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white-tailed sea eagle eggs from Sweden: temporal
trends (1969–2021), spatial variations, fluorine
mass balance, and suspect screening†
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Kyra M. Spaan, a Mélanie Z. Lauria,a Merle M. Plassmanna

and Jonathan P. Benskin *a

Temporal and spatial trends of 15 per- and polyfluoroalkyl substances (PFAS) were determined in white-

tailed sea eagle (WTSE) eggs (Haliaeetus albicilla) from two inland and two coastal regions of Sweden

between 1969 and 2021. PFAS concentrations generally increased from ∼1969 to ∼1990s–2010

(depending on target and site) and thereafter plateaued or declined, with perfluorooctane sulfonamide

(FOSA) and perfluorooctane sulfonate (PFOS) declining faster than most perfluoroalkyl carboxylic acids

(PFCAs). The net result was a shift in the PFAS profile from PFOS-dominant in 1969–2010 to an

increased prevalence of PFCAs over the last decade. Further, during the entire period higher PFAS

concentrations were generally observed in coastal populations, possibly due to differences in diet and/or

proximity to more densely populated areas. Fluorine mass balance determination in pooled samples

from three of the regions (2019–2021) indicated that target PFAS accounted for the vast majority (i.e.

81–100%) of extractable organic fluorine (EOF). Nevertheless, high resolution mass-spectrometry-based

suspect screening identified 55 suspects (31 at a confidence level [CL] of 1–3 and 24 at a CL of 4–5), of

which 43 were substances not included in the targeted analysis. Semi-quantification of CL # 2 suspects

increased the identified EOF to >90% in coastal samples. In addition to showing the impact of PFAS

regulation and phase-out initiatives, this study demonstrates that most extractable organofluorine in

WTSE eggs is made up of known (legacy) PFAS, albeit with low levels of novel substances.
Environmental signicance

The historical susceptibility of white-tailed sea eagle (WTSE) populations to effects from environmental contaminants highlights the importance of chemical
exposure assessment in this species. Per- and polyuoroalkyl substances (PFAS), which are known to accumulate in WTSE eggs, are of particular concern. Since
only a handful of the several thousand known PFAS are routinely monitored, estimates of WTSE exposure to PFAS may be underestimated. The present work
utilized a suite of state-of-the-art analytical techniques to investigate PFAS temporal and spatial trends in WTSE eggs. In addition to showing a decline in PFAS
concentrations in eggs from throughout Sweden in more recent years (likely in response to phase-out and regulatory initiatives), we nd that legacy substances
account for majority of the extractable organic uorine, despite the observation of a wide range of novel PFAS. Collectively, this work demonstrates that total
PFAS exposure in WTSEs is well characterized by monitoring legacy PFAS, and that overall, exposure appears to be declining.
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Introduction

Per- and polyuoroalkyl substances (PFAS) are a large and
diverse class of anthropogenic compounds that, with few
exceptions, are dened as having at least one peruorinated
methylene (i.e. CF2) or methyl (i.e. CF3) group.1 The unique
combination of lipophobicity and hydrophobicity imparted by
peruoroalkyl chains,2,3 together with the notable strength of
the C–F bond,4 make PFAS desirable for use in a variety of
household and industrial applications.5,6 However, PFAS are
also environmentally persistent, or degrade to environmentally
persistent and mobile end products (e.g. peruoroalkyl acids;
Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563 | 1549
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PFAAs),7 which has contributed to their global distribution in
the environment, including both humans and wildlife.8–10

International efforts to reduce PFAS emissions through
regulation have ramped up over the past two decades since the
phase-out of peruorooctane sulfonyl uoride-based chemis-
tries by the 3 M Co in 2002.11,12 Peruorooctanesulfonic acid
(PFOS) was added to the United Nations Stockholm Convention
on Persistent Organic Pollutants in 2009, followed by per-
uorooctanoate (PFOA) in 2019 and peruorohexanesulfonate
(PFHxS) in 2022. Inclusion of C9–C14 peruoroalkyl carboxylates
(PFCAs) in the Stockholm Convention is currently under
consideration.13 In addition, a broad restriction proposal on
PFAS prepared by authorities in Sweden, the Netherlands,
Germany, Denmark and Norway was submitted in 2023, for
consideration by the European Chemicals Agency (ECHA).14

Temporal trends in humans and biota offer a means of
evaluating the success of regulatory and phase-out initiatives.
Analysis of PFAS in human serum from Sweden (sampled 1996–
2017) revealed declining trends for all target PFAS, beginning
around the year 2000 for PFOS, and ∼2004–2009 for long-chain
PFCAs.15 Declining trends have also been reported in human
milk from Sweden (sampled 1972–2016), but with an earlier
onset of decline for PFOS (1988) and only a few signicantly
declining trends for long chain PFCAs (starting ∼2000–2011).16

However, in Baltic Sea wildlife, declining trends are less
commonly observed.17 A number of factors could contribute to
this delayed response, including ongoing discharge of PFAS
from rivers which feed into the Baltic Sea, poor water exchange
with the North Sea,8,18 or simply a lag time between the phase
out of PFAS-containing consumer products and reduction in
wildlife exposure. Alternatively, temporal trends in wildlife may
simply not extend far enough to detect a statistically signicant
decline. For example, PFAS time series in liver of Baltic herring
and cod only extend to 2013/2014 and show increasing trends
for all PFAS except peruoroctane sulfonamide (FOSA).19,20

Likewise, long chain PFCAs measured in two freshwater species
from Sweden (perch and Arctic char; 1980–2018) displayed
signicantly increasing concentrations of several long chain
PFCAs, with a declining trend (perch; starting 1980) or no trend
(char) observed for PFOS.21 Elsewhere in Europe, northern
gannet eggs (United Kingdom; 1977–2014) displayed declining
peruoroalkyl sulfonic acids (PFSAs) and PFOA concentrations
starting in the mid-1990s but no evidence of a decline for other
long chain PFCAs.22 Collectively, it remains unclear whether all
PFCAs and PFSAs are declining in European wildlife in response
to international regulation of PFAS.

In addition to the inconclusive trends reported for numerous
PFAS in wildlife, most exposure studies have focused on a small
fraction of the >4700 PFAS estimated by the OECD.1 Recent
surveys in human and environmental samples have shown that
a signicant fraction of the extractable organic uorine (EOF) is
unidentied,23,24 and may even be increasing.15,25,26 Accurate
characterization of exposure is particularly important for high
trophic level organisms, which tend to receive a large dose of
contaminants via their diet and, by extension, are the most at
risk of contaminant-related health effects.27,28 White-tailed sea
eagles (WTSE) (Haliaeetus albicilla) are an example of an apex
1550 | Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563
predator that has been impacted historically by contaminant
exposure. In the early 1960s, breeding of WTSE deteriorated in
the Baltic Sea region due to polychlorinated biphenyl (PCB) and
dichlorodiphenyltrichloroethane (DDT) exposure, to the point
of endangerment.29 While the population has since recovered,
there are ongoing concerns surrounding the vulnerability of
WTSE populations from exposure to more contemporary
contaminants such as PFAS.30

The most recent survey of PFAS in WTSE eggs in Sweden
from 1966–2010 found no evidence of declining concentra-
tions.20 The present work builds upon this earlier study by
updating the temporal and spatial trends for PFAS inWTSE eggs
with samples from 2015–2021. To assess the extent to which
exposure is characterized by the 15 targeted PFAS, pooled
samples from the most recent years (2019–2021) were subjected
to a uorine mass balance (FMB). Thereaer, high resolution
mass spectrometry-based suspect screening together with semi-
quantication was used to close the uorine mass balance.
Together, this work provides a comprehensive and up-to-date
picture of PFAS exposure and trends in WTSE eggs from
Sweden.
Materials and methods
Sample collection

Annual surveys of WTSEs, including reproduction using non-
viable eggs, have been carried out in Sweden since the
1960s.29 WTSEs have a high life expectancy and typically reside
within their nesting home range throughout their life.30 The
home range can vary in size due to the environment but typi-
cally has a radius of <15 km in the Baltic region.31 These factors
make them ideal sentinel species for studying changes in
contaminant exposure within a local/regional environment over
time. Eggs analyzed in the present work were collected during
late spring/early summer, 1–2 months aer failure to hatch.
Contents of each egg were homogenized and stored either
individually (time trend analysis) or as pools (uorine mass
balance/suspect screening) in the Environmental Specimen
Bank (ESB) at the Swedish Museum of Natural History.
Temporal trends of PFAAs and FOSA in 83 of these samples
(1960s–2010) were reported previously in Faxneld et al. (2016).20

In the present work we analyzed an additional 75 samples
collected more recently (2015–2021; Table S1†) and used the
combined dataset (152 samples total, aer outlier removal;
1969–2021) to re-evaluate spatio-temporal trends. Collectively,
the entire dataset covers four regions of Sweden: Northern
Inland (Lapland), Southern Inland, Gulf of Bothnia, and Baltic
Proper (Fig. 1). In addition, a snapshot of uorine mass balance
and suspect screening for three pooled samples from the most
recent years (2019–2021) is included for the Baltic Proper, Gulf
of Bothnia and Northern Inland (Table S2†).
Standards and reagents

A total of 15 PFAS were targeted in the present study, which
included 10 peruoroalkyl carboxylic acids (PFCAs; C6–15), 4
peruoroalkyl sulfonic acids (PFSAs; C4,6,8,10) and FOSA. All
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Map of WTSE egg sampling locations (1969–2021). Pink circles
indicate individuals which were included in regional pooled samples
(2019–2021 only; Southern Inland not included), which were sub-
jected to fluorine mass balance determination and suspect screening.
Circle size represent the number of samples collected from each
sampling location across all years of sampling.
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native and isotopically-labelled standards were purchased from
Wellington Labs (Guelph, Canada) and are listed in Table S3.†
Certied reference material (CRM) BCR-461 (Fluorine in Clay),
was purchased from Sigma Aldrich. Remaining standards and
reagents are provided in the ESI.†

Targeted analysis of individuals (1969–2021)

Approximately 1 g of individual egg samples (n = 1 per indi-
vidual) were extracted using a modied version of a protein
precipitation method described by Powley et al.32 (see ESI† for
details). Internal standards (ISs; 1 ng each; Table S3†) and
recovery standards (13C8-PFOA and 13C8-PFOS) were added
before and aer extraction, respectively, and all extracts were
stored at −20 °C until the day of analysis. Instrumental analysis
This journal is © The Royal Society of Chemistry 2023
was carried out on a Waters Acquity UPLC coupled to a Waters
Xevo triple quadrupole mass spectrometer. Details of these
methods have been previously published15,23 and are described
in the ESI (text and Tables S3 and S4†). Analytes without a cor-
responding, exactly matched isotopically labelled standard were
semi-quantied using the IS with the closest retention time
(Table S3†). In cases where branched isomers were observed,
concentrations were estimated using the calibration curve for
the corresponding linear isomer. The linear and branched
isomers were summed to produce an overall concentration for
the selected analyte. Method quantication limits (MQLs) are
displayed in Table S1† and were determined using concentra-
tion of lowest calibration standard available.

Fluorine mass balance and suspect screening in pooled
samples (2019–2021)

The FMB workow is depicted in Fig. S1.† Briey, pooled egg
homogenate (n = 3 per sampling region) was extracted in the
same manner as individuals, but without adding IS prior to
extraction. The resulting extract was split into two separate
portions: one portion was fortied with 4 mM ammonium
acetate and ISs (1 ng each; Table S3†) and analyzed by UPLC-
high resolution mass spectrometry using a combined target/
suspect screening method (details below), while the second
portion was analyzed for EOF by combustion ion chromatog-
raphy (CIC).23 CIC-based total uorine (TF) analysis was also
performed directly on egg homogenates (200 mg). Further
details of CIC instrumental parameters are provided in the ESI
(text and Table S5†).

The combined target/suspect screening method applied to
pooled samples was based on previous studies,15,23 details of
which are provided in the ESI (text and Tables S4 and S6†).
Briey, extracts were injected onto a Dionex Ultimate 3000
Ultrahigh performance liquid chromatography (Thermo Scien-
tic) coupled to a Q Exactive HF Orbitrap mass spectrometer
(Thermo Scientic). Measurements were carried out in full scan
(200–1200 m/z) data dependent MS2 acquisition mode. The
inclusion list consisted of 173 PFAS previously determined in
marine mammals from the peer-reviewed literature (Table S7†).
Thermo-Fisher TraceFinder™ soware was used for data pro-
cessing and analysis of these 173 suspects, with acquired MS2

data assessed manually against spectra from the aforemen-
tioned literature.23,33–35 Each substance was then assigned
a condence level (CL; 1–5) according to the Schymanski scale
(see details in the ESI†),36 with analytes with a CL # 2 under-
going semi-quantication using the nearest eluting homologue
with an available authentic standard calibration curve.

Quality control

Targeted analysis and suspect screening. Quality control
procedures for individual samples collected prior to 2015 are
reported elsewhere.20 For individual samples collected from
2015 to 2021, accuracy and precision were assessed via replicate
spike/recovery experiments involving chicken egg homogenate
(1 g; n= 13) fortied with 10–40 ng of a native standards (C6–C14

PFCAs, C4,6,8,10 PFSAs and FOSA). These samples were analyzed
Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563 | 1551
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together with unfortied samples. Accuracy was reasonable for
most targets (76–88%; stdev 3.3–14%; Table S8†), with the
exception of peruorotridecanoate (PFTrDA), PFTeDA, and
peruorodecane sulfonate (PFDS) which displayed lower and
more variable recoveries (40–63%; stdev 23–28%; Table S8†).
The same procedure was used for uorine mass balance
experiments (10 ng individual PFAS, n = 3), with the exception
that internal standards were only added aer extraction and to
a portion of the extract intended for targeted PFAS analysis.
Percent recoveries of individual target PFAS were again
reasonable (58–114%; stdev 3.4–12%; Table S9†). To validate the
suspect screening method, the spiked egg homogenate was
analyzed by HRMS. We rst conrmed that the instrument
would successfully trigger an MS2 experiment when spiked
substances were matched to the inclusion list. Secondly, we
visually evaluated the quality of acquired MS2 spectra in stan-
dards spiked into the egg homogenate to those prepared in
solvent. Finally, method blanks (n = 3) that were processed
together with real samples were examined for the presence of
any suspects. In the case of detection in the method blanks, an
average of the peak area was subtracted from each individual
replicate in each regional pooled sample.

EOF and TF analysis. The portion of extract not fortied with
IS was subjected to CIC analysis, which revealed an EOF
recovery of 55 ± 8%, which was slightly lower than the recov-
eries obtained for individual PFAS on a uorine-equivalent
basis. Inorganic uorine recovery tests were also done
through spiking of sodium uoride (250 ng; n = 3) and dis-
played concentrations below quantication limits, showing that
the extraction procedure eliminated inorganic uorine present
in the samples. Throughout the EOF instrumental analysis,
standards of PFOS were analyzed regularly to monitor
combustion efficiency and instrumental dri. Average recov-
eries were 95 ± 9%, indicating acceptable accuracy and preci-
sion. Replicates of certied reference material (CRM) BCR-461
(uorine in clay) were also analyzed to evaluate accuracy and
precision of TF measurements and displayed good agreement
(92 ± 1%), with reference values. Finally, procedural blanks
analyzed alongside both individual (2019–21 only) and pooled
samples, displayed concentrations below the LOQ for all
targets.
Statistical analysis

Eggs were in varying states of desiccation upon sampling. To
account for varying water content, desiccation indices (DIs)
were calculated using the formula DI = (W − S)/V where W =

weight (g) of the egg aer sampling, S = dry shell weight (g) and
V = internal volume (ml) of the egg.37 DIs start at 1.00 (freshly
laid egg) and decrease with increasing extent of desiccation
(Table S1†). Thereaer, measured PFAS concentrations were
multiplied by the DI in order to approximate the original fresh
weight concentration (which is commonly used for reporting
PFAS in bird eggs).20,38–40 This procedure has been previously
applied and validated for use in WTSE eggs.20,29,37 In some
samples collected aer 2000 where DIs were unavailable an
average DI from 2000–2010 was used (0.800 ± 0.115), while
1552 | Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563
samples prior to 2000 were removed when no DI was available
(due to higher variability in the DI between samples).

Statistical analyses were conducted in R (v. 4.0.3).41 We tested
potential outliers using Grubb's test and based on the results
excluded four observations prior to the data analysis. The nal
dataset contained 152 samples collected between 1969 and 2021
(Fig. 1). For determination of sum concentrations and relative
distribution of PFAS, values below LOQ were replaced with 0.
For evaluating time series change points (CP), trends for indi-
vidual PFAS, and yearly averages, concentrations below LOQ
were substituted with LOQ/O2 (Table S1†). CP analysis for PFAS
time series was carried out by tting two-piece linear regression
splines to yearly average log-concentrations, with the CP rep-
resented by the unknown join point estimated by least
squares.42,43 A P-value of <0.05 was considered statistically
signicant. In comparison to e.g. Nyberg et al.,16 who ts sepa-
rate log-linear regression before and aer the CP, this has the
advantage of forcing the trend-lines to meet at the CP year. In
order to test the null hypothesis (that there is no structural
change in the time series) we used the supF test with a p value
approximated by parametric bootstrap.44,45 The full tting
process is implemented as an R package, lmcp, freely available
at https://github.com/mskoldSU/lmcp. To investigate the
presence of temporal trends, we used log-linear regression on
the whole time series, on the period from the CP to the last year
of the time series (CPyear–2021), and on the last 15 years (2007–
2021). The slope of the log-linear regression represents the
yearly average percent increase or decrease of the time series.

Results and discussion
PFAS concentrations and proles

Across the entire study period (1969–2021), sum target PFAS
concentrations (

P
15PFAS; DI corrected) were highest in the

Baltic Proper (avg. 304 ng g−1; range: 11.2–950 ng g−1), followed
by Gulf of Bothnia (Avg. 146 ng g−1; range: 7.50–372 ng g−1),
Southern Inland (Avg. 121 ng g−1; range: 38.8–312 ng g−1), and
Northern Inland (Avg. 55.9 ng g−1; range: 13.6–155 ng g−1). The
higher concentrations in the coastal and southern populations
are likely associated with diet (coastal/marine-based diets can
be expected to contain higher levels of PFAS compared to
inland/terrestrial), and proximity to more densely populated
areas in Sweden (as seen for surface water and sh46,47), and can
also be attributed to the sedentary nature of the territorial
adults.48

PFOS generally dominated the PFAS prole across all
regions, accounting for as much as 98% of the

P
15PFAS

concentration in the earliest years (1969–79) but displayed
a decrease in the relative contribution in more recent years
(Fig. 2). In Northern Inland, for example, PFOS accounted for
<40% of

P
15PFAS concentrations from 2015–2021 (Fig. 2). This

decrease is caused by a more rapid decline of PFOS concentra-
tions starting in the 1990s compared to PFCAs (discussed
further in the section on temporal trends). Similar observations
were made in gull eggs from Western Europe,49 where a shi in
prole from PFOS-dominant to PFCA-dominant was attributed
to simultaneous phase-out of PFOS and ongoing production of
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Absolute and relative concentrations for major targeted PFAS (A) and PFCAs only (B), from the four sampling regions within Sweden across
1969–2021 sampling periods. Profiles are split approximately by decade. Numbers stated inside bars in panel A represent the number of indi-
viduals within the stated year range. Concentrations for targets not included here (i.e. PFHxA, PFHpA and PFBS) due to low detection frequencies
(<17%) are provided in Table S1.†
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long chain PFCAs over the last 20 years.50 The major PFCA
homologues across all regions over most of the studied period
were typically peruorononanoate (PFNA), per-
uoroundecanoate (PFUnDA), and peruorotetradecanoate
(PFTeDA), with the exception of a few cases where per-
uorodecanoate (PFDA) exceeded the concentrations of PFNA.
The prevalence of odd-chain length homologues (i.e. PFNA,
PFUnDA, peruorotridecanoate [PFTrDA]) over even chain-
length homologues (PFOA, PFDA, PFTeDA) was noted previ-
ously across all 4 regions20 and could be due to atmospheric
oxidation of even chain length precursors (e.g. x : 2 FTOHs) to
approximately equal proportions of even and odd-chain length
PFCAs, followed by bioaccumulation of the odd chain homo-
logues (related to preferential binding of long chain PFCAs to
egg yolk proteins).9,51,52 A predominance of long chain length
PFCAs has also been noted in bird eggs from the UK,53 Indian
Ocean,54 Western Canada,53 Norway,39 and the Canadian
Arctic.55
PFCA temporal trends

While statistically signicant increasing trends in
P

PFCA
concentrations (i.e.

P
C8–C15 PFCAs) occurred at all four loca-

tions when considering the entire time period (i.e., 1969–2021,
Fig. 3), statistically signicant CPs were also observed in 2003
(Baltic Proper), 1992 (Gulf of Bothnia) and 2008 (Northern
Inland), followed by either non-statistically signicant or
signicantly declining trends for

P
PFCAs. The exception was

for Southern Inland, which did not display a statistically
signicant change point for

P
PFCA concentrations. In general,
This journal is © The Royal Society of Chemistry 2023
P
PFCA trends are representative of trends for all individual

PFCAs detected in the present work (Table 1), albeit with some
variability in the year and statistical signicance of the change
point between locations (note that time trends of C6 and
C7 PFCAs were not investigated due to <17% detection
frequency). The range of change points reported here (i.e. 1992–
2009) overlaps with change points for individual PFCAs
observed in humanmilk (1984–2011)16 and serum (2000–2009)15

from Sweden, as well as the US phase out of long chain PFCAs
and their precursors, which began in 2006 and aimed to be
completed by 2015.50 Despite being a North American initiative,
the US phaseout was adopted by several major global manu-
facturers outside the US,56 and can reasonably be assumed to
have initiated a reduction of PFCA emissions in Europe. Formal
regulation of PFCAs in Europe did not start until 2012, when
C11–C14 PFCAs (and then PFOA in 2013) were included in the
candidate list of substances of very high concern under
REACH.56 Most recently (2023), a broad restriction proposal for
the entire PFAS class has been submitted for consideration by
the European Chemicals Agency (ECHA).14

Declining PFCA concentrations in bird eggs are reported
infrequently in the peer-reviewed literature, likely because prior
studies have not extended far enough in time to observe such
trends. For example, a recent study in eggs of the Northern
gannet from two colonies in the UK observed a peak in PFOA
concentrations around ∼1998–2002 but no evidence of
a decline in C9–C11 and C13 PFCAs from 1988–1992 until 2014
(the last year of sampling).22 Two other studies involving bird
eggs from the Canadian west coast and Great Lakes region
Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563 | 1553
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Fig. 3 Change-point graphs for the summed concentration of PFCAs, PFOS and FOSA across the four sampling regions. Each dot represents
a yearly geometric average. Change-point trends are provided in black, while log-linear trends for the whole period and last 15 years are shown in
red and green, respectively. Statistical significance is provided in Table 1.
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(∼1990 to ∼2011) also reported increasing
P

PFCA concentra-
tions but limited evidence of declining trends.39,53
PFSA and FOSA temporal trends

Across the entire time period (i.e. 1969–2021), PFOS displayed
statistically signicant increasing trends for the Baltic Proper
and Gulf of Bothnia, but non-statistically signicant declining
trends for Northern and Southern Inland. Signicant CPs for
PFOS were only found in the Gulf of Bothnia (1993). However,
this aligned well with the non-signicant CPs for the Baltic
Proper (1993) and Southern Inland (1992; Table 1). Similar CPs
were observed for FOSA (1992–1996; all 4 locations), PFHxS
(1992–1998; 3 locations) and PFDS (1995 and 1997; 2 locations),
of which the Baltic Proper and Gulf of Bothnia were consistently
signicant. Time trends of peruorobutane sulfonate (PFBS)
were not investigated due to low detection frequency (<2%).
While these CPs occur nearly a decade earlier than the voluntary
phase-out of peruorooctane sulfonyl uoride-based products
by the 3 M Co in 2000, they align well with prior trends of PFOS
and FOSA in humanmilk from Stockholm, Sweden (CPs of 1988
and 1984, respectively),16 PFOS in bird eggs from two colonies in
the UK (CPs of 1994 and 1998),22 and two in Norway (leveling off
observed ∼1993),39 and with trends of a major PFOS-precursor
(the peruorooctane sulfonamide ethanol-based phosphate
diester; SAmPAP diester) in sediment cores from Tyriorden,
Norway (peak observed in the early 1980s).57 The observed
1554 | Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563
decline in PFOS concentrations in a wide range of species and
locations globally in the late 80s–90s was previously suggested
to be linked to a shi away from SAmPAP-based formulations by
the 3 M Co., prior to the phase-out of all peruorooctane
sulfonyl uoride-based products in 2000.58 Aer the CP year, all
regions except Southern Inland showed signicantly decreasing
trends (1.9–15.1% per year, Table 1). The slopes are similar (Fig.
3) but non-signicant when considering only the last 15 years
(1.3–13.5% per year). This suggests that PFOS is being removed
from the system as an effect of the phase-out but also highlights
the need for long time series to quantify the removal due to high
inter-annual variability in observations.
Fluorine mass balance of pooled samples

Concentrations for target PFAS, EOF, TF on a uorine equiva-
lent basis are provided in Tables S10 and S11.† TF and EOF
concentrations were highest in the Baltic Proper (402± 57.2 and
213 ± 9.12 ng F g−1, respectively), followed by the Gulf of
Bothnia (301 ± 66.6 ng F g−1 and 116 ± 11.1 ng F g−1, respec-
tively), and Northern Inland (32.7 ± 4.38 and 11.3 ± 6.35 ng F
g−1, respectively), consistent with

P
15PFAS concentrations

(Fig. 4; panel A). Similar observations have been made for other
POPs (DDT and its metabolites, PCB and mercury) and appear
to align with population density, which is highest in the Baltic
Proper, and much lower in northern regions.29 EOF mass
balances for the Northern Inland and Baltic Proper regions were
This journal is © The Royal Society of Chemistry 2023
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Table 1 Table displaying PFAS change points and trends (% per year) over various time periods. “
P

PFCAs” is the sum of individual PFCAs shown
below. PFHxA, PFHpA, PFBS were excluded from analysis due to <17% detection frequencies. Asterisk denotes significant change-point/trend
with p-value <0.05 (*), <0.01 (**), < 0.001 (***)

PFAS Area CP year
Trend CP–2019
(%) Trend all (%)

Trend last 15
years (%)

P
PFCAs Baltic Proper 2003* −5.2* 8.7*** −4.6

Gulf of Bothnia 1995*** −0.8 8.1*** −3.6
Southern Inland 1992 2.6 3.9* 3.7
Northern Inland 2008*** −9.6* 6.2* −9.6*

PFOA Baltic Proper 2000 −4.1 2.8* −0.9
Gulf of Bothnia 1989 0.1 2.7*** −2.5
Southern Inland 1992 −1 −0.6 −0.3
Northern Inland 2009* −9.2*** −1.4 −9.4

PFNA Baltic Proper 1992* −1 9.5*** −3.4
Gulf of Bothnia 1993* 1.2 9.3*** 0.7
Southern Inland 2014 24.2 2.7 12.3
Northern Inland 1992*** −0.4 6.1* −3.4

PFDA Baltic Proper 2003* −3.2 10.7*** −2.6
Gulf of Bothnia 1993*** 1.3 8.8*** −1.1
Southern Inland 1992 4.2* 4.8* 6.8
Northern Inland 2008*** −7.9* 6.3*** −8.1*

PFUnDA Baltic Proper 1996* −1 10.3*** −3
Gulf of Bothnia 1995*** −1.9 8.2*** −4.2
Southern Inland 1992 2.5 4.3* 3.6
Northern Inland 2008*** −11* 6.1* −10.7*

PFDoDA Baltic proper 2003* −1.6 9.8*** −1.4
Gulf of Bothnia 1994*** 0.3 7.8*** −3.3
Southern Inland 1992 3.4 5.1* 4.4
Northern Inland 2009* −9.7* 6.8*** −11*

PFTrDA Baltic Proper 2003*** −7.4* 7.7*** −9.5*
Gulf of Bothnia 2003* −8.2*** 7.9*** −8.8*
Southern Inland 2005* −4.2 3.2 −2.7
Northern Inland 2009* −16.5*** 7.4* −16.5*

PFTeDA Baltic Proper 2010* −12* 6.7*** −7.2*
Gulf of Bothnia 1994* 0.1 7.5*** −4.9
Southern Inland 2005 −0.2 4.5* 1.4
Northern Inland 2010 −10.7* 8.3*** −11.9*

PFPeDA Baltic Proper 2012*** −28.7*** 7.5*** −13*
Gulf of Bothnia 2005*** −9.5* 7.8*** −9.7
Southern Inland 2015 −21.4 6* −1.4
Northern Inland 2009* −11.9* 9.3*** −12.6*

PFHxS Baltic Proper 1993* −4.7* 3* −7.3*
Gulf of Bothnia 1998* −1.9 2.4* −3.1
Southern Inland 1992 −3.3 −1.3 −0.1
Northern Inland 2009* −24.3*** −4 −24.4*

PFOS Baltic Proper 1993 −3.4* 3.8* −1.3
Gulf of Bothnia 1993* −1.9* 4*** −1.4
Southern Inland 1992 −3.1 −1.3 −2.9
Northern Inland 2009 −15.1* −2.9 −13.5

PFDS Baltic Proper 1997* −9.9*** 8.3* −9.8
Gulf of Bothnia 1995* −6.9* 5.6* −8.4*
Southern Inland 2006* −14* −1.2 −13.4*
Northern Inland 2010 −11.9 0.4 −11.4

FOSA Baltic Proper 1993* −8.8*** −0.4 −4.2
Gulf of Bothnia 1996* −8.1*** 0.6 −8.2
Southern Inland 1992 −8.9* −6.8* 1.6
Northern Inland 1994 −4.8 −1.4 −10.5
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closed (p > 0.05; 1-sided t-test), with$95% of the EOF accounted
for by target PFAS. In comparison, the uorine mass balance in
the Gulf of Bothnia region was slightly open (p < 0.05; 1-sided t-
test), with 81% of EOF attributed to target PFAS. Across all
sampling regions, EOF accounted for 34–53% of the TF
This journal is © The Royal Society of Chemistry 2023
concentrations, leaving a large fraction of the TF unidentied.
The identity of this fraction is unclear but may include non-
extractable organic- and/or inorganic uorinated substances.

EOF concentrations in WTSE eggs from the present study
(11–213 ng F g−1) are lower than those observed previously for
Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563 | 1555
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Fig. 4 (A) FMB detailing total fluorine (TF), extractable organofluorine (EOF), targeted PFAS (
P

15PFAS) and suspect concentrations (ng F g−1) in
pooled samples. PFHxA, PFHpA, and FOSA were not detected across all three regions and are therefore not shown. Error bars represent standard
deviation of replicate analysis (n = 3). (B) Normalised PFAS profiles of pooled samples. BP = Baltic Proper; GB = Gulf of Bothnia; LP = Northern
Inland.
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common guillemots in Sweden (419–649 ng F g−1), but similar
to those of black guillemot, common guillemot and Northern
fulmar from several Nordic regions (Greenland, Iceland, and
Faroe Islands; <40–287 ng F g−1).59 They also fall within the
range of EOF concentrations reported in bird eggs from a wide
range of species from Norway (glaucous gull, common eider,
black-legged kittiwake, European common gull, European shag;
∼40–400 ng F g−1).60 The percentage of EOF accounted for by
known PFAS reported here (81–99%) also overlapped with prior
observations in Swedish common guillemots eggs (67–87%
identied) and black guillemot and Northern fulmar from the
Faroe islands (58–102% identied),59 but are considerably
higher than EOF mass balances in black guillemot eggs from
Greenland (9% identied), common guillemot eggs from Ice-
land (33% identied), and eggs from various bird species from
Norway (6–60% identied).60 Geography, species, and year of
sampling can all reasonably be assumed to inuence observed
EOF concentrations, and by extension, the uorine mass
balance. It was also previously shown that extraction procedure
can inuence EOF concentrations.61 While the present study
used an ACN extraction procedure, others have employed
a MeOH extraction procedure with EnviCarb clean-up,60 or an
ion-pairing method.59

Finally, while EOF concentrations in WTSE eggs from the
Baltic Proper were close to average concentrations in liver of
WTSEs from Norway (221 ng F g−1), the percentage of EOF
accounted for by known PFAS in liver was much lower (17%
identied).60 While we cannot rule out the inuence of geog-
raphy, year of sampling, and extraction procedure on this result,
another possibility is that the unidentied EOF observed in liver
is not as readily transferred to the eggs as target PFAS.62 This
hypothesis remains tentative and requires further investigation
in the future.

Suspect screening of pooled samples

In addition to the 15 PFAS included in the targeted analysis, 40
additional PFAS were detected by suspect screening, resulting in
a total of 55 PFAS from 15 classes observed in WTSE eggs (Table
2). The following 6 classes were identied at #CL 2, and were
semi-quantied if they were not previously measured/included
in the target analysis (Table S12†): (1) PFCAs, (2) PFSAs, (3) n :
3 uorotelomer carboxylic acids (n : 3 FTCAs), (4) n : 2
1556 | Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563
uorotelomer sulfonic acids (n : 2 FTSAs), (5) peruoroalkyl
sulfonamides (FASAs), and (6) cyclic/unsaturated PFSAs. The
remaining 9 classes were identied with lower condence (CL
3–5) and have therefore not been semi-quantied. This
includes: (7) peruorinated N-heterocycles, (8) single-
hydrogenated PFCAs (H-PFCAs), (9) single-hydrogenated
PFSAs (H-PFSAs), (10) ether PFCAs (PFECAs), (11) ether PFSAs,
(12) multiple ether PFSAs, (13) Cl-substituted PFCAs, (14) cyclic/
unsaturated ether PFSAs, and nally, (15) an unknown class
lacking structural information, which was previously identied
in biota.23 A detailed explanation of the procedure for identi-
fying all substances is provided below (summarized in Table 2),
and their contribution to the overall F mass balance following
semi-quantication (for CL 1 and 2 substances) is shown in
Fig. 4.

PFCAs and PFSAs. In addition to the 14 PFAAs included in
the targeted analysis, peruoroheptane sulfonate (PFHpS) and
peruorononane sulfonate (PFNS) were identied through
suspect screening, with the former conrmed using an
authentic standard (CL 1). While the signal for PFNS was
sufficient to trigger an MS2 scan, product ion peak areas were
very low (<20 000 cps). Nevertheless, its elution between PFOS
and PFDS, and exact mass within 1.5 ppm of theoretical
provided considerable condence in this assignment (CL = 2b).
All PFAAs displayed the highest abundance in the Baltic Proper,
followed by Gulf of Bothnia and Northern Inland (Table 2).

n : 3 FTCAs. A total of ve n : 3 FTCAs ([CnF2n−5O2H4]
−, 10# n

# 14) were detected through suspect screening, one of which
(7 : 3 FTCA; CL 1) was conrmed with an authentic standard. 8 :
3 and 9 : 3 FTCAs (CL 2a) were identied using a combination of
exact mass, matching diagnostic MS2 fragments to litera-
ture,23,33,34 and increasing relative retention time with chain
length. The remaining two homologues (10 : 3 and 11 : 3 FTCA)
displayed exact masses within 3 ppm of theoretical and relative
retention times identical to our prior measurements in marine
mammals23 (where MS2 data were collected); nevertheless, due
to a lack of fragmentation data, a lower condence was assigned
to these homologues (CL 2b). Sum n : 3 FTCA concentrations,
determined semi-quantitatively using the 7 : 3 FTCA standard,
accounted for 79 and 43% of the unidentied EOF for the Baltic
Proper and Gulf of Bothnia regions, respectively. Unlike most
other PFAS identied through suspect screening, n : 3 FTCAs
This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of all 15 PFAS classes and 55 individual substances detected by suspect screening along with information supporting their
assignment. Heat map indicates relative abundance for each substance across the three regions from highest (dark red) to non-detect (white).
Bold font indicates analyte with highest abundance relative to others in the same homologous series. N/F indicates MS2 was triggered with no
matching fragments. * = tentative structures. RT = retention time; CL = confidence level; BP = Baltic Proper; GB = Gulf of Bothnia; LP =

Northern Inland

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563 | 1557
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frequently occurred at higher concentrations in the Gulf of
Bothnia than in the other regions (Table 2). Despite 8 : 3 FTCA
appearing to be the dominant congener (followed closely by 7 : 3
FTCA), this result should be interpreted cautiously due to
potential errors arising from semi-quantication. FTCAs, in
particular the 7 : 3 homologue, were previously reported in liver
of marine mammals from the Northern Hemisphere, and bird
eggs from Svalbard.23,33,62,63 While intentional production of n : 3
FTCAs is unclear, these substances are known to be among the
major stable transformation products of uorotelomer alco-
hols, which are high production volume chemicals produced
globally.64,65

n : 2 FTSAs. Three FTSAs (6 : 2, 8 : 2 and 10 : 2) were detected
and conrmed with authentic standards (CL = 1). Sum FTSA
concentrations accounted for up to 10% of the unidentied EOF
across all regions. n : 2 FTSAs have been previously detected in
marine mammals in the Northern Hemisphere23 and in the
South China Sea,66 as well as in European fauna at various
trophic levels.67 FTSAs and their derivatives are known to be
used in AFFF,68 and have been reported at particularly high
concentrations in groundwater impacted by re-ghting
activities.69

FASAs. FASAs ([CnF2n+1HNO2S]
−, n = 4, 5, 6, 8) occurred at

very low concentrations in WTSE eggs, resulting in a lack of
product ion data, and also hampering attempts at semi-
quantifying homologues. Most FASA congeners were identi-
ed at CL 2b, based on exact mass and retention time data (both
relative retention times but also similarities to our previous
analyses where MS2 data were collected23). FOSA, which was
below detection limits when measured by targeted analysis, was
detectable during suspect screening and could be conrmed
using an authentic standard (CL 1). FASAs are relatively stable
intermediates in the degradation of N-alkyl substituted per-
uoroalkyl sulfonamides and sulfonamido alcohols to PFSAs.58

They are widely reported in global wildlife, and usually domi-
nated by the C8 homologue (FOSA).23,33,66,70–72

Cyclic/unsaturated PFSAs. Among the cyclic/unsaturated
PFSA class ([CnF2n−1SO3]

−, n = 8–12) only a single target (per-
uoroethylcyclohexane sulfonate; PFECHS) was conrmed at
CL 1. Others within the homologous series were ascribed a CL of
2b based on exact mass and retention time (including
comparisons to prior datasets23). Semi quantication of cyclic/
unsaturated PFSAs with a standard of PFECHS revealed low
concentrations (0.008–3.001 ng F g−1), dominated by PFECHS
(∼3 ng F g−1). This cyclic PFSA has been reported previously in
polar bear and ringed seal samples from the Arctic,9,73 as well as
in Baltic biota and sea water samples.74,75 Time trends of
PFECHS in human serum indicate that concentrations have
been declining since the year 2000.15

Peruorinated N-heterocycles. A single homologue was
identied in this class ([CnF2n−3N2O]

−, n = 17), and while
product ion data were available, only a single diagnostic frag-
ment could be matched to data from the literature.34 This
substance was therefore assigned a CL of 3 and was not quan-
tied. Reports of peruorinated N-heterocycles are rare; to the
best of our knowledge this class of PFAS has only been reported
once previously, in sh from Tangxun Lake, China.76
1558 | Environ. Sci.: Processes Impacts, 2023, 25, 1549–1563
Homologues ranging from C9–C18 (plus isomers) were detected
in that work, among which C12 was dominant. Sources of these
substances remain unclear, but it was noted that similar
structures have been used in the pharmaceutical industry.76

H-PFCAs/H-PFSAs. Both H-PFCAs ([CnF2n−2HO2]
−; n = 5–9)

and H-PFSAs ([CnHF2nO3S]
−; n = 8 and 10) were detected,

among which C10 and C8 were the dominant homologues,
respectively, based on peak areas. Owing to a lack of fragmen-
tation data; the position of the H-atom on the uorinated chain
of these classes could not be deduced; consequently, a CL of 4
was assigned to all H-PFCAs and H-PFSAs. Surprisingly, H-
PFCAs occurred readily in Northern Inland, despite the low
target PFAS concentrations and EOF in this region. Hydrogen-
substituted PFAAs have been previously reported in surface
water,77,78 sediment,17 human blood79 and biota,33 but the
dominant congener has varied depending on matrix (e.g. H-
PFDA and H-PFDoDA were dominant in blood,79 while H-
PFHxA was dominant in sediment17).

Ether PFCAs/PFSAs. Ether PFCAs and PFSAs are structurally
similar to PFAAs but contain an ether linkage within the per-
uorinated chain (i.e. [CnF2n−1O3]

− for ether PFCAs and [Cn-
F2n+1SO4]

− for ether PFSAs). Only a single ether PFCA was
detected in the present work (n = 9), while 4 ether PFSA
homologues were measured (n = 4–7), among which C8 was the
dominant congener. Due to a lack of fragmentation data, the
position of the ether-linkage or possible branching could not be
conrmed; consequenetly, a CL of 4 was assigned to all ether
PFAAs. As with the n : 3 FTCAs, the monoether PFSAs appear to
be present in considerable amounts within the Gulf of Bothnia
pool. A growing number of studies have reported ether-based
PFAAs in the environment, including in sh and marine
mammals,23,33,76,80 possibly due to the increasing use of ether-
based PFAAs by industry.81

Multiple ether PFSAs. The structure for multiple ether PFSAs
involves an additional ether functional group substituted for
a uorinated carbon atom from the ether PFSAs ([CnF2n+1O5S]

−,
n = 9). The observation of a single congener, and no accom-
panying MS2 data means that this assignment remains highly
tentative (CL = 4). As with monoether-PFCAs/PFSAs, the posi-
tion of the ether linkages and of possible branching in the
carbon chain are also unknown. Nevertheless, this class of PFAS
is known to be produced as a by-product of uoropolymer
manufacturing and has been detected downstream from uo-
ropolymer manufacturing sites.82

Cl-substituted PFCAs. Cl-substituted PFCAs ([CnF2n−2O2Cl]
−,

n = 8–12) are structurally analogous to H-PFCAs with the
substituted hydrogen atom replaced with chlorine. Despite the
detection of 5 congeners, no MS2 data were collected, thus all
assignments were given a CL of 4. Nevertheless, this class of
PFAS has been previously reported in industrial wastewater,78,83

sh,76 and human serum in China.84

Cyclic/unsaturated ether PFSAs. For the cyclic/unsaturated
ether PFSAs (CnF2n−1SO4]

−, n = 8), there was insufficient data
available to determine a nal structure of this suspect. While
only a single homologue with no M2 data, there is prior
evidence for detection of this substance in both polar bear
This journal is © The Royal Society of Chemistry 2023
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serum, as well the liver of a variety of marine mammals,23 albeit
in low amounts.

Unknown class. The nal class detected through the suspect
screening ([CnF2n−9H9NO4S]

−, n = 12–16) was previously re-
ported in marine mammals,23 but to the best of our knowledge
has not yet been identied. While diagnostic fragments were
available for almost all of the homologues in this series, a suit-
able structure could not be proposed, and consequently, a CL of
5 was ascribed to the entire class.
Implications for the health of WTSEs

The susceptibility of WTSEs to contaminant-induced pop-
ulation crashes in the past highlights the importance of accu-
rately characterizing chemical exposure in this species.85 In the
present work, the highest

P
15PFAS concentrations observed in

WTSE eggs (950 ng g−1) are just below the predicted no effect
concentration for PFOS in egg yolk (1000 ng g−1).40 Neverthe-
less, decreased hatchability in chicken eggs was previously re-
ported at doses as low as 100 ng PFOS per g egg,86which is below
the average

P
15PFAS concentrations observed at three of the

four sites in the present work. This is highly concerning, in
particular considering the wide range of additional/novel PFAS
that were detectable in WTSE eggs, few of which have been
characterized for health effects.87,88 Moreover, we cannot rule
out that the considerable gap between EOF and TF concentra-
tions observed at all 3 locations is made up (at least in part) by
non-extractable organouorine substances. Systematic investi-
gations into the effects of extraction procedure on EOF are
clearly needed, along with effects assessment for a wider suite of
PFAS.
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