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Abstract Perfluoroalkyl acids (PFAAs) are found globally in
environmental samples and have been studied in various spe-
cies. In this study, we compare the sensitivity of three avian
species to the toxic effects of perfluorooctane sulfonate
(PFOS) and perfluorooctanoate (PFOA). Eggs of great cormo-
rant (Phalacrocorax carbo sinensis), herring gull (Larus
argentatus) and the domestic White Leghorn chicken
(Gallus gallus domesticus) were exposed in ovo by injection
into the air sac. Effects on embryo survival were observed
following exposure to PFOS and PFOA in chicken and her-
ring gull. Chicken was found to be the most sensitive species
with 50 % reduced embryo survival at 8.5 μg/g egg for PFOS
and 2.5 μg/g egg for PFOA. Cormorant was shown to be the
least sensitive species. The difference in sensitivity between
chicken and herring gull was a factor of 2.7 for PFOS and 3.5
for PFOA. Between chicken and great cormorant, the sensi-
tivity difference was 2.6 for PFOS and 8.2 for PFOA. Effects
on embryo survival were seen at egg injection doses of PFOS
close to levels found in environmental samples from wild
birds, indicating that PFOS could be having effects in highly
exposed populations of birds. This study also shows that there
are differences in species sensitivity to PFOS and PFOA that
should be taken into consideration in avian wildlife risk
assessment.
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Introduction

Perfluorooctane sulfonate (PFOS) and perfluorooctanoate
(PFOA) belong to a group of chemicals called perfluoroalkyl
acids (PFAAs) that have been used for over half a century in
numerous applications such as water-, oil- and dirt-resistant
treatments for textiles, oil-resistant paper coatings, polishes
and fire-fighting foams (Kissa 2001). These chemicals are
resistant to degradation (Key et al. 1998) which makes them
persistent and together with their numerous applications ubiq-
uitous in wildlife and the environment. PFAAs are present in
arctic snow, freshwater lakes, sea water, tap water, fish, birds,
mammals, and humans (Boulanger et al. 2004; Ericson et al.
2008; Giesy and Kannan 2001; Kannan et al. 2005; Kärrman
et al. 2007; Schuetze et al. 2010; Taniyasu et al. 2003). In eggs
of great cormorant (Phalacrocorax carbo sinensis) and her-
ring gull (Larus argentatus) from Lake Vänern, Sweden,
PFOS has been found in concentrations of 419–1163 ng/g
(median 552 ng/g) and 38.5–771 ng/g (median 292 ng/g),
respectively (Nordén et al. 2013). Also, guillemot eggs
(Uria aalge) from the Baltic Sea have high levels of PFOS
(Holmström et al. 2005). The median PFOA levels in Lake
Vänern cormorants and herring gulls were 4.05 and 0.50 ng/g,
respectively. PFOA is not as common as PFOS in wildlife
samples, but in livers from cormorants in the Mediterranean
Sea, PFOA has been found at 29–450 ng/g (mean 95 ng/g)
(Kannan et al. 2002).

Studies on hatching or pipping success of chicken embryos
(Gallus gallus domesticus) after exposure via egg injections
have reported median lethal dose (LD50) values for PFOS at
4.9 and 93 μg/g (Molina et al. 2006; O’Brien et al. 2009a).
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Other bird species such as mallard and northern bobwhite
quail have also been studied, but to our knowledge, no toxicity
studies on avian fish-eating top predators have been published
(Newsted et al. 2007). PFOA has also been studied on the
developing chicken embryo (O’Brien et al. 2009b; Yanai et
al. 2008), but studies on other avian species are scarce. The
mode-of-action of PFOS and PFOA on embryo development
is not clear. In studies on gene expression following PFOS and
PFOA exposure in rat and chicken liver, regulated genes were
found in the categories of metabolism and transport of fatty
acids among others (Guruge et al. 2006; Hu et al. 2005; Yeung
et al. 2007). One suggested mechanism for these effects on
gene expression has been the peroxisome proliferator activat-
ed receptor-alpha (PPARα) to which both PFOS and PFOA
are agonists (Shipley et al. 2004; Maloney andWaxman 1999)
although some studies are indicating that only PFOA is work-
ing through this mechanism (Abbott et al. 2007, 2009; Corsini
et al. 2011). PFOS has been shown to induce chicken embryo
hepatic β-oxidation at doses lower than reported environmen-
tal avian levels which could be a downstream effect of PPARα
activation (Nordén et al. 2012).

As there can be big differences in species sensitivity to
environmental pollutants, it is important that studies are
done on a variety of species and especially on those with
high risk of exposure. In this study, we are comparing the
species sensitivity to PFOS and PFOA in eggs from wild
bird populations to domestic White Leghorn chicken (G.
gallus domesticus) which is a commonly used model or-
ganism in avian toxicology studies. The wild species are
great cormorant (P. carbo sinensis) and herring gull (L.
argentatus) from bird colonies in Lake Vänern, Sweden.
Embryo survival, body weight and liver and heart weights
were the effect variables selected.

Materials and methods

Chemicals for exposure experiments

The perfluorooctane sulfonate (PFOS) and perfluorooctanoate
(PFOA) injection solutions were made by dissolving the po-
tassium salt of PFOS (Chemica 98 %, Lot 77,282, about 21 %
branched isomer) or the carboxylic acid of PFOA (Aldrich
96 %, Lot 17,146-8) at different concentrations in dimethyl
sulfoxide (DMSO) and diluting with sterile water to 5 %
DMSO (for the PFOS solutions) or 2.5 % DMSO (for the
PFOA solutions) (v/v). The two PFAAs used were of a tech-
nical mixture and therefore a mixture of branched and linear
isomers. A water solution with 5 or 2.5 % (v/v) DMSO was
used as control. The reason for the higher DMSO concentra-
tion in the PFOS experiments was due to difficulties in getting
PFOS dissolved in small DMSO volumes.

Eggs

Fertilized, unincubated White Leghorn chicken (G. gallus
domesticus) eggs were purchased from Ova production,
Vittinge, Sweden, and kept at 10–12 °C until incubation.
Fertilised eggs from great cormorant (P. carbo sinensis) and
herring gull (L. argentatus) colonies were collected from nests
on the small islands Kabbaskären (N58° 43.831′, E13°
48.260′), Midskär (N58° 44.352′, E13° 48.492′), and
Kroppholmen (N58° 43.707′, E13° 44.165′) in Lake Vänern,
Sweden, in 2007 and 2008. The wild eggs were collected
shortly after the egg laying had begun. After collection, the
eggs were transported warm (ambient temperature did not get
below 20 °C) to the lab and placed in an incubator within 4 h.
Immediately after incubation, wild eggs were sorted according
to developmental stage and randomly assigned to different
dose groups. All eggs were incubated in ventilated chambers
at 37.5 °C, 60 % relative humidity with automatic egg turning
every second hour. Eggs were candled every 1 to 3 days to
monitor viability. The experimental protocol was approved by
the Swedish Animal Welfare Agency.

Exposure and studies of effects

The chicken eggs were injected on day 4 of incubation.
Cormorant and herring gull eggs were candled to determine
developmental stage and were injected at the developmental
stage equivalent to the chicken embryo developmental stage at
day 4 of incubation. All eggs were randomly divided into dose
and control groups. After egg swiping with ethanol, a 1- to 2-
mm hole was drilled in the shell above the air sac and 1 μL
injection solution/g egg was injected through the hole and
onto the inner shell membrane. The dose groups (Table 1)
for the PFOS study in chicken were control (n= 20), 0.1
(n=10), 0.3 (n=10), 1 (n=10), 3 (n=10) and 10 μg/g egg
(n=15). For the PFOA study, the doses were control (n=32),
0.16 (n=10), 0.5 (n=10), 1.6 (n=27) and 5 μg PFOA/g egg
(n=28) and an uninjected control group (n=10). For the cor-
morant study, the dose groupswere control (n=14) and 10μg/
g egg for PFOS (n=13) and control (n=26), 3.5 (n=11) and
10 μg/g egg (n=15) for PFOA. The dose groups for the her-
ring gull were control (n=20) and 10 μg/g egg (n=20) for
PFOS and control (n=37) and 10μg/g egg (n=33) for PFOA.
The true doses of the anions when corrected for the impurities
of the chemicals and the mass of the cation were 90.9 % of the
potassium salt dose (PFOS) and 95.8 % of the carboxylic acid
dose (PFOA). After injection, the hole was sealed with paraf-
fin and the incubation was continued. The chicken eggs were
candled every 1 to 3 days for survival monitoring. Chicken
embryos were sacrificed and dissected on day 19 of incuba-
tion, and gull and cormorant eggs were sacrificed and dissect-
ed when each egg was pipping. Pipping is when the chick
makes the first crack in the shell and is the beginning of the
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hatching process, and it occurs about a day before hatching.
For cormorant and herring gull, pipping occurs on about day
26 of incubation. For chicken, it occurs earlier and hatching
occurs around days 20–21 (Hamburger and Hamilton 1951).
The reason for terminating the experiment at pipping was to
get as uniform timing for the termination of the experiment as
possible. Determining developmental stage on the wild spe-
cies was difficult due to the pigmented egg shells, especially
later in development when the embryo was large. This ap-
proach enabled us to end the experiments in all species at
approximately the same stage of development. After dissec-
tion, embryos, livers and hearts were weighed.

Chemical analysis of liver concentrations of PFAAs

For the chicken experiments, three randomly selected
livers from each of the two highest dose groups and one
liver from the control group were analysed. PFOS concen-
trations were determined in PFOS control and exposure
experiments, while PFOA was analysed in PFOA control
and exposure samples. For cormorant and herring gull,
three livers from the 10 μg/g PFOS and PFOA dose groups
and three control livers were analysed. The livers were
analysed for the injected compound (PFOS or PFOA, re-
spectively) to determine uptake. For sample extraction and
clean-up, the method described by Verreault et al. (2007)
was applied with the following modifications. Aliquots of
approximately 0.5 g (control livers) or 0.05 g (exposed
livers) of the homogenised samples were taken for extrac-
tion. 13C4-PFOS and 13C4-PFOA were used as internal
standards (ISTDs) for PFOS and PFOA analysis, respec-
tively. A total amount of 10 or 100 ng of each ISTD was

spiked to control or exposed samples, respectively. Control
samples were processed as described by Verreault et al.
(2007), while raw extracts of exposed samples were adjust-
ed with acetonitrile to 10 mL and an aliquot of 1 mL was
taken for clean-up on graphitized carbon. A total amount of
10 ng of 3,5-bis(trifluoromethyl)phenyl acetic acid was
added as volumetric standard to all extracts before instru-
mental analysis. Instrumental analysis and quantification
was done by high-performance liquid chromatography
coupled to tandem mass spectrometry (HPLC/MS/MS)
using the instrumentation and internal standard quantifica-
tion method as described by Holmström and Berger
(2008). For quality control, method detection and quanti-
fication limits were determined on the basis of procedural
blank extractions, which were performed with every batch
of samples. Method detection limits for the control samples
were 0.3 and 0.5 ng/g for PFOS and PFOA, respectively,
while method quantification limits were 1.0 and 1.5 ng/g,
respectively. Recoveries of the ISTDs were calculated for
all samples (n= 25) and were (mean ± 1 standard deviation)
85 ± 17 % for 13C4-PFOS and 88 ± 14 % for 13C4-PFOA.
Five duplicate sample extractions were performed (three
for exposed livers and two for control livers) to assess
precision. Quantified concentrations for PFOS and PFOA
varied with ≤9 % between the duplicate samples. A fish
sample previously investigated in an international
interlaboratory comparison study was analysed together
with the cormorant and herring gull control samples for
accuracy testing. The results for PFOS and PFOA deviated
with 8 and 13 %, respectively, from the median values
obtained in the interlaboratory comparison study (van
Leeuwen et al. 2009).

Table 1 Embryo survival for
chicken, cormorant and herring
gull after PFOS and PFOA
exposure

Dose group Survival (live embryos/total embryos)

Chicken Cormorant Herring gull

Uninjected 100 % (10/10) – –

DMSO 5 % 95 % (19/20) 85.7 % (12/14) 85.0 % (17/20)

PFOS 0.1 μg/g 100 % (10/10) – –

PFOS 0.3 μg/g 100 % (10/10) – –

PFOS 1 μg/g 90 % (9/10) – –

PFOS 3 μg/g 80 % (8/10) – –

PFOS 10 μg/g 46.7 % (7/15)** 61.5 % (8/13) 50.0 % (10/20)*

DMSO 2.5 % 100 % (32/32) 84.6 % (22/26) 91.9 % (34/37)

PFOA 0.16 μg/g 100 % (10/10) – –

PFOA 0.5 μg/g 100 % (10/10) – –

PFOA 1.6 μg/g 74.1 % (7/27)*** – –

PFOA 3.5 μg/g – 72.7 % (8/11) –

PFOA 5 μg/g 17.9 % (5/28) *** – –

PFOA 10 μg/g – 73.3 % (11/15) 42.4 % (14/33)***

*p< 0.5; **p < 0.01; ***p< 0.0001
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Statistical analysis

The benchmark doses (BMDs) and the benchmark dose lower
confidence limit (BMDL) were calculated using Benchmark
Dose Software 2.1.2 supplied by the U.S. Environmental
Protection Agency (http://www.epa.gov/ncea/bmds/index.
html). The benchmark dose is the dose on the dose-response
curve where a 10% effect is seen (BMD10) and the benchmark
dose lower confidence limit is the dose at which 10% effect is
seen on the lower 95 % confidence interval curve (BMDL10).
The BMD/BMDL is less dependent on sample size and the
choice and interval of doses than the no observed effect level
(NOEL)/lowest observed effect level (LOEL) approach. A
LogProbit model was best suited for the data and was used
to model the dose-response curve for the chicken experiment.
The LD50 with 95 % confidence interval (CI) was calculated
using U.S. Environmental Protection Agency probit analysis
program (Version 1.5, http://www.epa.gov/nerleerd/stat2.
htm). The Student t test was used to test significance on
continuous data, and Fisher’s exact test was used to test
significance on the categorical embryo survival data. All
BMD/BMDL, NOEL/LOEL and LD50 values are stated as
the anion doses and are corrected for chemical impurities of
the salts. To compare the survival of the wild species with
chicken and to take into account the lower control survival
seen in the wild species, a relative survival was calculated
by dividing the fraction of surviving embryos in the dose
groups with that of the control groups.

Results

Embryo survival

Chicken embryo survival was reduced in the 10 μg/g PFOS
(p=0.0019), 1.6 μg/g PFOA (p<0.0001) and 5 μg/g PFOA
(p<0.0001) dose groups (Fig. 1). A tendency for lower sur-
vival was seen in the 3-μg/g PFOS dose, although this effect
was not statistically significant. The LD50 was 8.5 μg/g
(17.1 nmol/g, 95 % CI = 3.9–1657 μg/g) for PFOS and
2.5 μg/g (6.0 nmol/g, 95 % CI=1.9–3.3 μg/g) for PFOA.
The LOELwas 0.9 and 1.5 μg/g for PFOS and PFOA, respec-
tively. The PFOS and PFOA NOEL were 2.73 and 0.48 μg/g,
respectively. The BMD10 and BMDL10 were 1.26 and
0.42 μg/g, respectively, for PFOS and 1.01 and 0.60 μg/g,
respectively, for PFOA. Most embryo deaths occurred on
day 1 after injection when exposed to PFOA and between
days 6 and 9 in embryos exposed to PFOS (Fig. 2).

In the wild species, the survival of the control groups was
lower than for chicken (Table 1) and therefore the relative
control-adjusted survival was used for the species sensitivity
comparison. For cormorant, the relative control-adjusted em-
bryo survival was 72 % (p=0.208) in the 10 μg/g PFOS dose

and 86 % (p=0.186) and 87 % (p=0.135) in the 3.5 and
10 μg/g PFOA groups, respectively. For herring gull, the rel-
ative control-adjusted embryo survival was 59 % (p=0.047)
for 10 μg/g PFOS and 46 % (p<0.0001) for 10 μg/g PFOA.
As seen in chicken, the timing of the mortalities was different
following PFOS and PFOA exposure in herring gull (Fig. 2).

To compare species sensitivity, the relative control-
adjusted survival for the wild species was compared to the
chicken dose-response curves. For PFOS, herring gull was
1.6 times less sensitive and cormorant was 2.6 times less sen-
sitive. For PFOA, herring gull was 3.5 times less sensitive and
cormorant was 2.8 (and up to 8.1 times for the 10 μg/g dose)
times less sensitive.

Body and organ weights

In chicken and herring gull, no statistically significant changes
in liver somatic index and heart somatic indexwere seen in the
exposed groups compared with the control groups (data not
shown). After 10 μg/g PFOS exposure in cormorant, an 18 %
increase in liver somatic index was seen compared to control
(data not shown, p=0.032). Herring gulls that were exposed
to 10 μg/g PFOS had an 11 % increased body weight com-
pared to the control (data not shown, p=0.0066). Herring
gulls exposed to 10 μg/g PFOA showed a decreased body
weight by 10 % compared to the control (data not shown,
p=0.0022). Chicken and cormorant did not show any statis-
tically significant changes in body weight after exposure.

Hepatic concentration of PFOS and PFOA

The liver concentration of PFOS and PFOA and liver accu-
mulation factor in all three species is shown in Table 2. The
chicken liver concentration was linearly correlated to the giv-
en dose with a slope of 0.79 for PFOS (y= 0.79 ×+0.31,
r2 = 0.935, p = 0.0004) and 1.83 for PFOA (y = 1.83 × +
0.088, r2 = 0.9948, p<0.0001). The hepatic concentrations
of PFOS and PFOA in the exposed groups were in all cases
close to expected based on the doses given to the eggs and
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Fig. 1 Dose-response curve and upper 95 % CI for chicken embryo
mortality for PFOS and PFOA
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assuming uniform distribution in the egg. High concentrations
of PFOS were observed in the cormorant control livers (mean
713 ng/g) and herring gull control livers (mean 600 ng/g).

Discussion

In agreement with other studies, no effects on body weight
and relative organ weights were observed following PFOS
(Molina et al. 2006; Peden-Adams et al. 2009) and PFOA
(O’Brien et al. 2009b) exposure in chicken. Herring gull body
weight was affected by both chemicals but towards a higher
weight after PFOS exposure and towards a lower weight after
PFOA exposure. The mechanisms behind these weight chang-
es are not known but the fact that the two chemicals induce
changes in different directions could be an indication of

differing toxic mechanisms between PFOS and PFOA. This
effect is however only seen in the herring gull.

Molina et al. (2006) reported a PFOS LD50 for White
Leghorn chickens of 4.9 μg/g egg wt (95 % CI = 0.28–
297.12 μg/g) based on hatch rates, Peden-Adams et al.
(2009) reported that their data did not support this in the
White Leghorn chicken but indicated the LD50 was higher
than 5 mg/kg egg (μg/g), and O’Brien et al. (2009a) reported a
LD50 of 93 μg/g (95 % CI=4 μg/g–673,000 μg/g) based on
pipping success. The present study yielded a PFOS LD50 in
chicken of 8.5μg/g egg (17.1 nmol/g) though, as in the studies
of Molina and O’Brien, the confidence interval was high.
There seems to be the best agreement with the Molina study,
which was based on hatch rates. In contrast with our findings,
O’Brien et al. (2009b) observed no effects on survival in
chicken after exposure to PFOA. The reasons for differing
results may be due to the selected exposure methods and the
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Fig. 2 Embryo survival over time following exposure to PFOS (a, c, and e) and PFOA (b, d, and f) in chicken (a, b), great cormorant (c, d) and herring
gull (e, f)
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various endpoints related to viability, e.g. hatch rates, pipping
success, survival at incubation day 19 and in the case of the
PFOA study of O’Brien et al., also the isomer composition of
the studied chemical. The hatching process is very energy
requiring and therefore it is likely that the effective dose in
our study would have been lower if the experiment had been
terminated after hatching. Therefore, we consider the LD50
presented in this study to be a conservative (high) estimate
when considering ecological risks of PFOS and PFOA to avi-
an fauna.

The LD50 of PFOS in chicken was 2.9 times higher than
that of PFOAwhen compared on a molar basis. In cormorants,
the toxicity of PFOS and PFOA appeared to be quite similar
and this was also the case for the herring gull. It was also clear
that herring gulls were more sensitive to PFOS and PFOA
than cormorants. For the chicken embryos, embryomortalities
occurred earlier in PFOA exposure (1 day after exposure) than
in PFOS exposure (7–9 days after exposure), which could
indicate that these chemicals have different mechanisms of
toxicity. The same pattern was seen in herring gull but could
not be established in cormorant, possibly due to the higher
embryo survival.

Of the three species studied, chicken was the most sen-
sitive to both chemicals. For the species comparison, rel-
ative survival was used to account for the lower survival
in the wild species control groups. The reason for the
lower control survival in the wild species is most likely
due to (a) the transport time between field collection and
incubation in the lab and perhaps (b) a generally lower
embryo survival in the wild species possibly affected by a
pre-existing burden of environmental toxins or other en-
vironmental factors. The average time for the transport
was 4 h, and the temperature during the transport was
not below 20 °C. The wild species are not under the same
control as the chicken which is of a controlled and low
genetic variation has a controlled environment and a
standardised diet. It was not possible to standardise egg
quality in the field collected eggs to the same level as

chicken eggs; and therefore, we had to accept a lower
control survival.

The mechanisms causing the toxic effects of PFOS and
PFOA are still unclear. Some studies have shown that
PPARα might be a pathway for the toxicity of PFOA but
not for PFOS (Abbott et al. 2007, 2009; Corsini et al. 2011).
Thus, a basis for the differences in the timing of mortality in
the chicken embryo development, with PFOA causing mor-
tality earlier than PFOS, could be that the earlier mortality by
PFOA is mediated by PPARα pathways, while PFOS toxicity
could have other causes. It can however not be excluded that
differences in toxicity between PFOS and PFOA can be due to
differences in toxicokinetics. Another toxic mechanism for
PFOS is the induction of fatty acid β-oxidation observed in
chicken liver in vitro after in ovo exposure to PFOS which
may be mediated through PPARα (Nordén et al. 2012).
However, the effects occur at doses lower than the ones caus-
ing reduced survival in the current study which suggests that
other mechanisms are responsible for the reduced survival.

A good correlation between the injected amount of PFOS
and PFOA and the concentration in liver was observed (Table
2), verifying that within the dose range used in this study, the
internal doses cohered well to the injected doses. In chicken,
the accumulation of the chemicals by the liver in relation to the
injected dose was twice as high for PFOA compared to PFOS.
Corresponding differences in accumulation were not seen in
herring gull and cormorant.

The NOEL value of PFOS for chicken embryo survival
(2.7 μg/g anion dose) is close to concentrations that have been
reported for the same populations of cormorant and herring
gull in Lake Vänern as well as levels found in eggs of guille-
mots from the Baltic Sea (Nordén et al. 2013; Holmström et al.
2005). Even though the sensitivity of chicken and the wild
birds in this study differs, the margin of exposure compared
to potentially toxic levels in the most PFOS polluted environ-
ments, like the Baltic Sea, could be small for other wild spe-
cies or when other PFAAs are taken into consideration. The
highest levels found in the cormorants and herring gulls in

Table 2 Hepatic concentration (mean and standard deviation) and accumulation factor of PFOS or PFOA for chicken, cormorant and herring gull

Dose group Hepatic concentration (μg/g) Accumulation factor

Chicken Cormorant Herring gull Chicken Cormorant Herring gull

DMSO 5 % <0.3E-3 0.71± 0.39 a 0.60 ± 0.65a – – –

PFOS 3 μg/g 2.61 ± 0.48 – – 0.96 – –

PFOS 10 μg/g 7.44 ± 1.29 11.28 ± 1.34 8.36 ± 1.20 0.82 1.24 0.92

DMSO 2.5 % 1.95E-3 4.24E-3 ± 0.91E-3 3.30E-3 ± 1.17E-3 – – –

PFOA 1.6 μg/g 2.94 ± 0.34 – – 1.92 – –

PFOA 5 μg/g 8.85 ± 0.31 – – 1.85 – –

PFOA 10 μg/g – 9.96± 1.68 10.58 ± 1.31 – 1.04 1.10

a Nordén et al. 2013
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Lake Vänern and guillemot eggs from the Baltic Sea and
liver levels are almost the same as, or higher than, the
predicted BMD10 for chicken. The median egg and liver
levels in cormorant as well as several individual samples
from herring gull exceeded the BMDL10 for chicken. For
PFOA the NOEL and BMDL10 are close to the highest
concentration of PFOA found in the Mediterranean cor-
morant livers and five to sixfold higher than the mean
concentration in the study by Kannan et al. (2002).
Populations of birds with high PFOA exposure and accu-
mulation could reach levels where effects occur in chick-
en. The generally more elevated environmental levels of
PFOS yield a lower margin of exposure for PFOS than
that of PFOA for the avian fauna. These results indicate
that the environmental burden of PFOS could be affecting
embryo survival in some bird species. For tree swallows
(Tachycineta bicolor), negative effects on hatching have
been observed at egg PFOS levels of 150–200 ng/g wet
weight, which is lower than the LOEL of 0.9 μg/g ob-
served for chicken in our study. The authors suggest that
the high sensitivity could be due to behavioral effects and
other factors that are not accounted for in laboratory stud-
ies or that tree swallows are unusually sensitive to PFASs
(Custer et al. 2014). Thus, it seems as if there can be bird
species that could potentially be at high risk from PFAS
exposure due to such factors as these authors suggest.

The high levels of PFOS found in the livers from the
wild birds in our study could come from both the breed-
ing ground and other locations to which the birds migrate.
There is some evidence of PFOS contamination in the
aquatic food web in Lake Vänern. In pooled samples of
perch, which is a predatory fish and also included in the
great cormorant diet (Engström 2001), PFOS levels were
found at around 110–120 ng/g which is about tenfold
higher than in a neighbouring large lake (Vänerns
vattenvårdsförbund 2012; Berger et al. 2009). Therefore,
the Lake Vänern environment could be a contributing fac-
tor to the PFAA contamination in cormorants and herring
gulls. Further studies on levels in water and food web
from Lake Vänern or the migration destinations would
give more insight to where the main exposure occurs.

Whether the levels of PFAAs in the environment are
currently increasing or not depends on the specific PFAA,
the location and the species. In polar bears from East
Greenland, levels of PFOS, PFOA and several other
PFAAs were increasing in the latest samples in a study
by Dietz et al. (2008) whereas Harbour Seals from 1999
to 2008 from the German Bight indicated decreasing
levels of PFOS, PFOA and other PFAAs and increasing
levels of perfluorodecane sulfonate (PFDS) (Ahrens et al.
2009). In eggs of fish-eating birds, the PFOS levels show
signs of levelling out in samples from the 2000s
(Holmström et al. 2005; Verreault et al. 2007).

Conclusions

Embryo survival was affected in chicken and herring gull after
exposure to PFOS and PFOA. Also, a tendency for lower
embryo survival, though not statistically significant, was ob-
served in cormorant. Chicken was more sensitive to PFOS and
PFOA than the other species. Cormorant and herring gull
could tolerate 1.6–2.6 times higher dose of PFOS than chicken
to reach the same effect on embryo survival. The differences
were bigger for PFOA. At the same effect level, cormorant
could tolerate approximately eight times higher dose of PFOA
than chicken. Even though herring gull was less sensitive than
chicken, populations with high PFAA burden could be at risk
of effects on embryo survival. Furthermore, the risk of suble-
thal effects is still present. PFOAwas more toxic than PFOS
but the lower environmental levels of PFOA give a larger
margin of exposure. It is worth noting that the environmental
exposure to PFAAs in wildlife comprises of various mixtures
of PFAAs and other contaminants rather than single sub-
stances. Little is known of how these combinations affect
birds and other wildlife. In summary, our study shows that
risk assessment of PFOS and PFOA in avian wildlife should
take into consideration that there may be large interspecies
differences in sensitivity and that continued monitoring of
the environmental levels of PFAAs as well as PFAA toxicity
is of importance.
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