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ARTICLE INFO ABSTRACT

Keywords: Poly- and Perfluoroalkyl Substances (PFAS) are a well-known class of pollutants which can bioaccumulate and

PFAS biomagnify with a vast majority being highly persistent. This study aims to determine the biomagnification rates

PFOA of PFAS in sexually mature striped dolphins and to assess temporal trends on PFAS concentrations over the past
ig(lzi three decades (1990-2021) in the North-Western Mediterranean Sea. Thirteen and 17 of the 19 targeted PFAS
Getaceans were detected in the samples of the dolphins’ digestive content and liver, respectively, at concentrations ranging
Pollution between 43 and 1609 ng/g wet weight, and 254 and 7010 ng/g wet weight, respectively. The most abundant

compounds in both types of samples were linear perfluorooctanesulfonic acid (n-PFOS) and per-
fluorooctanesulfonamide (FOSA), which were present in all samples, followed by perfluoroundecanoic acid
(PFUnDA), perfluorotridecanoic acid (PFTrDA) and perfluorononanoic acid (PFNA). Long-chain PFAS (ie.,
PFCAs C > 7 and PFSAs C > 6) biomagnified to a greater extent than short-chain PFAS, suggesting a potential
effect on the health of striped dolphins. Environmental Quality Standards concentrations set in 2014 by the
European Union were exceeded in half of the samples of digestive content, suggesting that polluted prey may
pose potential health risks for striped dolphins. Concentrations of most long-chain PFAS increased from 1990 to
2004-2009, then stabilized during 2014-2021, possibly following country regulations and industrial initiatives.
The current study highlights the persistent presence of banned PFAS and may contribute to future ecological risk
assessments and the design of management strategies to mitigate PFAS pollution in marine ecosystems.

1. Introduction 2011; Li et al., 2020; Podder et al., 2021).

These chemicals have been extensively produced and used since the

Poly- and Perfluoroalkyl Substances (PFAS) are a large group of
chemicals known for their persistence, ability to bioaccumulate in living
organisms, and long-range environmental transport (Evich et al., 2022;
Kannan, 2011; Khan et al., 2023). PFAS are used in various industrial
and household applications, including surfactants, flame retardants, and
food packaging (Giesy and Kannan, 2002; Kannan, 2011). Per-
fluorocarboxylates (PFCAs), such as perfluorooctanoic acid (PFOA), and
perfluoro alkane sulfonic acids (PFSAs), such as linear perfluorooctane
sulfonic acid (n-PFOS), are the most studied groups of PFAS (Buck et al.,
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1960s (Buck et al., 2011; Giesy and Kannan, 2001). Recently, they have
been classified as global environmental pollutants (Kannan, 2011);
PFOS and PFOA have been added to the list of the Stockholm Convention
(SC) for global restriction and elimination in 2009 and 2019, respec-
tively. Perfluorohexane sulfonic acid (PFHxS) was added in the Annex A
of the SC and long-chain PFCAs were proposed for listing under the SC in
2022 (Stockholm Convention, 2022a; 2022b). Long-chain PFAS (PFCAs
C > 7 and PFSAs C > 6) are being progressively substituted by
short-chain PFAS (Stockholm Convention, 2022b; UNEP, 2009).
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PFAS constitute a planetary boundary issue according to the criteria
established by MacLeod et al. (2014), which include (i) global diffuse
pollution, (ii) newly discovered effects following the global spread of
pollutants, and (iii) irreversible or poorly reversible effects. As with
many chemicals in use, the vast number of PFAS in the class precludes a
comprehensive assessment of their planetary boundary threat due to
insufficient information. Cousins et al. (2022) tested this hypothesis by
comparing the levels of PFOS, PFOA, PFHxS and PFNA in rainwater,
soils, and surface waters, and concluded that the planetary boundary has
been exceeded.

PFAS may cause adverse effects such as liver and thyroid dysfunction
(Kudo et al., 2006), reproductive (Lau et al., 2003) and developmental
toxicity (Berthiaume and Wallace, 2002), and immunotoxicity (DeWitt
et al, 2012; UNEP, 2022, 2019, 2017, 2006). For instance, in
sub-chronic low concentration doses, n-PFOS has been shown to reduce
the viability of the F1 generation in rats, causing pup deaths shortly after
birth (UNEP, 2006).

PFAS have been found in most trophic levels of marine food webs,
including invertebrates (e.g., Gomez et al., 2011; Haug et al., 2010), fish
(e.g., Haug et al., 2010), seabirds (e.g, Colomer-Vidal et al., 2022;
Escoruela et al., 2018), and marine mammals (e.g., Ishibashi et al., 2008;
Kannan et al., 2006, 2002, 2001; Lam et al., 2016; Schiavone et al.,
2009; van de Vijver et al., 2003). PFAS can bioaccumulate and bio-
magnify (Bossi et al.,, 2005; Kannan et al., 2005; Khan et al., 2023;
Martin et al., 2004), although short-chain PFAS may have a lower po-
tential for bioaccumulation and biomagnification compared to
long-chain PFAS (Goeritz et al., 2013; Renner, 2006).

Cetaceans, such as dolphins, are effective indicators of chemical
pollutants due to their high trophic level, long lifespan, wide home
range, and a variety of foraging habits. They may provide a compre-
hensive picture of PFAS exposure to living organisms, trends, and impact
on marine ecosystems (e.g., Andvik et al., 2023; Dorneles et al., 2008;
Gui et al., 2019; Hart et al., 2008; Quinete et al., 2009; Stockin et al.,
2021).

Most n-PFOS and PFOA time trend studies to date have been limited
to short periods (10-15 years). The environmental fate of PFOS re-
placements such as PFHxS and perfluorobutane sulfonic acid (PFBS)
remains poorly understood. Additionally, there is a lack of compre-
hensive information on the status and trends of the banned PFAS and
their replacements in marine environments.
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The aims of the current study were to determine the bio-
magnification rates of PFAS in sexually mature striped dolphins (Stenella
coeruleoalba) from the NW Mediterranean Sea and assess temporal
trends of PFAS concentrations over the past three decades (1990-2021).
For this latter aim, we focused on sexually mature males to minimize
intrapopulation variability, assuming that their diet and metabolism are
relatively consistent, as they are not affected by the potential variation
in nutritional requirements caused by growth and reproductive transfer
to offspring, two factors that are known to influence the accumulation
rate of many pollutants in mammals.

2. Material and methods
2.1. Sampling

Liver samples were collected from 48 sexually mature males of
striped dolphin that stranded along the Spanish Catalan coast in the NW
Mediterranean Sea (Fig. 1) during three separate periods between 1990
and 2021: 1990 (n = 19), 2004-2009 (n = 13), and 2014-2021 (n = 16).
In addition, digestive content samples (i.e., gastrointestinal content)
were collected from 10 striped dolphins (5 females and 5 males)
stranded during the most recent period. The cause of death for most
dolphins was related to the morbillivirus epizootics that occurred in the
Mediterranean Sea during 1990 and 2007-08. That of the remaining
dolphins was hardly determined. Age information was not available,
however, only adult individuals, whose body length was higher than 1.8
m, were included in the study (Table S1). The samples were preserved
frozen (—20 °C) in the biological tissue bank of the University of Bar-
celona until analysis. Subsamples of approximately 2 g of frozen liver
and digestive content were lyophilized for 48 h.

2.2. Sample treatment

Standards and reagents are listed in Annex 1 (SI).

The analysis of PFAS in the digestive content and liver of striped
dolphins was performed according to a previously published study by
Roscales et al. (2022). Briefly, 0.3 g dry weight sample was transferred
into 15 mL polypropylene (PP) tubes and spiked with 50 pL of a surro-
gate solution containing '3C-labeled perfluorohexanoic acid (PFHxA),
PFOA, perfluorononanoic acid (PFNA), perfluorooctanesulfonamide
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Fig. 1. Map of the Western Mediterranean Sea highlighting (in red) the area of the Spanish Catalan coast (NW Mediterranean Sea), where the striped dolphins,
sampled in this study, stranded. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(FOSA), PFOS, perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUnDA), perfluorododecanoic acid (PFDoDA), and 180.labeled
perfluorohexanesulfonic acid (PFHxS) (Wellington Laboratories,
Ontario, Canada) in methanol at a concentration of 50 pg/pL. After 1 h
of equilibration, a liquid-solid extraction was carried out using 9 mL of
0.01 M sodium hydroxide in methanol solution under constant agitation
for 16 h. The supernatant (3 mL) was collected after centrifugation (10
min at 4000 rpm) and transferred into new PP tubes along with 27 mL of
chromatographic-grade water. The sample was then purified using Oasis
WAX cartridges (150 mg, Waters) previously conditioned with 4 mL
methanol, 4 mL ammonia (0.1% in methanol), and 4 mL of
chromatographic-grade water. The sample elution was facilitated using
a Baker® station under low vacuum conditions at a constant slow flow
(>15 ml/min). Each cartridge was pH conditioned with 4 mL of 25 mM
ammonium acetate buffer at pH 4 and dried under vacuum aspiration for
30 min. Elution was performed using 4 mL methanol and 4 mL ammonia
(0.1% in methanol), concentrated under a gentle nitrogen flux to
approximately 0.5 mL, and then transferred to self-filtration PP vials
(Whatman). After drying, each vial was reconstituted with methanol,
and 30 pL were transferred to an injection vial along with 30 pL of an
injection standard solution containing 'Cg-labeled PFOA and PFOS
(Wellington Laboratories, Ontario, Canada), at a concentration of 10
pg/pL in methanol, and 140 pL of chromatographic-grade water.

2.3. Instrumental analysis

The determination of PFAS was performed following the methodol-
ogy described by Roscales et al. (2022). The Ultra Performance Liquid
Chromatography-triple-quadrupole mass spectrometer (UPLC-MS/MS)
system (Waters Acquity-Waters XEVO TQS, Waters, Milford, MA) was
used in multiple-reaction monitoring (MRM) mode and equipped with
an electrospray ionization (ESI) source in negative mode. The source
temperature was set to 150 °C, and the capillary and cone voltages were
adjusted between 3.50 and 3.05 Kv, and between 30 and 77 V, respec-
tively. The desolvation temperature was 450 °C, and the gas flow was set
to 900 L/h. The collision gas flow was set between 0.16 and 0.15
mL/min and the nebulizer gas flow pressure was between 7.00 and 5.84
bar. The samples were maintained at 4 °C and 10 pL of each sample was
injected into the UPLC-MS/MS system at a rate of 30 pL/min.

The UPLC column used was an Acquity UPLC BEH C18 column (1.7
pm, 2.1 mm x 100 mm; Waters), which was maintained at a constant
temperature of 50 °C and a flow rate of 0.3 mL/min. The mobile phase
consisted of a constant 1% ammonium acetate buffer in water (200 mM,
pH 4) and the organic phase for analysis was a mixture of methanol and
acetonitrile (80:20). The gradient water:organic phase for each 18-min
injection was 60:40 at the initial conditions, 45:55 at 3.5 min, 30:70
at 10 min, 15:85 at 15 min, and returned to the initial conditions from
17.5 min. A total of 19 PFAS were identified and quantified, as listed in
Tables S1 and S2. Linear PFOS is indicated as n-PFOS and the term Br-
PFOS has been used to express the sum of all branched isomers quan-
tified here.

2.4. Quality assurance

To avoid contamination with fluorinated substances, appropriate
precautions were taken during both field and laboratory procedures. All
polypropylene materials were cleaned with methanol, and glass mate-
rials were muffled at 500 °C for 24 h prior to use. The identification of
target compounds was based on their retention times and the ratio be-
tween the monitored ions, which should match the values in the cali-
bration curves within +30%. Each sample was injected twice, with the
mean value reported. A procedural blank was conducted for every batch
of nine samples. Limits of detection (LODs) and limits of quantification
(LOQs) were calculated either as the mean concentration of each com-
pound in the blanks or as the average background noise plus 3 and 10
times the standard deviation, respectively. No blank corrections were
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performed. LODs, LOQs, and recoveries are summarized in Tables S3
and S4 (SI). All PFAS were found to have satisfactory recoveries
(75-110%)), except for PFBA, which was excluded from the results due to
unreliable recoveries of 13C4-PFBA and impurity co-elutions in several
samples.

2.5. Statistical analysis

The normality and heteroscedasticity of each target analyte were
evaluated using the Shapiro-Wilk and Levene tests, respectively. As the
data did not follow a normal distribution, non-parametric tests were
used to analyse each PFAS individually. The presence of outliers was
tested graphically through boxplots. One sample of digestive content
(N_408_18_E) was excluded from the statistical analysis because it con-
tained 5 different PFAS compounds that exceeded the 3* interquartile
range limit.

The samples collected in the years 2014-2021, which included 16
liver samples, and 9 digestive content samples (5 from male and 4 from
female dolphins), were used to carry out a series of comparisons using
the Kruskall Wallis test. First, PFAS concentrations of the digestive
contents were compared between sexes to assess the possibility to pool
the values of males and females in a homogeneous group. Then, the
prevalence of n-PFOS, with respect to the total PFOS (i.e., n-PFOS plus
Br-PFOS), was compared between the digestive contents and the liver of
the dolphins. Finally, the concentrations of each compound were
compared between the liver and the digestive content.

Subsequently, the biomagnification factors (BMFs, i.e., concentration
in predator/concentration in prey (Houde et al., 2011)) were calculated
as the PFAS concentration in the liver of the dolphins divided by the
average of PFAS concentrations in their digestive contents (i.e., no
matching pairs). This approach is limited by the classical challenge of
using stomach contents, as it only reflects the immediate short-term diet
(i.e., the last meal) and not the main prey in the long term (Alfaro Garcia
et al., 2022).

Finally, a Kruskal-Wallis test and a Dunn’s Test using the Benjamini-
Hochberg method were conducted to determine the influence of the year
of sampling on PFAS concentrations in the liver of striped dolphins
collected between the years 1990-2021 (n = 48), which were divided
into three groups: 1990 (n = 19), 2004-2009 (n = 13) and 2014-2021
(n =16).

Values below the LOD were considered half of the LOD. Compounds
that were detected with a frequency less than 50%, were excluded from
the statistical analysis (i.e., perfluorobutane sulfonic acid (PFBS), Per-
fluorodecane sulfonic acid (PFDS), perfluorododecane sulfonic acid
(PFDoDS), perfluoropentanoic Acid (PFPA), PFHxA, perfluoroheptanoic
acid (PFHpA), perfluorohexadecanoic acid (PFHxDA), per-
fluorooctadecanoic acid (PFOcDA)). The significance level was set at p
< 0.05, and all analyses were performed using R (R Core Team, 2023).

3. Results

No significant differences were detected in PFAS concentrations
between the digestive contents of males and females, so samples from
both sexes were pooled in a homogeneous group.

PFAS concentration of each analysed compound per individual
digestive content and liver sample is shown in Table S1. Median, mini-
mum, and maximum concentrations of each target compound in diges-
tive content and liver samples of striped dolphins are summarized in
Table 1. PFAS were detected in all samples, at concentrations ranging
between 43 and 1609 ng/g in the digestive content samples and between
254 and 7010 ng/g in the liver samples (Table 1). Out of 19 targeted
PFAS, 13 were detected in the digestive content samples and 17 in the
liver samples. n-PFOS and FOSA were the most abundant compounds
detected in 100% of both types of samples (Table 1). The composition of
PFAS consisted mainly of the same five dominant PFAS: n-PFOS > FOSA
> PFUnDA = perfluorotridecanoic acid (PFTrDA) > PFNA (Fig. 2). The
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Table 1
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PFAS concentrations expressed in ng/g wet weight (median, minimum, maximum), frequency of occurrence (FO; %), and n-PFOS prevalence (%; n-PFOS/PFOS*100)
from samples of striped dolphins from the NW Mediterranean Sea. Data from digestive content refer to the 2014-2018 period, and liver data to the 1990-2021 period.
Biomagnification factor (BMF) ranges for each PFAS compound are also shown (only for those PFAS quantified in more than 50% of the samples).

Compound Striped dolphin digestive content Striped dolphin liver BMF
Median Min Max FO Median Min Max FO

PFBS nd nd nd 0 nd nd 19.49 8.33 -
PFHxS nd nd 53.78 11.11 3.99 nd 26.56 70.83 0.03-2.45
n-PFOS 34.96 5.58 444.03 100 920.81 95.85 3964.72 100 4.96-15.47
Br-PFOS 21.36 2.29 645.67 100 27.54 2.46 115.31 100 0.14-1.11
n-PFOS (%) 71.96 34.74 92.31 - 97.19 91.38 98.37 - -
PFDS nd nd 6.89 11.11 nd nd 19.97 20.83 -
PFDoDS nd nd nd 0 nd nd 16.31 2.08 -
FOSA 59.11 16.00 431.50 100 404.87 44.75 2055.08 100.00 0.41-18.76
PFPA nd nd nd 0 nd nd 422.46 14.58 -
PFHxA nd nd nd 0 nd nd 225.85 12.50 -
PFHpA nd nd 17.60 11.11 4.20 nd 51.68 25 -
PFOA 1.30 nd 6.00 55.56 9.29 1.16 42.48 100 2.45-14.57
PFNA 5.72 1.45 78.05 100 59.90 1.50 319.77 100 3.70-19.45
PFDA 7.27 0.97 90.31 100 69.07 3.19 228.68 100 3.51-13.47
PFUnDA 14.54 3.06 160.10 100 191.93 5.73 959.85 100 4.72-12.46
PFDoDA 3.28 1.18 42.28 100 44.35 2.09 215.25 100 2.33-10.35
PFTrDA 13.37 3.61 168.61 100 149.03 6.74 1105.19 100 3.41-17.29
PFTeDA 2.70 nd 31.77 55.56 15.03 nd 197.19 81.25 0.17-20.56
PFHxXDA nd nd nd 0 nd nd nd 0 -
PFOcDA nd nd nd 0 nd nd nd 0 -

Y PFAS 158.76 42.96 1609.26 100 2326.03 254.23 7010.44 100 -

nd: non-detected compound, below the limit of detection.
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Fig. 2. Relative contribution of detected PFAS split by year of collection in the
liver (n = 48) and digestive content (n = 9) of striped dolphins stranded along
the Spanish Catalan coast (NW Mediterranean Sea). Only the PFAS that were
quantified in over 50% of the samples are shown.

relative contribution of n-PFOS to the total amount of PFOS was
significantly lower in the digestive content samples (median = 72%)
than in the liver samples (median = 97%) (Table 1). All PFAS that were
detected in over 50% of the samples were long-chain PFAS.

When considering only the samples collected between 2014 and
2021, the concentrations of n-PFOS, FOSA, PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, and PFTrDA were significantly lower in digestive
content samples than in liver samples (Fig. 3, Table 1), while the con-
centrations of PFHxS, Br-PFOS and perfluorotetradecanoic acid
(PFTeDA) did not show significant differences between the two sample

types (Fig. 3, Table 1).

The mean BMFs for n-PFOS, FOSA, PFOA, PFNA, PFDA, PFUnDA,
PFDoDA, and PFTrDA were 9.91, 5.11, 7.36, 9.03, 8.08, 8.43, 6.66 and
9.52, respectively. The mean BMFs for PFHxS, Br-PFOS and PFTeDA
were 0.86, 0.42 and 5.25, respectively. BMF ranges for each PFAS
compound are shown in Table 1.

The Kruskal-Wallis and Dunn’s tests performed on the liver samples
of striped dolphins sorted by the sampling period (1990, 2004-2009 and
2014-2021) indicated a significant increase in the concentration of n-
PFOS, Br-PFOS, PFOA, PFNA, PFDA, PFUNDA, PFDoDA, and PFTrDA
from 1990 to 2004-2009, and a subsequent stabilization during the
following years (2014-2021, Fig. 4). However, no significant time trend
was observed in the concentrations of PFHxS and FOSA, while a sig-
nificant increase (from 1990 to 2004-2009) followed by a significant
decrease (from 2009 to 2014-2021) was detected in the concentrations
of PFTeDA (Fig. 4).

4. Discussion

In this study, we investigated PFAS hepatic concentrations in striped
dolphins from the NW Mediterranean Sea over a 30-year (from 1990 to
2021) period, the potential biomagnification of PFAS concentrations
from prey to striped dolphins, and the temporal trends of these pollut-
ants in the striped dolphin liver.

4.1. PFAS concentrations and profiles

Consistently to the current results, PFOS is the predominant PFAS
compound in marine biota (Andvik et al., 2023; Cara et al., 2022;
Colomer-Vidal et al., 2022; Kelly et al., 2009). Data about PFAS in
marine mammals from the Mediterranean Sea are scarce. To our
knowledge, only three studies have been published to date. Kannan et al.
(2002) were the first to report PFAS concentrations (n-PFOS, FOSA,
PFOA, and PFHXxS) in cetaceans from the Mediterranean Sea (bottlenose
dolphins (Tursiops truncatus), common dolphins (Delphinus delphis),
long-finned pilot whales (Globicephala melas), and striped dolphins).
Consistently with our results, they found n-PFOS to be the most abun-
dant PFAS in the liver of striped dolphins, although they didn’t detect
either FOSA or PFOA. They reported a median concentration of n-PFOS
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Fig. 3. Box-plot illustrating PFAS concentrations in the digestive content (n = 9, year of collection: 2014-2018) and in the liver (n = 16; year of collection:
2014-2021) samples of striped dolphins from the NW Mediterranean Sea. Boxes represent the first and third quartiles, horizontal lines the median, and vertical bars
indicate the most extreme data point that is lower than 1.5 times the interquartile range from the box. Asterisks (*) indicate significant differences between the two
types of samples (Kruskal-Wallis test). Only the PFAS that were quantified in over 50% of the samples are shown.

lower than the concentration we detected (22.90 and 920.81 ng/g wet
weight (ww), respectively), probably indicating regional differences in
PFAS inputs between the Spanish Catalan coast and the Italian coast.
This could be a feasible explanation, since striped dolphin home ranges
typically extend over distances ranging from 200 to 500 km (Costantino
et al, 2019), and thus the two populations likely are segregated,
showing different pollutant concentrations. On the other hand, Kannan
et al. (2002) reported a n-PFOS concentration in the liver of common
dolphins similar to the median value we found in the liver of striped

dolphins (940 and 920.81 ng/g ww, respectively). Lopez-Berenguer
et al. (2020) analysed twelve different PFAS in the muscle and liver of
striped dolphins, bottlenose dolphins, common dolphins, Risso’s dol-
phins (Grampus griseus), and sperm whales (Physeter macrocephalus) from
the SW Mediterranean Sea. Similarly to our results, they found that the
PFAS profile in both the liver and muscle of the five studied cetacean
species was mainly composed of five dominant PFAS: n-PFOS > FOSA >
PFNA ~ PFUnDA > PFDA, indicating that they probably came from
similar sources. The median concentrations of these PFAS in the liver of
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Fig. 4. Box-plot illustrating PFAS concentrations in liver (n = 48) samples of striped dolphins from the NW Mediterranean Sea split by the period of collection (1990,
2004-2009, and 2014-2021). Boxes represent the first and third quartiles, horizontal lines the median, and vertical bars indicate the most extreme data point that is
lower than 1.5 times the interquartile range from the box. Boxplots indicated by different lowercase letters are statistically different in their median values according
to Kruskal-Wallis and Dunn’s tests. Only the PFAS that were quantified in over 50% of the samples are shown.

striped dolphin reported by the authors was lower than the values we
found, probably indicating a higher pollution impact by PFAS in the NW
Mediterranean Sea than in the SW Mediterranean Sea. Sciancalepore
et al. (2021) analysed 17 target PFAS in the liver of bottlenose dolphins
stranded in the Adriatic Sea. The PFAS profile was mainly composed of
the same five dominant PFAS: n-PFOS > PFUnDA > PFDA ~ PFDoA ~
PFTrDA, which is similar to that reported in the current study, except for
FOSA, which was not relevant for them. The authors found a median
n-PFOS concentration six times lower than the concentrations we found
(152.21 and 920.81 ng/g ww, respectively), likely indicating differences

between species and areas, as reported before (Kannan et al., 2002;
Lopez-Berenguer et al., 2020). On the other hand, while PFHxS, PFHpS,
n-PFOS, PFDS, FOSA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA,
and PFTeDA have been previously detected in the liver of striped dol-
phins from the Mediterranean Sea (Kannan et al, 2002;
Lopez-Berenguer et al., 2020), Br-PFOS, PFPA, PFHxA, and PFHpA have
never been reported before the current study. The high concentrations of
FOSA reported in the current study in comparison to the other studies of
PFAS in marine mammals from the Mediterranean Sea (Kannan et al.,
2002; Lopez-Berenguer et al., 2020; Sciancalepore et al., 2021) deserve
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further research. However, the concentrations of FOSA in the blood of
bottlenose dolphins and swordfish inhabiting the Mediterranean Sea
surpassed the corresponding levels of n-PFOS (Kannan et al., 2002). This
can be attributed to the absence of a pivotal metabolic enzyme in ce-
taceans, which is essential for the conversion of FOSA into PFOS
(Letcher et al., 2014).

A study on the baseline levels of PFAS in the open Western Medi-
terranean Sea waters shows that PFHxA, PFHpA, PFOA, PFHxS and
PFOS are the most abundant compounds (Brumovsky et al., 2016). This
indicate that short-chain PFAS dominate the baseline of trophic chains
(Diao et al., 2022), but as reported in the current study, just long-chain
PFAS biomagnify to top predators.

Our study clearly evidences the prevalence of the linear isomers,
consistent with previous research, suggesting a preferential accumula-
tion of linear PFOS isomers over their branched counterparts (Schulz
et al., 2020; Sharpe et al., 2010). Specifically, studies in fish (Roscales
et al., 2022) and marine mammals (Rotander et al., 2012; Stockin et al.,
2021) reported a high prevalence of n-PFOS, in line with our own re-
sults. A plausible explanation for the higher prevalence of n-PFOS in the
liver of dolphins from the current study may be attributed to its higher
bioaccumulation potential and longer half-life compared to Br-PFOS
(Sharpe et al., 2010).

4.2. Biomagnification of PFAS

The evidence supporting the occurrence of PFAS biomagnification is
substantial and well-documented across multiple studies (Houde et al.,
2006; Kannan et al., 2005; Kelly et al., 2009; Martin et al., 2004; Tomy
et al., 2004), although biomagnification patterns of PFAS are complex
and likely affected by several factors, such as ecological characteristics,
biotransformation, and the physicochemical properties of both PFAS
and the environmental compartments (i.e., sediment and water (Cara
et al., 2022). PFAS disposal pathways are inefficient (Ma et al., 2020;
Zhang et al., 2015). PFAS elimination via the lung to air is limited,
resulting in higher biomagnification of PFAS in air-breathing mammals
such as dolphins (Bossi et al., 2005; Houde et al., 2006; Khan et al.,
2023) than, for instance, in fish (Cara et al., 2022; Kelly et al., 2009). It
should be noted that our results must be interpreted with caution, as we
are comparing digestive content, on a specific day, with hepatic PFAS
concentrations, and the diet of striped dolphins is highly diverse,
commonly exploiting a wide variety of oceanic, pelagic and bathype-
lagic prey species (Aguilar, 2000; Saavedra et al., 2022), which surely is
not reflected in the stomach content of a specific day. Moreover, we are
comparing the digestive content of different dolphins than the ones from
which we analysed the liver. This adds a further bias, although to a lesser
extent than the issue of the stomach content reflecting only the diet of a
specific moment.

Martin et al. (2004) estimated BMFs for FOSA, PFOS, and PFCAs
(8-15 carbons) in a food web from Lake Ontario with lake trout (Sal-
velinus namaycush) as the top predator, ranging from 0.51 for FOSA to
5.88 for n-PFOS. Tomy et al. (2004) evaluated the TBFs for n-PFOS,
PFOA, FOSA and N-etPFOSA in an Arctic marine food web with belugas
(Delphinapterus leucas) and narwhals (Monodon monoceros) as top pred-
ators, and found TBFs ranging from 0.9 to 9 for PFOS and often BMFs
higher than 1 for the rest of the compounds. Kelly et al. (2009) also
assessed biomagnification of n-PFOS, FOSA, and PFCAs (7-14 carbons)
in an Arctic marine food web with belugas as top predators, and found
BMFs of perfluorinated acids ranging between 2 and 11. Houde et al.
(2006) studied a marine food web with bottlenose dolphins as top
predators and reported BMFs of PFOS and PFCAs (8-14 carbons) ranging
from 1 to 156 and from 1 to 30 in Sarasota Bay and Charleston Harbour,
respectively. Consistently, in the current study, 8 of the 11 most abun-
dant detected PFAS biomagnified, with mean BMFs ranging from 5.11
for FOSA to 9.91 for n-PFOS. Indeed, all PFAS showing biomagnification
were long-chain PFAS (>6 carbons (Brendel et al., 2018), which is
consistent with studies showing increasing BMF in PFAS with increasing
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carbon chain length in the C¢—C;i3 range (Kannan et al., 2005; Tomy
et al., 2004). On the other hand, in the ecosystem of the Yadkin-Pee Dee
River (US), PFBS, a short-chain PFAS, showed some BMFs exceeding 1
(Penland et al., 2020). The authors explained these unexpected results
by hypothesizing that an unmeasured PFBS precursor may be accumu-
lating in biota and metabolizing to PFBS. Moreover, in a terrestrial food
web of the Tibetan Plateau, PFBA (BMF = 5.11) and PFBS (BMF = 5.96),
along the plant-pika-eagle trophic pathway, exhibit BMFs significantly
exceeding 1 (Huang et al., 2022). The pronounced biomagnification of
the short-chain PFAS in air-breathing organisms may be attributed to
their absence of biotransformation and resistance to volatilization
(Huang et al., 2022).

Despite a transition towards the utilization of shorter-chain PFAS
such as PFBA and PFBS, long-chain PFAS, including PFOS, PFOA,
PFTrDA, and PFUnDA, continue to account for approximately 75% of
PFAS, with PFOS contributing more than 35%, in higher trophic level
organisms such as cephalopods, crustaceans, and fish in Qinzhou Bay
(Du et al., 2021).

As PFAS biomagnification clearly occurs in their tissues, the
ecological risks of PFAS for striped dolphins should be considered.
Environmental Quality Standards (EQSs) refer to established limits of
concentration for a specific pollutant or set of pollutants in water,
sediment, or biota that must not be surpassed to safeguard both human
health and the environment. An EQS was established in 2013 by the
European Union under the Water Framework Directive (European Union
(EU), 2013). A value of 9.1 ng PFOS/g ww in humans was set to protect
aquatic food webs and top predators. Values detected in all the liver
samples and in 8 out of 9 digestive content samples analysed here
exceeded the EQS, indicating potential health risks for striped dolphins
inhabiting the NW Mediterranean Sea. Indeed, in vitro studies demon-
strated cell cycle alterations and gene expression changes due to the
interaction of PFAS with bottlenose dolphin skin cells, confirming the
toxicity of PFAS for dolphins (Mollenhauer et al., 2009; Otero-Sabio
et al., 2022). Furthermore, a Quality Standard benchmark of 33 ng
PFOS/g ww in prey was set in 2014 for the protection of wildlife against
secondary poisoning (i.e., poisoning through a contaminated prey)
(European Union (EU), 2014). This concentration was exceeded in half
of the samples of digestive content, suggesting that polluted prey may
pose potential health risks for striped dolphins. The Mediterranean
striped dolphin primarily feeds on mesopelagic and neritic fish species,
as well as oceanic squids (Aguilar, 2000; Saavedra et al., 2022). Their
preferred prey includes cephalopods from the families Ommastrephidae,
Histiotheuthidae, Enoploteuthidae and Onychoteuthidae, as well as
bony fishes from the families Mictophidae, Gadidae, Sparidae and
Gonostomiatidae (Aguilar, 2000; Saavedra et al., 2022). Most of these
cephalopod and bony fish families comprise commercial species
consumed globally, thereby also potentially posing health risks to
humans. The species composition of the digestive content was not
analysed in the current study.

4.3. Temporal trends

Although our temporal analyses were based only on 48 samples and
thus the observed trends must be interpreted with caution, the present
long-term study, covering over three decades, showed an increase in
PFAS concentration between 1990 and 2004-2009, followed by a sta-
bilization in the most recent years (2014-2021). Long-chain PFAS,
including PFCAs (with 7 or more carbon atoms) and PFSAs (with 6 or
more carbon atoms), are of particular concern due to their high persis-
tence, bioaccumulation, and ubiquity in the environment and biota
(Conder et al., 2008; Giesy and Kannan, 2001; Parsons et al., 2008;
Rayne and Forest, 2009). Since 2009, some of these substances have
been listed as restricted under the Stockholm Convention and the Eu-
ropean chemicals regulation (REACH) due to their adverse effects on
humans and the environment (ECHA, E.C.A., 2013). The results of the
current study also align with industry initiatives to reduce the use of
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long-chain PFAS, such as replacing them with their shorter-chain ho-
mologues or other types of (non)fluorinated chemicals (3 M, 2000;
Ritter, 2010). For example, in the year 2000, the 3M Company initiated
a global phase-out of its long-chain PFAS products and replaced them
with products based on C4 chemistry, such as PFBS (3 M, 2000). In 2006,
eight major producers of PFAS joined the US Environmental Protection
Agency (EPA) PFOA Stewardship Program with the aim of eliminating
long-chain PFAS and their potential precursors by 2015 (US EPA, 2006).
It is important to note that shorter-chain PFAS, such as PFBS (C4) or
PFHxXA (Cg), may not be detectable due to their lower capacity for bio-
accumulation in biota (Renner, 2006). Accordingly, despite short-chain
PFAS are replacing long-chain PFAS in the industry, the present results
did not show any trend for short-chain PFAS in the recent samples of
striped dolphins. Therefore, the striped dolphin is not a good bio-
indicator to assess temporal trends of short-chain PFAS in the marine
environment.

While in isolated regions, such as the Arctic, PFAS mainly derive
from the oceanic currents and atmospheric transport of volatile pre-
cursors (Yeung et al., 2017), river discharges are the primary sources of
PFAS in the Mediterranean basin (Brumovsky et al., 2016). The Medi-
terranean Sea is also susceptible to significant environmental contami-
nation due to its semi-enclosed geomorphology and high level of coastal
human activity (Ahrens et al., 2010; Kurwadkar et al., 2022; Zhang
etal., 2017). The Mediterranean Sea has been shown to be more polluted
in coastal areas than in the pelagic waters and in surface waters
compared to deep waters, due to inland PFAS sources (Brumovsky et al.,
2016). Significant amounts of PFAS have been detected in large Medi-
terranean rivers, including the Ebre, Llobregat, and Po rivers. (Campo
et al., 2015; Lorenzo et al., 2016; McLachlan et al., 2007; Pignotti et al.,
2017). The absence of changes could be attributed to the fact that the
decrease in PFAS contributions to the sea has not yet been reflected in
the concentrations of dolphins due to the high persistence of these
compounds.

Although the production of long-chain PFAS (including PFOS and
PFOA) was reduced almost two decades ago in the US and Western
Europe (Paul et al., 2009), they are still the most detected PFAS com-
pounds in biota (Lopez-Berenguer et al., 2020; Sun et al., 2019). This is
mainly due to their high persistence and prevalence in the environment,
the fact that they can be formed from precursors (Wang et al., 2017),
their high potential for bioaccumulation (Kannan et al., 2005), and their
continued production in Asian countries, particularly in China (Wang
et al., 2014). In line with our results, Rotander et al. (2012) analysed
several species of marine mammals from the North Atlantic Ocean and
detected an increase in the levels of long-chain PFCAs (Co—Ci3) from
1984 to 2009, although the levels of PFOS remained steady during the
studied period. Galatius et al. (2011) also found increasing trends of
long-chain PFCAs (PFUnDA and PFDA) from 1980 to 2005 in the liver of
harbour porpoises (Phocoena phocoena) from the North Sea. Lam et al.
(2016) reported significant increasing trends of PFCAs and PFBS in
marine mammals from the South China Sea from 2002 to 2014 and
attributed this pattern to the restriction of the production of PFOS.

On the other hand, some temporal studies have reported a decrease
in PFOS concentrations in biota over time (e.g, Colomer-Vidal et al.,
2022; Houde et al., 2011). For instance, in the Netherlands, PFOS levels
in European eel (Anguilla anguilla) decreased by a factor of 2-4 from the
1990s to 2008 (Kwadijk et al., 2010). Similarly, Munschy et al. (2019)
found a significant decrease in PFOS levels in shellfish from French
coasts after the mid-1990s. This opposite trend compared with the re-
sults presented here may be a consequence of local management prac-
tices or specific regional characteristics.

5. Conclusions
In this study we detected 17 PFAS, 11 of which in over half of the

hepatic samples of striped dolphins analysed. These results underscore
the enduring existence of some regulated PFAS such as PFOS, PFOA and
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PFHxS. Most of the detected PFAS biomagnified, posing potential health
risks to striped dolphins. All liver samples and eight digestive content
samples exceeded the Quality Standard for PFOS, indicating that prey
items consumed by striped dolphins, consisting mainly of commercially
exploited and globally consumed fish and cephalopod species, may also
potentially expose humans to health risks.

This study represents one of the most extensive long-term analyses of
PFAS in a marine apex predator inhabiting a pollution hotspot and re-
veals a significant increase in the concentration levels of most long-chain
PFAS from 1990 to 2004-2009 followed by a stabilization during the
more recent period (2014-2021). These trends are consistent with the
global release of PFAS, their persistent and ubiquitous nature in the
environment, and the efforts towards their mitigation that have been
implemented over the last two decades.

Although global emissions of long-chain PFAS have reduced in recent
years across most countries, these pollutants remain in the environment
due to their high persistence. The key findings of this study have
important implications for future ecological risk assessments and can
inform the development of management strategies aimed at mitigating
PFAS pollution in marine ecosystems. Both national and international
regulations should be intensified and reinforced, and industry initiatives
should aim to reduce the use of long-chain PFAS and replace them with
safer alternatives. This may help to mitigate the adverse effects of PFAS
on the environment and biota.

On the other hand, it is critical to continue monitoring the levels of
PFAS in the environment and biota to evaluate the effectiveness of the
phase-out and substitution of long-chain PFAS. Additionally, more
research is needed to investigate the potential adverse effects of shorter-
chain PFAS and other alternative chemicals that are being used in place
of long-chain PFAS.
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