
square are given.
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found in a fetus with 224 ng g�1, compared to 87 ng g�1 in the
mother (Van de Vijver et al., 2004).

In the Arctic, far from local sources of PFCs, temporal trends
have been studied in a number of species. The longest continuous
time series has been presented for the East Greenland polar bears,
where age-harmonized data on juvenile bears were presented from
19 sampling years within the period 1984–2006. Significant annual
increases were found for 7 out of 8 PFCs analyzed (Dietz et al.,
2008). Similar increases have been found in bears from Canada
and Alaska in the period 1982–2002 (Smithwick et al., 2006). Stud-
ies of ringed seals from Greenland waters have, however, shown
increases in PFCs in both East and West Greenland between 1982
and 2003 (Bossi et al., 2005). Time trend studies on PFCs in Cana-
dian ringed seals from two regions have both shown increases in
some cases followed by decreases, depending on the area, period
and compound in question (Butt et al., 2007). Danish waters are
situated between two potentially large outlets of pollutants; the
Baltic to the east and the Elbe and Rhine to the west are carrying
water from catchment areas including most of northern Europe.
Thus, Danish samples can be useful for assessment of contributions
of these sources. In the Baltic, an increasing trend in the PFOS con-
centration in guillemot (Uria aalge) eggs from 1968 to 2003 has
been reported (Holmstrom et al., 2005). A similar trend was found
in Baltic herring gull (Larus argentatus) eggs (Rüdel et al., 2010). In
the latter study, eggs from the North Sea had higher loads than Bal-
tic eggs in most years, but in the North Sea, a consistent time trend
was not evident. In a recent study Ahrens et al. (2009) have exam-
ined temporal trends of PFCs in harbor seals (Phoca vitulina) from
the German Bight in the period 1999–2008. PFOS was the domi-
nant PFC found in the samples with a maximum concentration of
3676 ng g�1. A decline in PFOS concentrations was observed be-
tween 1999 and 2008, but the decreasing trend was not statisti-
cally significant.

In the present paper, we present PFC measurement in a temporal
series of liver samples from harbor porpoises from Danish waters
from 1980 to 2005. Beside this, we explore age, life history and sex-
related trends and discuss the biological meaning of these factors.
2. Materials and methods

2.1. Samples and age determination

Harbor porpoises were collected from the southern North Sea
from 1980 to 2005 in cooperation with Natural History Museum,
University of Copenhagen and DTU Aqua. Samples were frozen to
�20 �C, shipped to Roskilde (DK) and stored at �20 �C. In the lab-
oratory, liver samples were lightly thawed before chemical analy-
sis was performed. The ages of the porpoises were estimated by
counting annual layering in decalcified thin sections (25 lm) of
teeth from the central lower jaw stained in hematoxylin, as de-
scribed by Hohn and Lockyer (1995). Ages ranged from 0 to
21 years, however, only five specimens were older than eight
years. Geographical distribution of the samples is illustrated in
Fig. 1 and basic biological parameters of the sample are listed in
Table 1. Data regarding reproductive status were recorded from
the dissection journals and the specimens were divided among
the following life history stages: neonates (NEO; n = 7) were de-
fined by an unhealed umbilical wound or very little dentine depos-
ited inside the neonatal line. Sucklings (SU; n = 10) were defined as
animals without a completed annual layer collected in July–Febru-
ary. We expect parturition to occur in late June or early July
(Sørensen and Kinze, 1994) and suckling to last for 8–10 months
with gradual weaning (Lockyer, 2003). Immature animals (IM;
n = 37) were defined as non-suckling, sexually immature animals.
Mature males (MA; n = 16) were defined as sexually mature males.
Mature females were initially divided among four categories, preg-
nant (PR; n = 4), lactating (n = 1), pregnant and lactating (n = 3) and
resting (RE; n = 1, females that were neither pregnant nor lactat-
ing). The one lactating and the three pregnant and lactating fe-
males had similar PFC profiles that were very different from
other mature animals, so it was decided to pool these four animals
in one category; lactating (LA). For four sexually mature females,
there was no available information on reproductive status. These
specimens were excluded from the statistical analyses. Further-
more, sexual maturity was not known for one female and one male.
The female was excluded from statistical analyses while the male
was included in time-trend analyses as it was known not to be in
the life history categories excluded here, namely NEO, SU and LA.
2.2. Extraction and analysis

Liver samples were analyzed for concentrations of perfluoro-
hexanesulfonate (PFHxS), PFOS, perfluorooctanesulfonamide (PFO-
SA), 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.
(2005). 13C2-PFDA and 13C4-PFOS were used as surrogate stan-
dards. All standards were provided by Wellington Laboratories
(Guelph, ON, Canada). Instrumental analysis was performed by li-
quid chromatography–tandem mass spectrometry (LC–MS–MS)
with electrospray ionization (ESI). The extracts (20 lL injection
volume) were chromatographed on a C18 Betasil column (2.1
50 mm, Thermo Hypesil-Keystone, Bellafonte, PA) using an Agilent
1100 Series HPLC (Agilent Technologies, Palo Alto, CA). The HPLC
was interfaced to a triple quadrupole API 2000 (Sciex, Concorde,
Ontario, Canada) equipped with a Turbo Ion Spray source operating
in negative ion mode. Instrument set-up, quality assurance and
calibration procedures as well as the standards and reagents used
are described in detail by Bossi et al. (2005).
2.3. Quality assurance

The samples were extracted and analyzed in batches together
with a procedural blank. The target compounds were not detected



Table 1
Basic biological parameters of the harbor porpoises. NEO, neonates; SU, sucklings; IM, immature males and females; MA_M, mature males; PR, pregnant females; LA, lactating and
lactating + pregnant females; RE, resting females (not lactating and not pregnant).

Year N Mean
age

Min
age

Max
age

Mean
TL

Min
TL

Max
TL

N Males N Females N NEO N SU N IM NMA_M N PR N LA N RE

1980 14 2.4 0 8 127.3 93 146 8 6 0 3 6 3 0 2 0
1989 4 3.5 1 5 129.8 121 140 2 2 0 0 2 1 0 1 0
1990 2 6.0 0 12 118.5 67 170 0 2 1 0 0 0 0 0 1
1991 2 0.5 1 1 108.8 97 121 2 0 0 1 1 0 0 0 0
1992 4 2.3 1 6 124.3 104 156 0 4 0 0 3 0 0 0 0
1997 22 4.5 0 21 134.2 109 165 14 8 0 1 9 6 4 0 0
1998 11 2.3 0 8 118.4 71 147 9 2 1 3 4 3 0 0 0
1999 11 2.9 0 10 112.5 67 150 6 5 3 1 4 1 0 0 0
2000 8 2.1 0 7 117.9 70 153 2 6 2 1 2 1 0 1 0
2005 7 1.0 0 5 121.4 112 145 1 6 0 0 6 1 0 0 0

All 85 3.0 0 21 124.1 67 170 44 41 7 10 37 16 4 4 1
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in any of the blank samples. The detection limit of the analytical
method (MDL) was defined as those concentrations of the analytes
needed to produce a signal-to-noise ratio (S/N) of 3:1. Mean recov-
eries (n = 5) of the analytes were determined in spiked liver matrix
(concentration: 50 ng g�1 wet weight). Detection limits and recov-
eries of the analyzed compounds are summarized in Table 2. Con-
centrations of the analytes in samples have not been corrected for
recovery as calibration standards followed the same extraction
procedure as samples. For each batch a sample was randomly se-
lected and extracted in triplicate in order to evaluate the repeat-
ability of the analytical method. The reproducibility of the
method based on 8 repetitions of triplicates is summarized in
Table 2. PFOA was not included in the statistical analysis, as it
was only present in three samples.

2.4. Statistical methods

Non-parametric statistical tests such as Kruskal–Wallis rank
sum test and Spearman rank correlation were preferred over para-
metric tests, in testing the influence of life history stages on PFC
concentrations and correlations among compounds, in order to re-
duce the influence of extreme values and the relatively many val-
ues below detection limits of some compounds. Furthermore, the
assumptions of parametric tests of normality and variance homo-
geneity could not be verified in all cases, even after log-
transformations.

Analyses of temporal trends followed the ICES (International
Council for the Exploitation of the Sea) temporal trend assessment
procedure (Nicholson et al., 1998). The log-median concentration is
used as annual PFA index value. The total variation over time is
partitioned into a linear and a non-linear component. Linear
regression analysis is applied to describe the linear component
and a LOESS smoother (locally weighted scatter plot using a
weighted quadratic least squares regression smoothing) with a
window width of 7 years is applied to describe the non-linear com-
ponent. The linear and non-linear components are tested by means
of an analysis of variance. The theory behind the method is de-
scribed in detail by Fryer and Nicholson (1999, 2002). The statisti-
cal analyses were performed using the statistical package R (R
Development Core Team, 2008).
Table 2
Detection limits (DL), average recoveries (n = 5) and reproducibility (%) of the
analyzed compounds.

Compound PFHxS PFOS PFOSA PFOA PFNA PFDA PFUnA

DL (ng g�1 ww) 0.8 0.2 0.5 1.2 1.4 8.8 0.7
Recovery (%) 80 92 98 110 111 90 93
Reproducibility (%) 8 26 17 n.c. 17 33 32

n.c., not calculated.
3. Results and discussion

All seven PFC compounds were detected in the harbor porpoise
liver samples. PFOS was the dominant compound, making up on
average 88.9% of the measured PFCs, followed by PFOSA (7.8%).
PFUnA (1.9%) and PFDA (1.2%) were also detected in most samples.
PFOA was below detection limit in all but three of the samples,
PFHxS in 39% of the samples and PFNA in 80% of the samples. A
similar distribution of PFCs has been found in other marine mam-
mals, e.g., Northwest Atlantic and North Sea harbor seals (Shaw
et al., 2009; Ahrens et al., 2009), Nunavut polar bears (Martin
et al., 2004), Greenland ringed seal (Bossi et al., 2005) and Florida
bottlenose dolphins (Houde et al., 2006).

3.1. Correlations among the analyzed PFCs

Like Ahrens et al. (2009) who studied PFCs in harbor seals in the
North Sea, we found highly significant correlations of the concen-
trations of the two perfluorinated carboxylic acids (PFCAs) consis-
tently found (PFUnA and PFDA) and between these two and PFOS.
This may indicate a common source of the PFCs (Smithwick et al.,
2005). PFOSA concentrations, however, were not correlated to the
other compounds, which may be caused by differences of metabo-
lism or excretion patterns among life history stages (see below).

3.2. Geographical trends of PFCs in harbor porpoises

The concentrations of PFOS found in the Danish waters are sim-
ilar in magnitude to what has earlier been reported from smaller
samples of harbor porpoise from the North Sea and Denmark
(Van de Vijver et al., 2003, 2004) and the UK (Law et al., 2008).
However the Danish harbor porpoises had substantially greater
concentrations than harbor porpoises from more northerly loca-
tions in Norway and Iceland (Van de Vijver et al., 2004).

3.3. Trends related to age, sex and life history

3.3.1. PFOS
There were seven neonate porpoises in our samples. Among

these seven specimens, we found three of the four highest PFOS
concentrations (median 868 ng g�1 ww; range: 258–2460; Table 3
and Fig. 2) in our entire sample of 85 animals. As neonates can be
assumed to have received no or very little milk, these data indicate
substantial placental transfer of PFOS. Placental transfer of PFOA
and PFOS has also been demonstrated in humans where PFOA
was generally found in higher concentrations in umbilical cord
plasma than in maternal plasma, PFOS in lower concentrations
(Midasch et al., 2007). Another reason for high concentrations in
neonates is probably the lack of urinary and fecal excretion during



Table 3
List of PFC data from the analyzed years and the life history stages including mean, standard deviation (SD), median and range. <DL, below detection limit.

Year N PFOS PFOSA PFDA PFUnA

Mean SD Med Min Max Mean SD Med Min Max Mean SD Med Min Max Mean SD Med Min Max

Annual data
1980 9 251.0 88.1 245.8 101.7 366.3 10.1 5.7 10.7 3.7 21.5 0.9 0.5 0.8 <DL 1.8 1.7 1.9 1.3 0.4 6.6
1989 3 486.0 143.4 467.0 353.0 638.0 40.9 20.9 44.6 18.4 59.6 9.2 9.2 8.3 <DL 18.8 6.3 2.2 5.9 4.3 8.7
1990 1 523.0 – 523.0 523.0 523.0 46.8 – 46.8 46.8 46.8 11.4 – 11.4 11.4 11.4 5.5 – 5.5 5.5 5.5
1991 1 190.0 – 190.0 190.0 190.0 35.2 – 35.2 35.2 35.2 <DL – <DL <DL <DL 2.9 – 2.9 2.9 2.9
1992 4 944.5 629.6 933.0 212.0 1700.0 23.0 13.4 20.3 10.9 40.3 5.4 3.2 5.2 1.8 9.3 4.5 1.4 4.3 3.0 6.3
1997 20 293.3 131.1 276.5 63.0 523.0 29.7 11.6 26.9 15.7 59.0 3.3 1.4 3.3 <DL 5.8 6.9 2.4 6.3 2.6 12.1
1998 7 319.7 284.1 200.0 55.0 788.0 28.6 8.9 30.5 11.8 39.0 4.8 5.2 4.5 <DL 14.4 6.9 2.8 7.5 3.0 11.3
1999 7 305.6 146.7 391.0 89.0 447.0 16.3 10.1 13.0 7.0 32.1 3.7 3.4 1.3 <DL 9.4 3.9 2.2 4.2 0.8 7.6
2000 4 359.8 182.0 391.0 123.0 534.0 15.5 9.9 12.0 7.8 30.0 8.4 6.3 7.9 2.9 15.0 12.9 10.8 7.9 6.7 29.0
2005 6 422.0 363.2 419.0 53.0 993.0 67.5 57.0 61.4 6.7 186.0 11.5 9.5 12.8 <DL 29.3 16.2 5.8 18.1 6.7 22.0

All 62 362.6 279.6 300.0 53.0 1700.0 29.1 25.9 25.0 3.7 186.0 4.8 5.4 3.2 <DL 29.3 6.8 5.4 6.0 0.4 29.0

Stage Life history stage data
NEO 7 1065.3 804.6 868.0 258.0 2460.0 3.8 3.0 2.4 <DL 8.6 17.9 14.5 18.4 5.1 46.4 7.9 6.5 6.8 2.2 21.3
SU 10 802.1 792.4 642.0 91.0 2927.8 16.1 13.6 11.1 5.9 50.0 8.4 8.7 4.3 <DL 26.2 11.9 13.2 5.6 1.8 40.0
IM 37 397.3 327.0 317.0 55.0 1700.0 29.3 31.4 20.3 5.3 186.0 5.3 6.1 3.2 <DL 29.3 7.5 6.5 6.3 <DL 29.0
MA_M 16 278.1 172.8 261.2 53.0 788.0 29.6 17.7 28.9 3.7 59.3 3.7 4.0 3.0 <DL 14.4 6.2 3.4 6.5 <DL 12.1
PR 4 241.3 195.6 191.0 63.0 520.0 30.1 8.8 29.2 20.3 41.6 2.9 2.1 2.8 <DL 5.6 5.8 1.7 5.3 4.3 8.3
LA 4 760.4 244.9 721.0 514.3 1085.3 18.2 5.1 19.6 10.9 22.7 15.9 18.6 10.4 1.4 41.4 8.8 10.8 4.9 1.1 24.2
RE 1 523.0 – 523.0 523.0 523.0 46.8 – 46.8 46.8 46.8 11.4 – 11.4 11.4 11.4 5.5 – 5.5 5.5 5.5

All 79 495.6 493.5 338.0 53.0 2927.8 25.1 24.8 20.3 <DL 186.0 7.0 8.8 3.4 <DL 46.4 7.8 7.3 6.2 <DL 40.0
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Fig. 2. Box plots of concentrations of PFOS, PFOSA, PFDA and PFUnA in the different life history stages. The red horizontal line shows the median and the bottom and top of the
box show the 25th and 75th percentiles, respectively. The vertical dashed lines (whiskers) show one of two things; either the maximum value or 1.5 times the interquartile
range (roughly 2 standard deviations) of the data, whichever is the smaller. Points are outliers, defined as more than 1.5 times the interquartile range above the third quartile
(below the first quartile). Abbreviations: NEO, neonates; SU, sucklings; IM, sexually immature males and females; MA, sexually mature males; PR, pregnant females; LA,
lactating females; RE, resting females. See text for definition of stages. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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the fetal stage. Previously, Van de Vijver et al. (2003) have reported
higher PFC loads in juvenile harbor porpoises than in adults, and a
porpoise fetus has been show to have almost three times higher li-
ver tissue concentration of PFOS in than the mother. Similar rates
have been reported in other odontocetes, e.g., bottlenose dolphin,
marine tucuxi (Sotalia guianensis) (Dorneles et al., 2008) and mel-
on-headed whale (Peponocephala electra) (Hart et al., 2008). Beside
neonates, two other life history categories showed higher PFOS
burdens, namely sucklings of both sexes which had significantly
higher loads than non-suckling juveniles (Kruskal–Wallis test,
p = 0.03) and lactating females which had significantly higher lev-
els than non-lactating mature animals (Kruskal–Wallis test,
p = 0.005) (Fig. 2). The differences between neonates on one side
and immature specimens, mature males or pregnant females on
the other side were statistically significant (Kruskal–Wallis test,
p = 0.01, 0.01, 0.02, respectively). The increased concentrations in
sucklings are probably caused by maternal transfer through lacta-
tion and/or residual PFOS from placental transfer. Van de Vijver
et al. (2003) found significantly higher PFOS levels in female por-
poises than in males. They speculated that PFCs are not being
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excreted through lactation. More recently, however, PFCs have
been detected in bottlenose dolphin milk in substantial concentra-
tions, indicating a significant transfer to the offspring (Houde et al.,
2006). Alternative explanations for higher loads in females may be
that they feed closer to shore, and hence closer to the sources than
males as indicated by stable isotope analysis on Black Sea harbor
porpoise (Das et al., 2004) or that they feed on a somewhat higher
trophic level, and hence receive more biomagnified loads, which is
not unlikely given their larger size. However, non-lactating females
from our sample have PFOS burdens similar to male and immature
porpoises, so previous reports of higher concentrations in females
may be an artifact caused by the inclusion of lactating animals. In
our sample, lactating females had significantly (Kruskal–Wallis
test, p < 0.01) higher PFOS loads than other mature porpoises.
One possible explanation for this could be that female porpoises
increase their food consumption substantially during lactation
and thus increase their dietary exposure. A captive harbor porpoise
at the Fjord & Belt centre in Denmark approximately doubled its
food intake during lactation (M. Wahlberg, pers. comm.). Another
possibility is that lactating females reduce their urine production
and/or protein metabolism during lactation. Houde et al. (2006)
estimated that urinary excretion of PFOS almost balanced dietary
intake in bottlenose dolphins (Tursiops truncatus). With few excep-
tions, cetaceans do not drink seawater, but rely on water obtained
from diet and metabolism (Ortiz, 2001). Relative to other odont-
ocetes, harbor porpoises have a brief and intense lactation period
(Oftedal, 1997). The limited water supply and the demands of
water and protein for milk production may lead to reduced urine
volume and/or different urine composition and protein metabo-
lism in lactating porpoises. There are indications that gray seals
(Halichoerus grypus) reduce their protein catabolism and urea
excretion during their much briefer lactation (Schweigert, 1993),
while metabolic adaptations in the harbor porpoise remain
speculative.

3.3.2. PFC profiles
Aside from the elevated concentrations of PFOS in neonates,

sucklings and lactating females, there were some other interesting
differences among the life history stages. Neonates, sucklings and
lactating females showed lower concentrations of PFOSA, while
neonates and lactating females had a different PFDA:PFUnA ratio
relative to the other stages. Fig. 3 shows a bar plot of the PFC-pro-
files of the life history stages.

The generally similar PFC profiles of neonates and lactating fe-
males give further support to reduced urine excretion and/or pro-
tein catabolism as the background for their elevated PFOS levels. In
bottlenose dolphins, PFCs with shorter chain length are more easily
excreted with urine than those with longer chain length (Houde
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Fig. 3. Bar plots of the profiles of the four most prevalent PFCs (PFOS, PFOSA, PFDA an
compound is given on or below the bars.
et al., 2006). The two PFCAs that were found above detection limit
in most samples (PFDA and PFUnA) show significantly different ra-
tios in neonates and lactating females relative to all other life his-
tory stages except ‘resting females’ with only one individual
(Kruskal–Wallis tests, all p < 0.05). In both neonates and lactating
females, there was a higher concentration of the C11 congener, PFu-
NA, while in the other life history stages the C10 congener, PFDA
was more prevalent. In absolute concentrations, PFDA showed
the same trend relative to life history categories as PFOS with neo-
nates having significantly higher concentrations than immature
specimens, mature males or pregnant females (Kruskal–Wallis
test, p < 0.01, <0.01, 0.02, respectively), while PFUnA levels did
not differ among the life history stages (Kruskal–Wallis test,
p = 0.99). This indicates that the differences in ratio between the
two compounds are caused by differences in the excretion rate of
PFDA among the stages.

Surprisingly, PFOSA levels showed a reversal of the pattern
found in the PFOS levels with neonates, sucklings and lactating ani-
mals having lower levels than the other categories, the differences
between neonates and all other categories except resting with only
one individual being statistically significant (Kruskal–Wallis test,
p < 0.02 in all cases). This reversed pattern is not explained by a
general negative correlation of PFOS and PFOSA; when neonates,
sucklings and lactating females were removed, there were signifi-
cant positive correlations between PFOSA and the other three reg-
ularly detected PFCs (Spearman correlation, p < 0.03 in all cases).
Biotransformation of PFOSA to PFOS has been demonstrated in ver-
tebrate liver microsomes (Tomy et al., 2004; Xu et al., 2004). This
may mean that biotransformation of PFOSA to PFOS is positively
correlated with endoplasmic reticulum activity, i.e., protein syn-
thesis. Increased levels of protein synthesis occur during growth
and lactation (Waterlow, 1995), fitting well with the lower PFOSA
levels in neonates, sucklings and lactating females reported here.

Given the high calving rate and intensive life cycle of the harbor
porpoise (Read and Hohn, 1995), adult females frequently switch
among the different life history stages used in this study. The sim-
ilar PFC profiles found in adult males and non-lactating adult fe-
males and higher levels in lactating females indicate rapid
changes in response to reproductive status and thus dynamic turn-
over of these compounds in harbor porpoises.

The PFC burdens did not show a significant relationship with
age after removal of neonates, sucklings and lactating females
(Spearman correlation, p > 0.11 in all cases). Lack of age trends
have also been reported in other studies of marine mammals,
e.g., harbor porpoise (Van de Vijver et al., 2007), ringed seal (Butt
et al., 2008; Kannan et al., 2002), harbor seal (Van de Vijver
et al., 2005), gray seal (Kannan et al., 2002) and melon-headed
whale (Hart et al., 2008). Decrease with age has been reported in
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bottlenose dolphins (Houde et al., 2005, 2006) and increase with
age in marine tucuxi (Dorneles et al., 2008) and polar bears
(Smithwick et al., 2005; Sonne et al., 2008). Although not all these
studies have taken life history events into account, it seems that
the kinetics of PFCs differ according to species and, possibly,
trophic level.

3.4. Temporal trends

Basic statistics on PFC concentrations in the different sampling
years are given in Table 3. Although our sample sizes are large rela-
tive to comparable studies, the temporal trends in the data were,
with one exception, not significant. Differences among life history
categories meant that the trends must be calculated on a subset of
the original sample. After removal of neonates, sucklings and lactat-
ing females we found that levels of PFOS and PFOSA were stable or
showed moderate increase during the 25 year period from 1980 to
2005, while the two PFCAs consistently detected (PFDA and PFUnA),
showed stronger increases, the latter with high significance
(p < 0.01). The trend of an annual increase of 8.8% of PFUnA could
be described as a log-linear increase (exponential increase on ordin-
ary scale) shown by non-significant non-linear component (Table 4
and Fig. 4). Other studies of PFOS time trends in northern Europe
(herring gull eggs from northern Norway (Verreault et al., 2007),
guillemot eggs from the Swedish Baltic (Holmstrom et al., 2005)
Table 4
Statistics of the regression analyses of time trends. Neonates, sucklings and lactating fema

Linear component

F-values p-Values

PFOS 0.03 0.87
PFOSA 1.07 0.35
PFDAa 2.49 0.18
PFUnA 24.4 <0.01
PFHxS 5 years with annual median below DL
PFOA 8 years with annual median below DL
PFNA 7 years with annual median below DL

a 1 year with median below DL.
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Fig. 4. Scatter plots of concentrations of PFOS, PFOSA, PFDA and PFUnA against sampling
interpretation of the references to color in this figure legend, the reader is referred to th
and eel from Holland (Kwadijk et al., 2010) have reported an in-
crease in PFOS from the 1970s or 80s to the mid-1990s followed
by decline. Our data may conceal the same trend; although the med-
ian values do not show a trend, with year 1992–2000 containing
some values above 1000 ng g�1 ww, which are not found before or
after. Other studies e.g., polar bears in the remote Arctic regions
have showed increasing concentrations for most PFCs, as e.g. in East
Greenland between 1982 and 2006 (Dietz et al., 2008). Studies on
Canadian and Alaskan polar bears have likewise indicated an in-
crease in PFCs in the period from 1982 to 2002 (Smithwick et al.,
2006). Studies of ringed seals from Greenland waters have also
shown increases in PFCs in both East and West Greenland between
1982 and 2003 (Bossi et al., 2005), whereas time trend studies on
PFCs in Canadian ringed seals from two regions have shown both in-
creases and in some cases followed by decreases, depending on the
area, period, and compound in question (Butt et al., 2007). PFCs in
Arctic biota mostly originate from long range transport while in
the North Sea, local sources predominate (Ahrens et al., 2010).

There is a scarcity of temporal trend studies of PFCAs from
northwestern Europe with which to compare the increasing time
trends we detected. Ahrens et al. (2009) reported constant levels
of PFCAs in their study of harbor seal liver tissue in the German
North Sea from 1999 to 2008. In studies in the Arctic, PFCAs have
also been reported to show temporal increases in years concurrent
with the current study, e.g., in ringed seal liver from East and West
les are excluded from the analyses. DL, detection limit.

Non-linear component Annual change (%)

F-values p-Values

0.47 0.65 +0.5
1.58 0.30 +2.9
0.19 0.84 +8.4
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e web version of this article.)



1482 A. Galatius et al. / Marine Pollution Bulletin 62 (2011) 1476–1483
Greenland (Bossi et al., 2005) and polar bear liver en East
Greenland (Dietz et al., 2008). General profiles of perfluorocarb-
oxylates (PFCAs) in biota are characterized by high proportions of
odd and long carbon-chain length compounds (C > 9). PFOA and
PFNA are almost exclusively produced industrially (95% of the
industry-wide PFCA emissions estimated in 2000, Prevedouros
et al., 2006). However, PFOA and PFNA products contained longer
carbon-chained impurities (PFCAs up to C15), which are more bio-
accumulative than the C8 and C9 PFCAs, which may partially ex-
plain the presence of PFCAs with C > 9 in marine mammals.
Long-chain PFCAs may also be formed from oxidation (both atmo-
spheric and biological) of fluorotelomer-based precursors, such as
fluorotelomer alcohols and olefins. In our samples, the concentra-
tions of PFDA and PFUnA, the C10 and C11 PFCAs, were closely cor-
related especially among the neonates and lactating females
(Spearman correlation q = 0.95, p < 0.001 vs q = 0.58, p < 0.001 for
the other life history categories), which we propose to eliminate
PFCs at much lower rates than other life history categories. This
strongly indicates a common source of these two compounds.
3.5. Health implications

Most of the analyzed concentrations in harbor porpoises were
low compared to higher trophic species such as the polar bears
and the effect concentrations. However, many of the highest con-
centrations were found in neonates and suckling porpoises which
is of concern as toxic effects on the development of the central ner-
vous system and reproductive organs as well as lower postnatal
survival rates in relation to PFC exposure have been demonstrated
in laboratory animals. (Liu et al., 2010; Lau et al., 2003; Luebker
et al., 2005). The levels of observable adverse effects in laboratory
rats and cynomolgous monkey (Macaca fascicularis) (Seacat et al.,
2002; Lau et al., 2003) are more than an order of magnitude higher
than the concentrations we found in neonate porpoises.
4. Conclusions

We found substantial differences in PFC concentrations among
life history stages, probably as a consequence of maternal transfer
of PFCs and metabolic differences related to the fetal stage, growth
and lactation. Some compounds showed reversed concentration
patterns relative to life history. Such differences should be taken
into account when PFC levels in wildlife are evaluated. Despite
the international efforts to reduce PFOS use and emissions since
2001, we did not detect a decreasing trend of concentrations in
North Sea harbor porpoises within the period from 1980 to 2005.
PFCA concentrations were found to be increasing. Many of the
highest concentrations were found in neonates and suckling har-
bor porpoises, which is of concern as the developing fetus is more
susceptible to toxic effects on the development of e.g., the central
nervous system and reproductive organs.
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