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H I G H L I G H T S  

• Fish caught in the Baltic Sea and Finland’s freshwaters were analysed for 13 PFAAs. 
•
∑

PFAA concentrations were highest in the Baltic smelt. 
• PFOS was most frequently detected PFAA in fish from freshwaters and the Baltic Sea. 
• PFOS concentration in all species except in smelt was below the EQSbiota. 
• TWI derived by EFSA for 

∑
PFAS-4 was exceeded in 10 of 13 Baltic fish species.  
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A B S T R A C T   

Occurrence and distribution of perfluoroalkyl acids (PFAAs), a sub-category of per- and polyfluoroalkyl sub-
stances (PFASs), is widespread in the environment. Food, especially fish meat, is a major pathway via which 
humans are exposed to PFAAs. As fish is an integral part of Nordic diet, therefore, in this study, several fish 
species, caught in selected Baltic Sea basins and freshwater bodies of Finland, were analysed for PFAAs. Per-
fluorooctane sulfonate (PFOS) was detected in all Baltic Sea fish samples and in >80% fish samples from 
freshwaters. PFOS contributed between 46 and 100% to the total PFAA concentration in Baltic Sea fish samples 
and between 19 and 28% in fish samples from freshwaters. Geographically, concentration ratios of PFOS to other 
PFAAs differed between fish from the Baltic Sea and Finnish lakes suggesting that distribution of PFAAs differ in 
these environments. Results were compared with current safety thresholds – environmental quality standard for 
biota (EQSbiota) set by the European Commission and a group tolerable weekly intake (TWI) for the sum of four 
PFASs (

∑
PFAS-4) i.e. perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorohexane sulfonate 

(PFHxS) and PFOS, recommended by the European Food Authority (EFSA). EQSbiota compliance was observed for 
PFOS in all species except smelt caught in the Baltic Sea and also in the River Aurajoki, where smelt had migrated 
from the Baltic Sea for spawning. Moderate consumption of most Baltic fishes (200 g week− 1) results in an 
exceedance of the new TWI (4.4 ng kg− 1 body weight week− 1) for 

∑
PFAS-4.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a large suite of 
structurally diverse synthetic organic chemicals that have been 

extensively produced and used in surfactants, surface coating agents, 
dispersants and emulsifiers for industrial and commercial applications. 
The global manufacture and usage of PFASs span over 60 years (Giesy 
and Kannan, 2001; Muir et al., 2019). The most investigated PFASs in 
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the last two decades can be grouped into perfluoroalkyl carboxylic acids 
(PFCAs) and perfluoroalkane sulfonic acids (PFSAs) which are the two 
types of perfluoroalkyl acids (PFAAs). PFAAs are globally distributed 
and have been detected in wildlife and fish even in the most pristine 
ecosystems, such as the Arctic region, owing to the long-range transport 
potential of some PFASs in either air or water (Yamashita et al., 2008; 
Cousins et al., 2011; AMAP, 2018). 

Exposure to high PFAS levels in human population is linked to 
asthma and allergic disease in children, reduction in antibody responses 
to vaccines and infectious disease resistance, weakened immune system, 
and higher risk of breast cancer (Grandjean et al., 2012, 2017; Bone-
feld-Jörgensen et al., 2014; Mancini et al., 2020). Susceptible pop-
ulations, including children, pregnant women and women who are 
breastfeeding may be more at risk to health outcomes associated to PFAS 
exposure (Christensen et al., 2017). Direct exposure to PFAAs (PFSAs 
and PFCAs) in humans occurs mainly via diet, drinking water, dust 
ingestion, inhalation of air and PFAS-containing food contact materials 
(EFSA, 2020). In non-occupationally exposed population, diet is esti-
mated to be the major PFAS exposure pathway (Vestergren and Cousins, 
2009; Haug et al., 2011; Gebbink et al., 2015). Contribution of fish meat 
consumption to dietary intake has been identified to be one of the 
important and dominant current routes of human exposure to PFAAs 
(Falandysz et al., 2006; Christensen et al., 2017) and specifically for 
long-chain PFAAs (with more than 8 perfluorinated carbon atoms) 
(Vestergren et al., 2012). In contrast to the traditional persistent lipo-
philic organic pollutants such as polychlorinated biphenyls (PCBs), 
PFASs tend to bind to serum albumin, liver fatty acid binding proteins 
and renal organic anion transporter proteins rather than fatty tissues 
(Jones et al., 2003; Ng and Hungerbuhler, 2013). This may contribute to 
high PFAS concentrations found in lean fish species. 

Monitoring studies have demonstrated that per-
fluorooctanesulfonate (PFOS) and long-chain PFCAs dominate the PFAS 
homologue profiles in fish (Martin et al., 2004; Falandysz et al., 2007; 
Berger et al., 2009; Pan et al., 2014; Junttila et al., 2019; Munschy et al., 
2020; Sadia et al., 2020) due to their relatively higher bioaccumulation 
potential (Ahrens and Bundschuh, 2014). Higher concentrations of PFOS 
were detected in the liver and brain than muscle of six common farmed 
freshwater fish species (Shi et al., 2012). In the Baltic Sea region, PFOS 
concentration in fish have been found to vary from <1 to 7.5 ng g− 1 wet 
weight (ww) in fish muscle (Koponen et al., 2015) and 6–19 ng g− 1 ww 
in fish liver (Faxneld et al., 2016; Schultes et al., 2020) in recent years, 
depending on fish species and location. River inflow into the Baltic Sea 
basins (Bothnian Bay, Bothnian Sea and Gulf of Finland, Gulf of Riga, 
and Baltic Proper) and atmospheric deposition are the dominant input 
pathways of PFASs in the Baltic Sea water columns which eventually are 
available for uptake by fish (Filipovic et al., 2013; Junttila et al., 2019). 
Despite phase-outs and regulatory actions for reducing PFAA emissions 
(3 M, 2000; Stockholm Convention, 2009; EC, 2017b; ECHA, 2017), 
PFAAs input to the Baltic Sea remained higher during 2005–2010 as 
compared to previous two decades (Filipovic et al., 2013). Significantly 
increasing trend for PFOS in Baltic cod (Gadus morhua) was observed for 
the period 1981–2013 and non-significant trend for the period 
2000–2013 (Schultes et al., 2020). Some downward trends in herring 
(Clupea harengus) from a few areas of the Baltic Sea were reported in the 
HELCOM core indicator report for PFOS in biota for 2011–2016. How-
ever, no general trends were detected (HELCOM, 2018). Current envi-
ronmental quality standard for biota (EQSbiota) for PFOS is 9.1 ng g− 1 

ww and it was set up to protect human health from exposure via con-
sumption of fishery products (EU, 2013). More recently, European Food 
Safety Authority (EFSA) has derived a new group tolerable weekly 
intake (TWI) of 4.4 ng kg− 1 body weight week− 1 for the sum of four 
PFASs (

∑
PFAS-4) - perfluorooctanoic acid (PFOA), perfluorononanoic 

acid (PFNA), perfluorohexane sulfonate (PFHxS) and PFOS - based on 
the available data on PFAS toxicity and toxicokinetics and their 
observed concentrations in human blood (EFSA, 2020). 

Overall, there is a need for better geographical coverage and time 

series data that could feed into the evaluation of spatial and temporal 
trends of PFASs in the Baltic Sea region. Measurements of PFAS homo-
logue profiles in the fish species from the Baltic Sea is also critical 
because long- and short-chain PFAAs other than PFOS have emerged 
(Kärrman et al., 2019) and shown increasing trends in Baltic cod 
(Schultes et al., 2020). 

The present study aimed (1) to investigate the concentrations of 
selected PFAA homologues in a variety of fish species from the Baltic 
Sea, (2) to evaluate the differences in spatial trends of PFAA homologues 
found in fish from distinct Baltic Sea sub-basin regions that surround 
Finland, (3) to compare PFAA concentrations in fish species in the Baltic 
sea and freshwaters of Finland, (4) to evaluate the change in PFAA 
concentrations in the Baltic fish species over time, and (5) to assess 
compliance with EQSbiota and EFSA TWI thresholds. This study is a 
continuation of the assessment programme of the Finnish wild fish 
which was previously undertaken during 2001–2003 and 2009–2010 
(Hallikainen et al., 2004, 2011) and focused on monitoring of indicator 
hazardous compounds (dioxins, furans, PCBs, polybrominated diphenyl 
ethers, organotin chemicals, PFAAs, heavy metals, and arsenic) to keep 
track of contaminant load in commercially important fish species and to 
evaluate their safe use as food and feed. In the 2009–2010 monitoring 
study, cultivated fish samples were also included. 

2. Materials and methods 

2.1. Sampling and sample preparation 

Fish sampling was conducted off the Finnish coast of the Baltic Sea 
and in freshwater locations by the Natural Resources Institute Finland 
(Luke). A total of 1134 individual fish specimens were collected during 
2016–2017 (Airaksinen et al., 2018). The fish species were selected 
based on their commercial and dietary significance. The fishes from the 
Baltic Sea investigated in this study were caught in four sub-basins of the 
Baltic Sea, bounded by Finnish coast, namely, the Bothnian Bay (ICES 
sub-division i.e. SD 31), the Bothnian Sea (SD 30), the Archipelago Sea 
(SD 29) and the Gulf of Finland (SD 32). 

The samples of Baltic fish were collected from catches of commercial 
fisheries, covering the main fishing areas and seasons of each species. 
The most important fishing areas for each sampled species were defined 
based on catch statistics and the aim was to compile each pooled sample 
from several catches and different statistical rectangles, when possible. 
The fish species that were chosen for investigation in the Baltic Sea were 
Baltic herring (Clupea harengus membras) that were sampled in autumn 
and spring, sprat (Sprattus sprattus), salmon (Salmo salar), vendace 
(Coregonus albula), whitefish (Coregonus lavaretus), pike (Exos lucius), 
pike-perch (Sander lucioperca), perch (Perca fluviatilis), burbot (Lota 
lota), smelt (Osmerus eperlanus), roach (Rutilus rutilus), bream (Abramis 
brama), and lamprey (Lampetra fluviatilis), which were caught in the 
Rivers Kymijoki, Kokemäenjoki, Perhojoki, Kalajoki and Iijoki during 
spawning migration. 

Smelt were also caught in the River Aurajoki, where they had 
migrated from the Baltic Sea for spawning. The freshwater species – 
vendace, whitefish, pike, pike-perch, and roach – were caught also in 
Lake Päijänne (south-central Finland), Lake Saimaa (south-eastern 
Finland), and Lake Oulujärvi (north-central Finland), which represent 
the large lakes in Finland. In addition, roe as an example of an important 
fish delicacy, was sampled from vendace caught in the Bothnian Bay and 
Lakes Oulujärvi, Päijänne and Saimaa. Fish sampling areas are shown in 
Fig. 1. Each sample/pool of fish was composed of 1–6 catches weighing 
according to largest catches among the sampling area rectangles. 

Pooled samples consisted of 3–30 individual fish, depending on the 
fish species and size. The sampled fish were transported frozen to the 
laboratory of the Finnish Food Authority in Helsinki, where samples 
were pooled according to species, size and sampling location and the 
pools were homogenized. The ages of fishes were determined by Luke 
from the characteristic bony structure for each species, except the age of 
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herring which was estimated from the length distribution by the 
gradient boosted machines (GBM) model (Friedman, 2001) relating to 
similar catches from the respective areas and from same month(s). The 
fat percentage of fish sample homogenates was determined gravimetri-
cally in the Finnish Institute for Health and Welfare (THL). Specific data 
on the fish species (mean length, mean weight, age and fat content) from 
each sampling location is presented in Table S1. The samples were kept 
frozen (− 20 ◦C) until preparation. All fish, except lamprey, were cleaned 
by removing the entrails and head. From the small-sized fish (vendace, 
smelt, sprat, herring, roach and perch), the head, guts, and tail were 
removed, and the skin was included in the pooled sample and also the 
vertebral column in case if it was so thin that it would also be edible. 
From the large-sized fish (salmon, pike, pike-perch, whitefish, burbot 
and bream), a cutlet was taken. The skin, tail, fins, vertebral column, and 
largest bones were discarded, but muscle and subcutaneous fat were 
homogenized to form pooled sample according to the EU directive 
2017/644 (EC, 2017a). The sample fish were shredded into small shreds, 
and for the pooled sample, same amount was taken from each sample 
fish. If the sample was very small and the sample fish were relatively the 
same size, the cleaned fish as such were taken for analysis (e.g., vendace 
and herring). Part of the homogenates were transported to the labora-
tory of THL where PFAA analysis was performed. The 13 PFAAs ana-
lysed in the study samples are: perfluorohexanoic acid (PFHxA), 
perfluoroheptanoic acid (PFHpA), PFOA, PFNA, perfluorodecanoic acid 
(PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic acid 
(PFDoDA), perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic 
acid (PFTeDA), PFHxS, perfluoroheptane sulfonate (PFHpS), PFOS, and 
perfluorodecane sulfonate (PFDS). The homogenized fish samples were 
freeze-dried and stored frozen until PFAA analysis. 

Details of chemicals and reagents used in this study are given in 
sections “Chemicals and reagents” and in Table S2 of the supplementary 
material. Information about the sample treatment and instrumental 
analysis are provided in section “sample treatment and instrumental 
analysis” of the supplementary material. Limit of quantification (LOQ) 
of individual PFAAs are provided in Table S3. The analytical method 

performance details are listed in Table S4. 

2.2. Statistical analysis 

In statistical calculations, results < LOQ were treated following 
technical specifications for chemical analysis and monitoring of water 
status in accordance with Directive 2000/60/EC (2009/90/EC) (EC, 
2009). A single PFAA result < LOQ was set to LOQ/2 and the total PFAA 
(
∑

PFAA) was calculated as the sum of 13 investigated PFAAs where 
concentrations < LOQ for individual PFAA were set to ‘0’. However, 
median concentrations by fish species and catch area were calculated if 
data from more than one pooled sample were available instead of mean 
referred to in Directive (2009)/90/EC. If median for individual PFAA is 
<LOQ, the value is referred to as < LOQ. In case of fish collected from 
lakes, one pooled sample was available for PFAA analysis. Also, for some 
Baltic Sea species, namely, pike, pike-perch, burbot, lamprey and 
Bothnian Bay catch of bream, only 1 pooled sample was available for 
PFAA analysis. 

Correlation between the total PFAA concentration (lower bound 
concentrations of 13 investigated PFAAs) and the biometric character-
istics (weight, age and fat percentage) of fish were studied using Pear-
son’s and Spearman’s correlation analysis. Normality of the data was 
evaluated using Kolmogorov–Smirnov test. Significance was set at 95% 
(p < 0.05) for analyses. Due to small number of samples within sampling 
areas for most species, samples were pooled by species across Baltic Sea 
sub-basins for this analysis. 

For Baltic herring only, one-way analysis of variance (ANOVA) with 
Tukey’s honestly significant difference (HSD) post-hoc test was per-
formed to assess differences in PFOS and ΣPFAA concentrations across 
the Baltic Sea sampling sites. For most species differences between the 
PFAA concentrations across the sampling sites were examined only 
graphically due to limited sample size (n < 5) within a geographic 
location. 

Regression analysis was performed to investigate dependency of 
herring length on the 

∑
PFAA and PFOS concentrations within different 

Fig. 1. Fish sampling areas in the Baltic Sea and the selected freshwater locations in Finland. Sampling locations in the Baltic Sea are presented as ICES Sub-divisions 
(SD’s) of the International Council for the Exploration of the Sea (ICES) and statistical rectangles from the Finnish Fisheries Statistics (55 × 55 km in size). Details of 
the samples are provided in Table S1. 
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Baltic Sea sampling sites. 
For species (salmon, whitefish, pike, perch, burbot) that had com-

parable sampling in 2009–2010 and 2016–2017, differences of PFOS 
and 

∑
PFAA concentrations were examined graphically by sampling 

years. For Bothnian Sea herring, this comparison was broken down to 
two size classes (16–18 cm, 18–22 cm). The ΣPFAAs from both periods 
(2009–2010 and 2016–2017) have the same composition and comprise 
of the sum of the concentrations of the 13 PFAAs (mentioned in section 
2.1). All statistical analyses were performed using IBM SPSS Statistics 26 
software. 

2.3. Exposure assessment – contribution of fish consumption on human 
exposure to 

∑
PFAS-4 

Exposure of Finnish human population to 
∑

PFAS-4 via fish con-
sumption was examined for Baltic fish in this study. Weekly intake of 
∑

PFAS-4 (WI, ng/week/kg) is calculated by the formulae given in Eq. 
(1), assuming, weekly consumption of 46 g (average wild-caught fish 
consumption by Finnish population) (Luke, 2019) and 200 g fish (rec-
ommended fish consumption by Finnish Food Authority) (Ruokavirasto, 
2020) for an adult Finnish person with a body weight of 70 kg (excluding 
infants, children, pregnant women and women who are breastfeeding). 

WI =C∑PFAS− 4 ×
Weekly fish consumption

Body weight
Eq. (1)  

where, C∑
PFAS-4 represents the sum concentration of 

∑
PFAS-4 in the 

consumed fish meat (ng g− 1 ww). In the calculation of 
∑

PFAS-4, PFAA 
concentrations < LOQ were substituted with ‘0’ to estimate lower-bound 
exposure (EC, 2009). 

3. Results and discussion 

PFAA concentrations were investigated in 13 and 5 fish species from 
the Baltic Sea and Finnish lakes, respectively. All the fish species caught 
for investigation from the sampling locations of the Baltic sub-basins and 
freshwaters were found to be contaminated by a range of PFAAs. PFOS 

was detected in 97% of the collected fish samples and at relatively 
higher concentrations as compared to other analysed PFAAs. PFNA, 
PFDA and PFUnDA were detected in 67%, 54% and 61% of the samples, 
respectively. PFOA was detected only in Baltic herring and smelt sam-
ples, in contrast to its ubiquitous presence in environmental matrices 
and humans (Faxneld et al., 2016; Koponen et al., 2018; Junttila et al., 
2019; Kedikoglou et al., 2019; Kärrman et al., 2019; de Wit et al., 2020). 
Some PFAAs, particularly PFHxA, PFHpA, PFTeDA, PFHpS and PFDS, 
were not detected in any of the samples. Similar observations were re-
ported for Baltic fish in prior monitoring studies (Berger et al., 2009; 
Koponen et al., 2015; Junttila et al., 2019). PFHxA, PFTeDA, PFHpS and 
PFDS were previously detected in perch samples in Finland, with 
PFTeDA being detected in 58% of the studied perch samples caught 
during 2014–2016 (Junttila et al., 2019). The LOQ of PFTeDa in the 
present study and Junttila et al. (2019) are 0.37 and 0.04 ng g− 1 

respectively, which might explain the higher detection frequency in the 
latter study. 

3.1.
∑

PFAA concentrations across the Finnish Baltic Sea sub-basins 

∑
PFAA concentrations in fish species, collected from different areas 

of the Baltic Sea, varied from 1.43 to 33.1 ng g− 1 ww. Overall Baltic Sea 
median 

∑
PFAA concentrations by species followed the order: smelt >

lamprey > vendace > herring > salmon > perch > pike > bream >
pike–perch > sprat > whitefish > roach > burbot (Fig. 2 and Table S5). 

Median 
∑

PFAA concentration in smelt from the Bothnian Sea 
(south) was the highest (33.1 ng g− 1 ww), owing primarily to the 
elevated concentrations of PFOS (15.2 ng g− 1 ww) as compared to other 
fish samples collected in this study. Also smelt that were caught in the 
River Aurajoki (from proximity of the city of Turku – the third largest 
Finnish urban area) had high median 

∑
PFAA and PFOS concentration 

of 25.4 ng g− 1 ww and 12.0 ng g− 1 ww, respectively. The smelt caught in 
the River Aurajoki is a sea dwelling fish that feeds in the Baltic Sea and 
enters the river only for spawning and spend overall very little time in 
the river (1–2 weeks). The Aurajoki and southern Bothnian Sea smelt 
samples are collected ~70 km apart from each other; hence, the 

∑
PFAA 

Fig. 2. ∑PFAA concentration (ng g− 1 ww) grouped by species and capture location in the Baltic Sea. (Note: For pike–perch, sprat, salmon, lamprey, vendace and 
smelt, samples were collected from limited Baltic sub-basins). 
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concentration (25.4 ng g− 1 ww and 33.1 ng g− 1 ww) in the two samples 
are quite similar. This is the first study reporting PFAA concentrations in 
Baltic Sea smelt. However, Bergman et al. (2017) reported similarly high 
PFOS concentration (11–38 ng g− 1 ww) in smelt as compared to other 
fish species at similar or higher trophic levels from Lake Vättern in 
Sweden, which drains into the Baltic Sea. 

Following smelt, next highest overall median 
∑

PFAA concentrations 
were found in lamprey (median: 5.86 ng g− 1 ww) and vendace (median: 
5.75 ng g− 1 ww), although concentrations in these species were actually 
much closer to roach (median: 1.45 ng g− 1 ww) and burbot (median: 
1.43 ng g− 1 ww) which had lowest 

∑
PFAA concentrations. These ob-

servations differ from those reported in previous studies (Berger et al., 
2009; Koponen et al., 2015). Berger et al. (2009) found highest PFAA 
concentrations in whitefish and perch and lowest in burbot and salmon 
from Swedish Baltic coast. Koponen et al. (2015) reported highest me-
dian 

∑
PFAA concentrations in salmon and pike-perch, and lowest in 

burbot and vendace. 
However, it should be noted that in the present study, vendace was 

collected only from the Bothnian Bay, where vendace lives due to low 
salinity. The median PFOS concentration in vendace in the current study 
was 2.70 ng g− 1 ww whereas, Bergman et al. (2017) reported higher 
PFOS concentrations (11.2–20.8 ng g− 1 ww) in vendace caught in Lake 
Vättern in Sweden in 2016. Feeding ecology could partially explain the 
difference in 

∑
PFAA concentrations in the Baltic fish species. For 

example, vendace preys completely on zooplankton (like sprat, which 
however lives in higher salinities). Smelt and whitefish (and herring) 
prey on zooplankton and benthic invertebrates, sometimes also fish fry. 
Large-sized whitefish may feed more on benthic invertebrates. In addi-
tion, the higher accumulation of 

∑
PFAA in vendace and herring in the 

Bothnian Bay compared to predatory fish indicates that bio-
magnification of PFASs in piscivorous food webs is unlikely, as detected 
by Kelly et al. (2009). However, biomagnification of PFAAs in fish via 
dietary uptake has been previously reported (Houde et al., 2008; Munoz 
et al., 2017; Simonnet-Laprade et al., 2019), and cannot be completely 
ruled out based on our conclusions alone, because investigation of 
important biomagnification parameters e.g. (i) other exposure sources 
(intake from water and air), (ii) predator-prey biomagnification factors 
in controlled laboratory environment wherein steady state distribution 
between water and fish tissues are reached, and (iii) uptake of precursors 
followed by their transformation to PFAAs in fish, as discussed by 
Franklin et al. (2016), was beyond the scope of our study. 

From Bothnian Bay vendace, 
∑

PFAA concentration in roe (32.4 ng 
g− 1 ww) was six times higher than in the muscle (5.8 ng g− 1 ww). 
Previous studies also demonstrated that accumulation of PFASs is higher 
in fish eggs as compared to fish muscle (Peng et al., 2010; Shi et al., 
2012). Owing to their proteinophilic nature (Kelly et al., 2009), PFAAs 
tend to accumulate in the liver of oviparous vertebrates (Shi et al., 
2012), where vitellogenin - a large phospholipoglycoprotein - is syn-
thesised. Vitellogenin (loaded with various nutrients and xenobiotics) is 
transported via blood into growing oocytes in the ovaries (Mommsen 
and Walsh, 1988). Therefore, maternal transfer pathway could very well 
explain the presence of higher concentrations of PFAAs in vendace roe 
(Kannan et al., 2004; Ulhaq et al., 2015). However, in both cases, apart 
from PFOS, long-chain PFCAs (PFNA, PFDA, PFUnDA) were the pre-
dominating homologues. 

The Bothnian Bay receives relatively high 
∑

PFAA load from three 
major rivers of Finland (River Oulujoki: 12 kg/y, River Kemijoki: 15 kg/ 
y and River Tornionjoki: 3.4 kg/y) (Junttila et al., 2019). Contribution of 
PFOA (9–18%) and PFHpA (3–34%) to the total PFAS load is higher in 
most of the Finnish rivers in comparison to PFOS (up to 17%) (Junttila 
et al., 2019). Contribution of PFOS to total PFAA loads discharged by 
rivers into the sea in other parts of Europe also remains low e.g., in the 
Italian river basins contribution of PFOS (6%) to total PFAA load is less 
than that of PFOA (32%) (Valsecchi et al., 2015). PFAA concentrations 
in the 3 aforementioned Finnish rivers are not especially high, but the 
loads grow large due to high water flow. This partially explains the high 

PFAA concentrations in the Bothnian Bay herring. Apart from the in-
fluence of local emissions, fish behaviour (migratory versus 
non-migratory fish) explains the variation of 

∑
PFAA and the occurring 

PFAA profile patterns across species. For example, sprat does not 
reproduce in the areas where they were sampled but migrate annually 
from the Baltic Proper. Also, the sampled salmon were assumed to be 
individuals migrating from the Baltic Proper to spawn in the northern 
rivers. The other factor that could contribute to spatial differences of 
∑

PFAA is the geographical setting of Baltic sub-basins – the Bothnian 
Bay and Bothnian Sea – which are quite isolated from the more south-
ern/eastern parts of the Finnish areas of the Baltic Sea, and can explain 
the spatial difference observed in 

∑
PFAA in study samples. Due to the 

northern location of the Bothnian Bay, fish grow there more slowly than 
in the more southern Baltic Sea, that may result in higher accumulation 
of persistent organic pollutants in herring population of the Bothnian 
Bay (Vuorinen et al., 2004; Airaksinen et al., 2014). However, com-
pound specific accumulation even in the same sea area is highly 
species-specific suggesting variable behavior and toxicokinetics. 

3.2. Concentrations of different PFAAs in Baltic Sea sub-basins and lakes 

The concentrations and patterns of different PFAAs are presented for 
selected fish species caught from the Baltic sub-basins in Fig. 3, Finnish 
inland waters in Fig. 4 and remaining Baltic species in supplementary 
material (Fig. S1(a–d) and Table S6). The predominant compound in 
fish caught in the Baltic sub-basins was PFOS (<LOQ–15.2 ng g− 1 ww; 
overall median: 1.65 ng g− 1 ww) followed by PFNA (<LOQ–11.0 ng g− 1 

ww) and PFDA (<LOQ–3.30 ng g− 1 ww). Dominance of PFOS in fish 
caught in marine and coastal areas of southern Finland was previously 
reported by Junttila et al. (2019). In the current study, distribution of 
PFOS in herring, the most important species in the Finnish commercial 
fishery, was quite homogeneous in most Baltic sub-basins (median: 
1.90–3.40 ng g− 1 ww). However, ANOVA test showed significant dif-
ference (p = 0.021) for 

∑
PFAA between different Baltic Sea sub-basins, 

that was mainly driven by higher concentrations in the Bothnian Bay 
(See Fig. 3). Similar PFOS concentrations, 0.3–3.4 ng g− 1 ww, were 
found in herring muscle samples from Baltic sites in Sweden (Faxneld 
et al., 2014). However, compared to our results, slightly lower PFOS 
concentration (mean: 0.49 ng g− 1 ww; max: 1,6 ng g− 1 ww) in herring, 
caught during 2014–2016 in the Baltic sea areas of Finland (Junttila 
et al., 2019) and in herring caught in the UK and the European coastal 
North Atlantic (range: 0.16–1.84 ng g− 1 ww, mean: 0.59 ng g− 1 ww) 
(Fernandes et al., 2018). 

Following PFOS, PFNA and PFUnDA had the next highest PFAA 
concentrations. Highest PFNA and PFUnDA concentrations were detec-
ted in smelt from the Bothnian Sea (median PFNA: 11.0 ng g− 1 ww) and 
Archipelago Sea (median PFUnDA: 2.65 ng g− 1 ww), respectively 
(Table S5). PFOA and PFTrDA were minor contributors to overall 
contamination of PFAAs in fish in all the investigated Baltic sub-basins. 
In this study, PFOA was detected only in Baltic herring (<LOQ–1.20 ng 
g− 1 ww) and smelt (<LOQ – 0.52 ng g− 1 ww) (Table S6), in contrast to 
its occurrence in rivers of Finland and in the Baltic Sea (Nguyen et al., 
2017; Junttila et al., 2019). PFOA accumulation specifically in herring 
and non–detectable concentrations of PFOA in other fish species has 
been previously reported (Koponen et al., 2015; Junttila et al., 2019). 
The discordant tendency for PFOA concentration in Baltic herring and 
smelt compared to other studied species could be explained by dietary 
and/or behavioural factors and/or other species–specific toxicokinetic 
behaviour. 

Detailed percent contributions of individual homologues to 
∑

PFAA 
in Baltic Sea fish are given in Fig. S3(a). 

In comparison to species from the Baltic Sea, six homologues (PFOS, 
PFTrDA, PFDoDA, PFUnDA, PFDA) were detected in fish from the three 
investigated lakes (Lake Päijänne, Lake Saimaa and Lake Oulujärvi). 
PFUnDA, PFTrDA and PFOS dominated the PFAA profile in the fish from 
inland waters. Overall median 

∑
PFAA concentration across all fish 
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Fig. 3. Median 
∑

PFAA concentration and corresponding PFAA homologue profiles in herring, sprat and salmon samples from the Baltic Sea sub-basins.  

Fig. 4. Median 
∑

PFAA concentration and corresponding PFAA homologue profiles in Finland’s lake fish species.  
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species was highest in Lake Päijänne (1.7 ng g− 1 ww), followed by Lake 
Saimaa (1.4 ng g− 1 ww) and Lake Oulujärvi (0.9 ng g− 1 ww) (Fig. 4). The 
∑

PFAA concentration in individual species of fish from lakes varied 
from 0.0 ng g− 1 ww in whitefish from Lake Saimaa to 4.8 ng g− 1 ww in 
pike-perch from Lake Päijänne. 

The concentration of PFOS ranged from <LOQ in whitefish and 
roach from Lake Oulujärvi to 1.5 ng g− 1 ww in pike-perch from Lake 
Päijänne. PFOS concentration in vendace was highest (1.10 ng g− 1 ww) 
in Lake Päijänne and lowest in Lake Oulujärvi (<LOQ). Bergman et al. 
(2017) reported higher PFOS (median: 14 ng g− 1 ww) and PFNA con-
centrations (0.8 ng g− 1 ww) in vendace caught from Lake Vättern. 
Overall, PFAAs concentrations in fish species in Finnish lakes are low. 

Compared to Baltic Sea, concentration ratios of PFOS to other PFAAs 
in lakes were very different. Ratios were calculated to deduce the 
pollution pattern in selected fish species from the Finnish freshwaters 
and the Baltic Sea (Table S7). The comparison was made between PFOS 
versus other homologues because the former is the legacy PFAS com-
pound and it typically dominates the PFAS profiles in biota samples 
(Kärrman et al., 2019). Only results > LOQ were included in the com-
parison. Pike and roach from the Baltic Sea sub-basins had significantly 
higher median PFOS/PFUnDA ratios than the same species from inland 
waters. This suggests that pollution pattern is different in fish species 
from freshwaters and the Baltic Sea, driven by relatively higher PFOS 
contamination compared to PFUnDA in the Baltic Sea fish than in fish 
from the inland waters. The roach in the Baltic Sea had also significantly 
higher PFOS/PFTrDA ratio compared to the roach in lakes. Overall, in 
species from freshwaters long-chain PFCAs dominated rather than PFOS 
(Figs. 3–4, Fig. S1(a-d)). Similarly, PFUnDA and PFTrDA dominated in 
perch caught in a pristine small lake (Valkea-Kotinen) in Finland, which 
receives only atmospheric input, followed by PFOS, PFDoDA and PFDA 
(Junttila et al., 2019). Sum concentration of PFUnDA and PFTrDA in 
Valkea-Kotinen was 0.32 ng g− 1 ww and was about one-third of the 
median sum concentration of these compounds in other inland sampling 
sites. C9–C14 PFCAs (such as PFUnDA and PFTrDA) may be present as 
impurities in PFCAs (<C9) manufacturing or are degradation products 
of precursors (ECHA, 2018). This indicates that atmospheric input is 
rather important source of PFCAs at some sites, but higher concentra-
tions can likely be explained by local pressures. 

The concentrations of 
∑

PFAAs in freshwater vendace roe were 
highest in Lake Saimaa (21.3 ng g− 1 ww), followed by Lake Päijänne 
(11.9 ng g− 1 ww) and Lake Oulujärvi (6.52 ng g− 1 ww) samples. 
Interestingly, PFUnDA (5.80 ng g− 1 ww) and PFTrDA (6.30 ng g− 1 ww) 
in Lake Saimaa and Oulunjärvi were present in higher concentration as 
compared to PFOS (3.40 ng g− 1 ww) in vendace roe sample which could 
be presumably due to the difference in load of pollution in the three 
lakes. On the contrary, 

∑
PFAA concentration in vendace did not follow 

similar pattern; it was highest in Lake Päijänne (3.04 ng g− 1 ww), fol-
lowed by Lake Saimaa (1.38 ng g− 1 ww) and Lake Oulujärvi (0.52 ng g− 1 

ww) samples (Table S6). Detailed percent contributions of individual 
homologues to 

∑
PFAA in freshwater fish are given in Fig. S3(b). 

3.3. Change in PFAA concentrations in Baltic fish species over time 

An analysis of temporal trends of PFAAs in fish species from the 
Baltic Sea is of interest for assessing the effectiveness of regulatory ac-
tions and industrial shifts and for monitoring contaminant load in fish. 
However, limited data is available on the continued temporal trend 
monitoring of PFASs in fish in Finnish freshwaters and the Baltic Sea 
basins. Additionally, PFAS monitoring in the Baltic Sea has focused on a 
few commercially important fish (e.g. herring, cod, perch, and pike). 
The HELCOM holistic assessment 2011–2016 included PFOS as the only 
indicator of hazardous PFASs for evaluating contamination in Baltic Sea 
fish, therefore, trend data is not available for other homologues (HEL-
COM, 2018). Also, PFOS monitoring stations for biota in the HELCOM 
assessment of the Baltic Sea are specific reference stations with no local 
pollution, thereby, local areas in the Baltic Sea with higher PFOS load 

are not monitored. 
The current study is a part of the follow-up of ‘EU-fish’ project un-

dertaken previously during 2001–2003 and 2009–2010 (Hallikainen 
et al., 2004, 2011). However, PFAAs were not measured in the samples 
collected during 2001–2003, but monitoring was conducted in fish 
samples collected during 2009–2010 (Koponen et al., 2015). The species 
collected from the Baltic Sea in both sampling occasions (2009–2010 
and 2016–2017) were herring, salmon, vendace, perch, pike, 
pike-perch, burbot, and whitefish. 

∑
PFAA concentration, in vendace 

from the Bothnian Bay in the current study (5.75 ng g− 1 ww) is five times 
higher than in the samples obtained during the previous monitoring 
study in 2009–2010 (1.22 ng g− 1 ww) (Koponen et al., 2015). A large 
increase in 

∑
PFAA concentration was also observed in Baltic herring 

and pike with largest contribution from PFOS (Fig. S2 (a and b)). In 
particular, 

∑
PFAA concentrations in small herring (16–18 cm in length) 

were notably higher in 2016 vs 2009 samples compared to that in larger 
herring (18–22 cm in length) (Fig. S2 (a)). This may be attributed to 
increased contamination of selected prey by PFAAs other than PFOS 
between 2009 and 2016 combined with the variable preference of her-
ring towards different prey at different life stages. Small herring (16–18 
cm in length) feed on cladocerans and copepods (60%) and amphipoda 
(40%), whereas, larger herring prefer amphipods less until fish reaches 
length class of 24–25 cm (Dziaduch, 2011), which may explain the 
dissimilarity in PFAA concentrations in herring of varying length classes. 
Unfortunately, we have no information on the time trends of different 
PFAAs in herring’s prey. 

Our results are in line with the estimates of increasing trend for 
global annual emissions of C4–C14 PFCAs for the period of 1951–2002 
followed by a decrease and another increase up to 2012 (Wang et al., 
2014). Furthermore, due to PFOS’s persistence in the environment 
(Giesy and Kannan, 2001; Hekster et al., 2003), fast decrease in their 
concentrations in biota cannot be expected. Increasing trends for PFOS 
and long-chain PFCAs were reported for Baltic herring for the period 
1980–2010 as well (Bignert et al., 2016). In addition to PFOS, an 
increasing trend is also noticed for long-chain PFCAs (PFNA, PFDA, 
PFUnDA) in Baltic fish species in the present study. This is in accordance 
with Filipovic et al.’s (2013) PFAA mass balance estimate in the Baltic 
Sea stating the PFAA input to the Baltic Sea exceeding the output. 
Doubling time for the PFOS concentration in the Baltic Sea biota is 
estimated on the order of 5–10 years during 2000–2010 (Filipovic et al., 
2013). 

3.4. Correlation analysis of total PFAS load with biometric parameters of 
Baltic fishes 

Associations between total PFAS concentrations (ng g− 1 ww) in the 
fish species from the Baltic Sea and biological data of fish, including fish 
weight, length and fat was also investigated. Generally, fish weight and 
length did not seem to be well correlated with total PFAS concentrations 
for most fish species. Only for Baltic herring positive correlation with 
fish weight (r = 0.399, p < 0.05) and fish length (r = 0.434, p < 0.05) 
was observed. 

Bream had inverse correlation between fish weight and total PFAA 
load (r = − 0.728, p < 0.05). Outcomes from previous studies also sug-
gest that weight and length are not significant correlates of PFAA con-
centrations in fish (Guo et al., 2012; Gewurtz et al., 2014; Koponen et al., 
2015; Fair et al., 2019). However, some positive relationships between 
PFOS concentration and fish weight have been observed for tilapia 
(Tilapia aurea) and lake trout (Salvelinus namaycush) (Furdui et al., 2007; 
Pan et al., 2014) and with length in carp (Cyprinus carpio) (Gewurtz 
et al., 2014). Bioaccumulation factor for PFOS, which is contributing to 
maximum PFAA contamination in fish in the present study, could vary 
by an order of magnitude even within a narrow size range for individual 
fish species; thus a positive relationship between fish length and PFOS is 
not typically observed (Gewurtz et al., 2014; Bhavsar et al., 2016). 
Similarly, no significant association was observed between total PFAA 
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and fish fat. This was expected because PFAA distribution in fish is not 
dependent on lipophilicity, rather these compounds tend to bind to 
proteins (Kelly et al., 2009; Shi et al., 2012; Goodrow et al., 2020). Sprat 
(r = − 0.934, p < 0.01) and bream (r = − 0.704, p < 0.05) were the only 
two species for which an inverse correlation between PFASs and fish fat 
was observed, but this might be a chance finding resulting from the 
influence of other variables (such as location or other environmental 
factors). Likewise, no significant correlation was observed between the 
age and total PFAS concentration in fish, except for herring (r = 0.392, p 
< 0.05) for which the correlation was positive. A large inter-species 
variability in PFOS and PFOA concentrations in five wild marine fish 
species caught in the Mediterranean Sea was inferred to potentially 
result from multiple factors (Barbarossa et al., 2016). Correlation anal-
ysis suggests that these relationships are exceedingly species-specific 
and cannot be generalised for all species. Moreover, water and sedi-
ment concentrations of PFAS and their partitioning affinity to fish tissues 
from water/sediment influence the relative concentrations of PFAS in 
fish (Goodrow et al., 2020). 

Regression analysis between the herring length and 
∑

PFAA and 
PFOS concentrations within different Baltic Sea sub-basins showed sig-
nificant association only in the Bothnian Sea. Reason for this is unclear, 
but may be related to higher herring density and resulting feeding 
competition between different herring age/size classes. 

3.5. Compliance assessment 

In the Directive 2013/39/EU (EU, 2013), EQSbiota for PFOS is set at 
9.1 ng g− 1 ww. The compliance check of the investigated fish species in 
the current study shows that EQSbiota was exceeded for smelt caught in 
the southern Bothnian Sea (median concentration of PFOS: 15.2 ng g− 1 

ww) and River Aurajoki (median concentration of PFOS: 12.0 ng g− 1 

ww). In other species PFOS concentrations were well below the EQSbiota. 
In addition to the EQSbiota, we evaluated our results as compared to 

the EFSA’s newly derived TWI of 4.4 ng kg− 1 body weight week− 1 for 
∑

PFAS-4, i.e. PFOA, PFNA, PFHxS and PFOS (EFSA, 2020). The lower 
bound estimated intake for ΣPFAS-4 via fish consumption ranged from 

3.21 ng kg− 1 bw week− 1 to 66.5 ng kg− 1 bw week− 1 in case of roach and 
smelt consumption, respectively, assuming 200 g of weekly fish con-
sumption, corresponding to mean ΣPFAS-4 concentration of 1.12 ng g− 1 

ww in roach and 23.27 ng g− 1 ww in smelt. Corresponding to a portion 
size of 200 g of weekly fish consumption (Ruokavirasto, 2020), intake of 
∑

PFAS-4 would exceed TWI for 10 of 13 investigated fish species from 
the Baltic Sea, highest exposure occurring in case of smelt consumption 
(Fig. S4), thus, leaving no room for PFAS exposure from other dietary 
and environmental sources. Augustsson et al. (2021) came to a similar 
conclusion after observing rather high concentrations of PFAAs in 
Swedish freshwater fish. However, the actual average consumption of 
wild-caught fish in Finland was 46 g week− 1 in 2018 and that of smelt 
was marginal (Luke, 2019), which would correspond to exceedance of 
TWI for smelt only (Fig. 5). Following the 46 g week− 1 fish consumption, 
the estimated intake for ΣPFAS-4 ranged from 0.74 ng kg− 1 bw week− 1 

to 15.3 ng kg− 1 bw week− 1 in case of roach and smelt consumption, 
respectively. 

Therefore, lowering wild-caught fish consumption (from 200 to 46 g 
week− 1) can reduce the weekly intake of 

∑
PFAS-4 below EFSA TWI for 

an adult with a body weight of 70 kg, except in case of smelt (15.3 ng 
kg− 1 bw week− 1). Smelt consumption of 46 g week− 1 will result in the 
exceedance of the recommended TWI. It should be noted here that the 
latter estimation is based solely on the average fish consumption (46 g 
week− 1) while assuming that the fish concentrations of PFOA, PFNA, 
PFHxS and PFOS are same as used for estimating weekly intake in case of 
recommended fish meal portion (200 g week− 1). 

The estimated weekly intake of PFOS, which contributed between 46 
and 100% of ΣPFAA concentrations in the Baltic Sea fish, ranged from 
2.63 to 38.8 ng kg− 1 bw week− 1 for 200 g whitefish and smelt con-
sumption, respectively. Considering EFSA’s TWI values of PFOS (13 ng 
kg− 1 bw week− 1) and PFOA (6 ng kg− 1 bw week− 1) which were pro-
posed by EFSA in 2018 (EFSA, 2018), Finnish adults would exceed the 
limit for PFOS in case of 200 g of smelt consumption only, but the PFOA 
safety threshold will not be exceeded for any of the fish species. Similar 
findings of non-exceedance of PFOS and PFOA thresholds were reported 
for adults in Greece (Costopoulou et al., 2022), where fish and eggs 

Fig. 5. Comparison of 
∑

PFAS-4 intake by Baltic Sea fish species with respect to tolerable weekly intake using average consumption of wild-caught fish of 46 
g week− 1. 
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account for about 50% of dietary exposure to PFOA and PFOS (Kedi-
koglou et al., 2019). 

Nonetheless, this highlights a need for continuous monitoring of 
PFASs in fish and humans, as well as periodic re-assessment of health 
benefit versus risk of PFAS exposure via fish consumption to protect the 
health of the humans and of the Baltic Sea ecosystem. 

4. Conclusions 

This monitoring study confirms the presence of a mix of PFAAs in the 
fishes of the Baltic Sea and Finnish inland lakes. PFAAs accumulation in 
fish is dominated by PFOS which is the consequence of its extensive 
industrial use globally and its extreme environmental persistency and 
mobility which resulted in its transport to the Baltic Sea via river inflow 
and atmospheric deposition. In the current study, PFOS was detected in 
all fish species tested at all selected locations in the Baltic Sea, with smelt 
being the most contaminated species. Long-chain PFCAs (PFNA, PFDA, 
PFUnDA) were also frequently detected in both Baltic and freshwater 
fish. Time period comparison indicates that PFOS concentration have 
not declined in any of the species. Overall, 

∑
PFAA concentrations in the 

fishes in the Finnish lakes are lower than in the Baltic Sea, but the 
relative proportion of long chain PFCAs are much higher in the studied 
lakes. Non-compliance of environmental quality standard (EQSbiota) for 
PFOS was only observed in smelt samples. Moderate consumption of 
most Baltic fishes (200 g week− 1) results in an exceedance of 

∑
PFAS-4 

TWI derived by EFSA, which warrants continued monitoring of a range 
of fish species. Also, additional PFAS homologues or at least the 

∑
PFAS- 

4 must be monitored in the fishes of the Baltic Sea and inland waters 
rather than PFOS only, to track the use and occurrence of PFASs that 
have replaced PFOS and related chemicals and for their temporal 
assessments. 
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Mannio, J., 2019. PFASs in Finnish rivers and fish and the loading of PFASs to the 
Baltic sea. Water 11, 870. 

Kannan, K., Corsolini, S., Falandysz, J., Fillmann, G., Kumar, K.S., Loganathan, B.G., 
Mohd, M.A., Olivero, J., Wouwe, N.V., Yang, J.H., Aldous, K.M., 2004. 

Perfluorooctanesulfonate and related fluorochemicals in human blood from several 
countries. Environ. Sci. Technol. 38, 4489–4495. 

Kärrman, A., Wang, T., Kallenborn, R., Langseter, A.M., Grønhovd, S.M., Ræder, E.M., 
Lyche, J.L., Yeung, L., Chen, F., Eriksson, U., Aro, R., Fredriksson, F., 2019. PFASs in 
the Nordic Environment. Screening of Poly- and Perfluoroalkyl Substances (PFASs) 
and Extractable Organic Fluorine (EOF) in the Nordic Environment. 

Kedikoglou, K., Costopoulou, D., Vassiliadou, I., Leondiadis, L., 2019. Preliminary 
assessment of general population exposure to perfluoroalkyl substances through diet 
in Greece. Environ. Res. 177, 108617. 

Kelly, B.C., Ikonomou, M.G., Blair, J.D., Surridge, B., Hoover, D., Grace, R., Gobas, F.A.P. 
C., 2009. Perfluoroalkyl contaminants in an Arctic marine food web: trophic 
magnification and wildlife exposure. Environ. Sci. Technol. 43, 4037–4043. 

Koponen, J., Airaksinen, R., Hallikainen, A., Vuorinen, P.J., Mannio, J., Kiviranta, H., 
2015. Perfluoroalkyl acids in various edible Baltic, freshwater, and farmed fish in 
Finland. Chemosphere 129, 186–191. 

Koponen, J., Winkens, K., Airaksinen, R., Berger, U., Vestergren, R., Cousins, I.T., 
Karvonen, A.M., Pekkanen, J., Kiviranta, H., 2018. Longitudinal trends of per- and 
polyfluoroalkyl substances in children’s serum. Environ. Int. 121, 591–599. 

Luke, 2019. Ruoka- ja luonnonvaratilastojen e-vuosikirja. Luonnonvara- ja biotalouden 
tutkimus 86/2019, 115 (In Finnish).  

Mancini, F.R., Cano-Sancho, G., Gambaretti, J., Marchand, P., Boutron-Ruault, M.-C., 
Severi, G., Arveux, P., Antignac, J.-P., Kvaskoff, M., 2020. Perfluorinated alkylated 
substances serum concentration and breast cancer risk: evidence from a nested case- 
control study in the French E3N cohort. Int. J. Cancer 146, 917–928. 

Martin, J.W., Whittle, D.M., Muir, D.C.G., Mabury, S.A., 2004. Perfluoroalkyl 
contaminants in a food web from lake Ontario. Environ. Sci. Technol. 38, 
5379–5385. 

Mommsen, T.P., Walsh, P.J., 1988. Vitellogenesis and oocyte assembly. In: Fish 
Physiology, Volume XI, the Physiology of Developing Fish, Part A Eggs and Larvae. 
Academic Press, London, pp. 347–406. 

Muir, D., Bossi, R., Carlsson, P., Evans, M., De Silva, A., Halsall, C., Rauert, C., Herzke, D., 
Hung, H., Letcher, R., Riget, F., Roos, A., 2019. Levels and trends of poly- and 
perfluoroalkyl substances in the Arctic environment - an update. Emerging 
Contaminants 5, 240–271. 

Munoz, G., Budzinski, H., Babut, M., Drouineau, H., Lauzent, M., Menach, K.L., Lobry, J., 
Selleslagh, J., Simonnet-Laprade, C., Labadie, P., 2017. Evidence for the trophic 
transfer of perfluoroalkylated substances in a temperate macrotidal estuary. Environ. 
Sci. Technol. 51, 8450–8459. 

Munschy, C., Bely, N., Heas-Moisan, K., Olivier, N., Pollono, C., Hollanda, S., Bodin, N., 
2020. Tissue-specific bioaccumulation of a wide range of legacy and emerging 
persistent organic contaminants in swordfish (Xiphias gladius) from Seychelles, 
Western Indian Ocean. Mar. Pollut. Bull. 158, 111436. 

Ng, C.A., Hungerbuhler, K., 2013. Bioconcentration of perfluorinated alkyl acids: how 
important is specific binding? Environ. Sci. Technol. 47, 7214–7223. 

Nguyen, M.A., Wiberg, K., Ribeli, E., Josefsson, S., Futter, M., Gustavsson, J., Ahrens, L., 
2017. Spatial distribution and source tracing of per- and polyfluoroalkyl substances 
(PFASs) in surface water in Northern Europe. Environ. Pollut. 220, 1438–1446. 

Pan, C.-G., Zhao, J.-L., Liu, Y.-S., Zhang, Q.-Q., Chen, Z.-F., Lai, H.-J., Peng, F.-J., Liu, S.- 
S., Ying, G.-G., 2014. Bioaccumulation and risk assessment of per- and 
polyfluoroalkyl substances in wild freshwater fish from rivers in the Pearl River 
Delta region, South China. Ecotoxicol. Environ. Saf. 107, 192–199. 

Peng, H., Wei, Q., Wan, Y., Giesy, J.P., Li, L., Hu, J., 2010. Tissue distribution and 
maternal transfer of poly- and perfluorinated compounds in Chinese sturgeon 
(Acipenser sinensis): implications for reproductive risk. Environ. Sci. Technol. 44, 
1868–1874. 

Ruokavirasto, 2020. Safe Use of Fish - Finnish Food Authority. Finland. https://www.ruo 
kavirasto.fi/en/private-persons/information-on-food/instructions-for-safe-use-of 
-foodstuffs/safe-use-of-foodstuffs/safe-use-of-fish/. (Accessed  August 2021). 

Sadia, M., Yeung, L.W.Y., Fiedler, H., 2020. Trace level analyses of selected 
perfluoroalkyl acids in food: method development and data generation. Environ. 
Pollut. 263, 113721. 

Schultes, L., Sandblom, O., Broeg, K., Bignert, A., Benskin, J.P., 2020. Temporal trends 
(1981-2013) of per- and polyfluoroalkyl substances and total fluorine in Baltic cod 
(Gadus morhua). Environ. Toxicol. Chem. 39, 300–309. 

Shi, Y., Wang, J., Pan, Y., Cai, Y., 2012. Tissue distribution of perfluorinated compounds 
in farmed freshwater fish and human exposure by consumption. Environ. Toxicol. 
Chem. 31, 717–723. 

Simonnet-Laprade, C., Budzinski, H., Maciejewski, K., Le Menach, K., Santos, R., 
Alliot, F., Goutte, A., Labadie, P., 2019. Biomagnification of perfluoroalkyl acids 
(PFAAs) in the food web of an urban river: assessment of the trophic transfer of 
targeted and unknown precursors and implications. Environ. Sci.: Proc. Impacts 21, 
1864–1874. 

Stockholm Convention, 2000. United nations environment program’s Stockholm 
convention on persistent organic Pollutants.3 M. EPA and 3M announce phase out of 
PFOS. Available from: https://archive.epa.gov/epapages/newsroom_archive/newsre 
leases/33aa946e6cb11f35852568e1005246b4.html. 

Ulhaq, M., Sundström, M., Larsson, P., Gabrielsson, J., Bergman, Å., Norrgren, L., Örn, S., 
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