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Abstract

:

The concentrations of per- and polyfluoroalkyl substances (PFASs) in the Finnish aquatic environment were measured in riverine waters and in inland, coastal and open sea fish. In addition, the PFAS load to the Baltic Sea from 11 rivers was calculated. Measurements show that PFASs, including restricted perfluorooctane sulfonic acid (PFOS), are widely present in the Finnish aquatic environment. At three out of 45 sampling sites, the concentration of PFOS in fish exceeded the environmental quality standard (EQS) of the Water Framework Directive (WFD). The annual average (AA) ∑23PFAS concentration in surface waters ranged from 1.8 to 42 ng L−1 and the concentration of PFOS exceeded the AA-EQS in three out of 13 water bodies. In European perch (Perca fluviatilis) and Baltic herring (Clupea harengus membras), the ∑PFAS concentration ranged from 0.98 to 1 µg kg−1 f.w. (fresh weight) and from 0.2 to 2.4 µg kg−1 f.w., respectively. The highest concentrations in both surface water and fish were found in waters of southern Finland. The riverine export of ∑10PFAS to the Baltic Sea from individual rivers ranged from 0.4 kg yr−1 to 18 kg yr−1. PFAS concentrations in fish of point-source-polluted sites and coastal sites were higher compared to fish of open sea or diffusely polluted sites. The PFAS profiles in surface waters of background sites were different from other sites. This study shows that PFASs are widely found in the Finnish aquatic environment. Different PFAS profiles in samples from background areas and densely populated areas indicate diverse sources of PFASs. Although atmospheric deposition has a substantial influence on PFAS occurrence in remote areas, it is not the dominant source of all PFASs to the aquatic environment of Finland. Rather, wastewaters and presumably contaminated land areas are major sources of PFASs to this aquatic environment.
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1. Introduction


PFASs are used as surfactants in various branches of manufacturing, such as in the metal, textile, paper and electrical industries. In addition, firefighting foams are a major application of PFASs. PFASs end up in the environment from point sources (e.g., wastewater treatment plants (WWTPs)), contaminated land areas (e.g., firefighting training sites, sites where WWTP sludge has been used) or from diffuse sources (e.g., atmospheric deposition, scattered dwellings). However, there are no measurements on atmospheric deposition or a database on the locations of firefighting training areas in Finland.



PFASs are highly persistent in the environment. The estimated photochemical half-life of perfluorooctanoic acid (PFOA) is 256–25,000 years [1]. Perfluorooctane sulfonic acid (PFOS) is extremely recalcitrant against photolysis, hydrolysis and biodegradation [2]. PFASs travel long distances in the atmosphere and some are ubiquitous in the aquatic environment [3], even in remote Arctic areas [4,5,6]. Some PFASs bioaccumulate in aquatic food webs [4], and some PFASs are both acutely and chronically toxic to aquatic organisms [7].



Perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs) with a carbon length shorter than 7 or 6 carbons, respectively, have relatively low bioconcentration factors (BCFs) [8] and do not accumulate easily in fish tissue. Longer-chained PFASs are more bioaccumulative and tend to bind to particles [7]. Abbreviations of individual compounds are explained in Table 1.



The European Union’s Water Framework Directive (WFD) sets environmental quality standards (EQSs) for PFOS in fish (9.1 µg kg−1 fresh weight (f.w.).) and in fresh waters (annual average (AA) 0.65 ng L−1). The World Health Organization (WHO) recommends a limit of 4 µg L−1 for PFOS and 40 µg L−1 for PFOA in drinking water.



PFOS is already strongly abated in manufacturing industries since it was added to the Stockholm Convention’s list of persistent organic pollutants (POPs) in 2009. In the EU, the use of PFOS is regulated by POPs regulation (EC) No. 850/2004. PFOA and perfluorohexane sulfonic acid (PFHxS) have been nominated to be added to the Stockholm Convention POPs list, and a decision on listing PFOA, its salts and PFOA-related compounds is expected in May 2019. PFOA, PFHxS and PFDA are listed as substances of very high concern (SVHC candidate list) in the EU under REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) (1907/2006/EC). Restrictions on PFOA use in the EU (Annex XVII to REACH) will enter into force from 2020.



In industry, long-chained PFASs have increasingly been replaced by shorter-chained PFASs, especially by PFBS, PFBA and PFHxA and their derivatives [9,10,11,12,13,14]. Myriad PFASs are still used in industry, but the ecotoxicity and behaviour in environment of most of them are poorly known.



Previously, the presence of PFASs in the Finnish environment has been mainly studied in commercial fish stocks in marine areas [15]. To present a comprehensive view of the occurrence of both long- and short-chained PFASs in the aquatic environment, we report data for 23 PFAS compounds in limnic and marine fish and in surface waters in Finland in 2014–2016 and 2016–2017, respectively. Using results of surface water sampling, we calculate riverine loads from the Finnish mainland to the Baltic Sea. Additionally, by exploiting the limit values set for fish and water, we perform an initial assessment to suggest monitoring actions and subjects for future research.




2. Methods


2.1. Selection and Classification of Sampling Sites


Sampling sites of fish (Figure 1) were classified based on the anticipated dominant PFAS source of each site. Classification considered present and historical industrial activities, locations of WWTPs in relation to sampling sites and other relevant anthropogenic activities. All sampling sites for herring were classified as open sea regions, where the main PFAS source is mainly atmospheric deposition and to some extent riverine loading. In coastal sampling sites for perch, PFASs were expected to originate from both the riverine load and from wastewaters of industrial facilities and WWTPs of coastal towns. Sampling sites of limnic perch were divided into two classes: diffuse (atmospheric deposition, scattered dwellings) and point-source-polluted sites (industrial facilities, WWTPs). The surface water sampling sites were selected to cover all river basin districts (RBDs) of Finland, except for RBD 1 (bordering Russia and draining to Lake Ladoga) and RBD 7 (bordering Norway and Russia and draining to the Arctic Ocean). Thus, 11 rivers with moderate to high anthropogenic pressure in terms of expected PFAS load were selected for the study (Figure 1).



The catchments of the Kymijoki (W1), Porvoonjoki (W2) and Vantaanjoki (W3) rivers in southern Finland belong to RBD 2, which has more than 2 million residents. The catchment of the W3 in particular, which includes the Helsinki metropolitan area, is densely populated. The rivers on the west coast draining to the Archipelago Sea (Uskelanjoki (W4) and Aurajoki (W5)) and to the Bothnian Sea (Kokemäenjoki (W6) and Kyrönjoki (W7)) belong to RBD 3, which has almost 1.8 million residents. By contrast, the Tornionjoki (W11) river in Lapland has a large catchment, with only 39,000 residents on the Finnish side of the river.



Two sites, the outlet of Lake Valkea–Kotinen (W12) and the Pallasjoki (W13) river, were selected as background sites, in which anthropogenic pressures are low. These sites are characterised by remote location, and their PFAS load represents atmospheric load. The catchment of W12 consists of pristine forest and the only anthropogenic disturbance is atmospheric deposition. The catchment of the W13 in Lapland consists mainly of forest, bare fell region and swamps, with only a few residential buildings. All the studied water bodies, excluding background sites, receive effluents from WWTPs.




2.2. Surface Water Sampling and Sample Preparation


Riverine waters were sampled 8–10 times (Table 2) between October 2016 and August 2017 without taking into account changes in flow (e.g., not flow-proportionally). The samples were taken with a Limnos sampler from the middle of the stream at 1 m depth where possible. The samples were stored in 0.5 L high-density polyethylene bottles. At every sampling site, at least one duplicate sample was obtained, and at four sites (W1, W2, W10 and W12), a field blank was also prepared for analysis. Unfiltered samples were kept cool during transport and frozen in the laboratory until analysis.




2.3. Fish Sampling and Sample Preparation


Perch and herrings were caught during 2014–2016. The lengths of coastal and limnic perch and herrings selected for analysis were 18–23 cm, 15–20 cm and >15 cm, respectively. Sampling information on the perch is presented in the Table S1. Females were preferred and fish were mainly caught outside the spawning period (in summer or autumn). All sampled herrings were female. Sampled perch were approximately 3–5 years old.



The fish were gutted and filleted. The skin was removed from herrings, whereas for perch samples, only the scales were removed. The samples were pooled and homogenised. Samples were stored frozen (−20 °C) until the analysis. One pooled sample contained 9–30 perch or 2–5 herrings.




2.4. Analytical Methods


Sample analysis was performed at the Finnish Environment Institute, which is accredited by the Finnish Accreditation Service (FINAS) as an environmental testing laboratory (T003) following the standard SFS-EN ISO/IEC 17025. Altogether, 23 different PFASs were analysed from the samples, except for PFPeA, which was not analysed from the herrings owing to matrix interference. Furthermore, FOSA, N-EtFOSA, 4:2 FTSA, 6:2 FTSA and 8:2 FTSA were not analysed from fish samples taken prior to 2016. All 23 PFASs were analysed from water samples (total number of samples: 104).



The water samples were kept in ultrasonic infusion for 10 min and after that shaken vigorously. An aliquot of 100 mL was taken and spiked with mass-labelled internal standards (PFCA 13C4, 13C6, 13C8-13C12, 13C14 and 13C16, PFSA 18O-C6 and 13C8, 13C8-FOSA, d5-N-EtFOSA, 13C2-4:2 FTSA, 13C2-6:2 FTSA and 13C2-8:2 FTSA). Sample pH was adjusted to 3 with formic acid. The samples were extracted with solid phase extraction using Oasis WAX cartridges (Waters, Milford, MA, USA).



The fish samples were homogenised and a subsample of 5.0 g was weighed into a polypropylene (PP) tube and spiked with the abovementioned internal standards. Samples were extracted with acetonitrile in a shaker. The extract was collected to another PP tube, dried with magnesium sulphate and cleaned with C18 material.



All extracts were evaporated with a centrifugal evaporator (Genevac EZ-Envi). Water extracts were dissolved in 0.5 mL and fish extracts in 1.0 mL of methanol–water mixture. The dissolved extracts were analysed with ultrahigh-performance liquid chromatography coupled with a triple-quadrupole mass spectrometer (UHPLC-MS/MS; Acquity UPLC and Xevo TQ, manufactured by Waters). The methods are accredited for PFCAs and PFSAs. A control sample and a procedural blank were analysed in each sample series. The results were corrected with recoveries of the mass-labelled internal standards and the results of procedural blanks. The expanded measurement uncertainties were 22–39% for surface water and 23–35% for fish samples.




2.5. Calculation of Riverine PFAS Load to the Baltic Sea


The 11 study rivers (sampling sites at the river mouths) covered 62% of the total discharge from Finland to the Baltic Sea. The PFAS load from these rivers was calculated for the 10 substances that were detected in at least five samples in the rivers during the sampling period. If the samples for a given month were missing, estimated concentrations based on the mean concentrations of the season were generated. Similarly, if the seasonal mean concentrations could not be calculated, annual mean concentrations were used for the missing months.



The flow of the sampled rivers was measured continuously in the proximity of the sampling sites by automatic measurement devices. In addition, the calculated PFAS loads were divided by the total catchment areas of the sampling sites to calculate the load per km2 from the catchment areas. The loading of the background sites was not calculated, owing to the small number of samples. The PFAS loads were calculated using the Finnish HELCOM) pollution load assessment (PLC) method: the monthly mean concentrations were multiplied by monthly sums of daily river discharges, and the annual loads were summed from monthly loads [16].




2.6. Statistical Analysis


The results were analysed with SPSS 23 software using one-way variance analysis (ANOVA; p < 0.05) to reveal whether there were significant differences in PFAS concentrations between the sampling sites. For the statistical analysis, the PFASs were grouped according to their structure: long-chained (C7–C18) and short-chained (C4–C6) PFCAs, long-chained (C6–C10) and short-chained (C4–C6) PFSAs, fluorotelomer sulfonic acids (FTSA) and PFOS derivatives (PreFOS) (see Table 1). Since PreFOS and FTSAs were detected in only a few samples (Table 3), they were excluded from the variance analysis. In addition, the ANOVA was run using the ∑PFAS concentrations (sum concentration of all the detected substances in the samples) of the sampling sites. Concentrations below the limit of quantification were counted as zeros.





3. Results


3.1. PFASs in Surface Waters


Of the 23 analysed compounds, 16 were detected in surface water samples. The most frequently found compound was PFOA, followed by PFHpA, PFHxA and PFOS (Table 3). The highest number of individual compounds was detected in the W3 (in total 15 compounds). In W11, Kemijoki (W10), W12 and the outlet of W13, eight compounds were present in detectable concentrations. In other rivers, the number of such compounds varied between 11 and 13. The PFAS profiles of both of the background sites were similar, but differed from the profiles for the other sites (Figure 2). W3 exhibited a unique PFAS profile, owing to the large quantity of substances detected.



The AA ∑23PFAS concentration in individual rivers ranged from 1.8 to 42 ng L−1. Of the individual compounds, PFOS had the highest AA concentrations, followed by PFNA, PFBA and PFOA (Figure 2). The highest concentrations were measured inW3, except for PFBA, for which the highest measured concentration was found in W4. PFDoDA, PFTrDA, PFTeDA, PFODA, PFDS, 4:2 FTSA and N-EtFOSA were not detected in any of the samples.



The significantly highest ∑23PFAS concentrations were found in surface water of W3 (15–75 ng L−1, p < 0.05) and the lowest in W13 (0.53–0.80 ng L−1, p < 0.05) (Figure 3). In the other rivers, the AA ∑23PFAS concentration was 4.3 ± 1.9 ng L−1. Peak PFAS concentrations were measured in W2 and W3 in June and July 2017, when the river flows were low (presented in the Table S2).



W3 had significantly highest long- and short-chained PFAS concentrations, and the PFAS profile of this river was different from that of other non-background sites: the proportion of PFBA was smaller, but proportions of PFOS and PFNA were bigger in this river than in the other rivers (Figure 2). Of the mean sum concentration of long-chained PFSAs, the proportion of PFOS was 100% in W10, W11, W12 and W13; 72% in W3; and 54–85% in the other rivers.



W10 and W11 had significantly lower concentrations of short-chained PFCAs compared to W3, W2, W4 and W5 and also had lower concentrations of short-chained PFSAs compared to the rivers in southern Finland, excluding W4 and Perhonjoki (W8) (p < 0.05). The background sites had significantly lower concentrations of short-chained PFASs than W3, W2 and W5 (p < 0.05).



PFOS, PFPeA, PFBA and 6:2 FTSA were detected in three field blank samples. PFPeA and PFBA were detected in the highest concentrations, which were 2.7-fold and 2.9-fold, respectively, greater than those of concentrations in corresponding surface water samples. These results show that the surface water sampling process is prone to contamination by PFASs, and specific attention should be directed to the handling of samples in the field.




3.2. PFAS Load of the Studied Rivers to the Baltic Sea


The ∑10PFAS load from the studied rivers to the Baltic Sea varied from 0.41 (W4) to 18 kg yr−1 (W1) (Table 4). The regionally normalised ∑10PFAS load was the highest for the catchment of W3 (4.7 g/km2 yr−1) and lowest in the catchment of W11 (0.09 g/km2 yr−1) (Figure 4). The studied rivers contributed 37–100% of the total discharges from their RBDs to the Baltic Sea.



Even though the PFAS concentrations and the regionally normalised load were the highest for W3, its PFAS loading to the Baltic Sea was lower than that from four of the other studied rivers, which had lower PFAS concentrations but higher water flow volumes (Figure 4).



The load of PFBA was relatively high in most of the rivers, contributing 6–48% (on average, 26%) to the total PFAS loading. Loads of PFOA and PFHpA were the second highest, with respective 9–18% and 3–34% shares of the total PFAS load. In W3, the contribution of PFOS to the total load (26%) was noticeably higher than elsewhere (up to 17%).




3.3. PFASs in Fish


Of the 23 analysed PFASs, 17 and 10 were detected in perch and herring samples, respectively (Table 5). The short-chained PFCAs and PFSAs (PFBA, PFPeA, PFHxA and PFBS) were almost undetectable in fish samples (Figure 5). The presence of the precursors was limited to perch: 6:2 FTSA and 8:2 FTSA was found in perch caught from point-source-polluted sites, and 4:2 FTSA was also measured in perch caught from coastal and diffuse polluted sites. FOSA was detected in herrings and in perch from coastal and point-source-polluted sites.



PFOS, PFUnDA, PFTrA, PFDA, PFNA and PFDoDA were detected in every perch sample. In herrings, only PFOS was detected in all samples. The concentration of PFOS was significantly higher in perch sampled from the point source-polluted sites compared to herrings or to perch from diffuse source-polluted sites. Similarly, PFOS concentrations in coastal perch were significantly higher compared to concentrations in herrings. ∑23PFAS concentration ranged from 0.22 to 2.4 µg kg−1 f.w. in herrings and from 0.98 to 31 µg kg−1 f.w. in perch. The highest ∑23PFAS concentrations were recorded in perch caught near the outlet of the W3 in Vanhankaupunginlahti Bay (P1) in Helsinki (16–31 µg kg−1 f.w.).



The highest number of individual PFAS compounds was detected in perch from coastal sites (Figure 6). Concentrations of the long-chained PFCAs and PFSAs were significantly higher in perch from the point source-polluted sites (Figure 5) as well as the coastal sites than in herrings (open sea sites; p < 0.05). The concentrations of long-chained PFSAs in perch from the point source-polluted sites were also significantly higher than the concentrations in herrings or perch from the diffuse source-polluted sites (p < 0.05).



The contribution of long-chained PFCAs to the ∑23PFAS was higher in the perch from diffuse source-polluted and coastal sites than in the perch from point source-polluted sites, where the long-chained PFSAs dominated. Consequently, the contribution of PFOS to ∑23PFAS was remarkably lower in perch from inland diffuse source-polluted sites than in fish from other sites (Figure 6).





4. Discussion


4.1. PFASs in Surface Waters


In this work, we studied the concentrations of 23 PFASs in 11 riverine waters during four seasons. The average concentration of ∑PFAS (7.9 ± 11 ng L−1) was on the same level as concentrations in Swedish rivers (9.9 ± 15 ng L−1) presented by Nguyen et al. [17]. However, the mean concentrations of PFBS, PFHxS and PFDA were 42, 23 and 15 times higher in Sweden than in Finland, respectively. Also, PFASs with carbon chains longer than 9 carbons were detected in higher frequencies in Swedish rivers. One reason for this may be Sweden’s higher population and thus higher loading of PFASs. Similarly, higher concentrations of short-chained PFSAs and PFCAs in the rivers of southern Finland compared to the rivers of northern Finland are most likely a consequence of denser population and industrial activities, which leads to larger usage of products containing PFASs.



In a previous study, PFASs were detected in the effluents of Finnish WWTPs [18]. In W2 and W3, the concentrations of PFASs were remarkably high in June and July during the low flow period. The proportion of municipal wastewater, which is not dependent on weather conditions—in contrast to, for example, PFAS load via surface runoff from contaminated land areas—is at its highest in river water during low flow conditions. These results give preliminary indications that WWTPs are major sources of PFASs to these rivers.



The AA concentrations of PFOS exceeded the AA-EQS (0.65 ng L−1) in W3 (11 ng L−1), W2 (1.3 ng L−1) and W6 (0.80 ng L−1). The AA concentrations were close to AA-EQS in W5 (0.64 ng L−1) and W7 (0.61 ng L−1).



A few cities use the studied rivers as a source for drinking water production. For example, the city of Turku and its nearby municipalities use the water of W6 to make artificial ground water. Water utilities of the cities of Oulu and Vaasa use the Oulujoki (W9) and W7, respectively, as their raw water sources. However, the concentrations of PFOS (0.10–0.49 ng L−1) or PFOA (0.26–1.3 ng L−1) in these rivers did not exceed the WHO’s proposed limit values (4.0 µg L−1 and 40 µg L−1, respectively) for drinking water. Even so, since PFASs are present in the rivers, the quality of raw water supply should be monitored.



Absolute and relative concentrations of several PFASs were almost identical in the background sites, W13 and the outlet of W12 (Figure 2), although these sites are 750 km apart. PFASs detected in the background sites were also present in relatively similar concentrations in the other rivers, excluding W3 and W2. This implies that atmospheric deposition is an important route for these compounds (e.g., PFPeA, PFHxA, PFOS, PFOA) or their precursors to the environment. On the other hand, W3 and W2 appear to also have specific sources for PFPeA, PFHxA, PFOA, PFOS and 6:2 FTSA based on their distinguishable concentrations in these rivers.



PFPeA and PFHxA, which are degradation products of 6:2 FTSA and of other fluorotelomer-based precursors [19,20,21], were the only short-chained PFASs detected in background sites. According to Ahrens et al. [5], 6:2 FTSA, along with PFOS and PFHxS, dominates in a biotic environment near firefighting sites. PFHxS is also one substituent for long-chained PFASs in firefighting foams [22,23]. Increasing use of 6:2 FTSA may thus be reflected in higher environmental concentrations of its degradation products.



The PFAS precursors are typically volatile [7], unlike their degradation products. Woldegiorgis et al. [24] documented the presence of 6:2 FTSA in air particles and deposition samples collected from a monitoring site near W13. Further, Filipovic et al. [25] showed that PFHxA was the dominant PFCA compound in wet deposition samples collected from a pristine Nordic study area. Along with these studies, this work provides evidence that the increased use of 6:2 FTSA may result in higher PFHxA concentrations in the environment in the future, even in very remote areas.



Some of the most commonly found PFASs were not detected in our background sites. PFHxS, which has been noted to exhibit positive correlation in concentrations with PFOS [26,27], was undetectable in background sites and in sites in northern RBDs 5 and 6, but was detected in all of the rivers in RBDs 2–4. Similarly, PFBA and PFBS, whose elevated concentrations in the environment are assumed to be the outcome of their uses as substitutes of PFOS and PFOA [13,28], were detected in all of the rivers, but not in the background sites. These findings strongly suggest that the occurrence of these compounds in surface water is predominantly linked to industrial wastewaters and to the usage of firefighting foams, rather than to long-range atmospheric transport.



There was no significant difference in concentrations of long-chained PFCAs between the river water samples. An exception to this rule was W3, which exhibited high concentrations of long-chained PFCAs, in particular PFOA and PFNA. The similar concentrations of long-chained PFCAs between the sites indicate that atmospheric deposition is an important route for long-chained PFCAs to the aquatic environment of Finland. However, despite being below LOQ in the river waters, the concentrations of poorly water-soluble PFUnDA, PFDA and PFTrDA in perch caught from point source-polluted sites imply that these long-chained PFCAs or their precursors end up or have ended up in the environment also from point sources.



PFASs are known to be predominant compounds in contaminated land areas such as firefighting training areas and airports [5,29]. High concentrations of PFASs have also been detected in landfill leachates [18,30]. However, significance of contaminated soils as sources for PFASs to Finnish waterbodies is unknown, and it is recommended that this be studied in the future.




4.2. PFASs in Fish


Higher concentrations of PFOS in perch sampled from point source-polluted sites compared to perch from diffuse source-polluted sites indicate that PFOS originates from point rather than diffuse sources. The high PFOS concentration in perch in P1 (18 µg kg−1) is most likely a consequence of the high PFOS loading from W3, which discharges into the bay.



Geometric mean PFOS concentrations exceeded the EQSbiota in three sampling sites of perch: P1, Porvoonjoki (P5) and Tuusulanjärvi (P6), but in none of the herrings. Overall, fewer compounds were detected in herrings than in perch. It is recommended in the WFD guidance document [31] that the trophic level of the sampled biota is determined for the adjustment of monitoring data for comparison with the relevant EQSbiota. Trophic level was not determined in our study, but fish size was selected in terms of WFD recommendations. Based on the size of the fish (see the Table S1), we assume that they represent trophic levels 3–4, which, according to the WFD guidance document, is considered to be sufficient for estimations of both chemical status of water bodies and safety for human fish consumption.



PFOS concentrations in herrings were generally lower than the concentrations reported earlier from the Estonian coast of the Gulf of Finland [32]. The concentration of PFOS in limnic perch in Sweden was between 0.1 and 4 µg kg−1 f.w., and in marine perch, was between 1.2 and 30 µg kg−1 f.w. [33], which is quite well in line with the results presented here. Markedly higher PFOS concentrations in various fish species have been measured in Central Europe, e.g., in Germany (39 µg kg−1 f.w.) [34] and in the Czech Republic (61 µg kg−1 f.w.) [35].



PFOS has adverse effects on human health, and the tolerable weekly intake of PFOS is estimated to be 13 ng kg−1 body weight, which is exceeded in a considerable proportion of the population [36]. The high PFOS concentrations in perch from the most severely polluted sites, e.g., P1, should be taken into account when making recommendations on eating fish.



PFOA seemed to be assimilated more easily into the tissue of herrings compared to perch, although herrings tend to live in open sea, where there are no direct sources of PFOA. These results are in accordance with previous studies [15,33], in which PFOA was analysed from several Baltic fish species and the highest concentrations were detected in herrings. This indicates that species-specific mechanisms are responsible for a higher accumulation of PFOA in herrings. PFOA is harmful to humans [36], but, according to the results of this study, the concentrations of PFOA in fish in Finland are low and therefore pose no risk to humans from eating fish.




4.3. PFAS Load to the Baltic Sea


For the first time in Finland, the annual riverine PFAS load to the Baltic Sea was calculated using actual measured AA concentrations of PFASs. As a result of more accurate data, the load proved to be lower than in previous estimations [37]. This study also covered a wider geographical area than the previous study. One reason for the lower load of PFASs could also be the substitution of PFOS with other unknown substances not analysed in our study.



The load of PFBA, which is a substituent of longer-chained PFASs [11,13], from the studied rivers leading to the Baltic Sea was remarkably high: 17 kg yr−1 in total. Since PFBA and other short-chained PFASs have replaced longer-chained PFASs in applications, and while PFOS load is expected to decrease owing to the restrictions, the load of short-chained PFASs is likely to increase in the future. Concerning the PFASs that are still used, wastewaters remain a significant source of PFASs to the receiving water bodies.



Despite the regulations, PFOS loading from Finnish rivers to the Baltic Sea remains to be 10 kg yr−1. The load of PFOS from WWTPs to surface waters in Finland was estimated to be 12 kg yr−1 in 2013 [38]. Since the use of PFOS in industry has for the most part ceased, we assume that products in use are currently the main source of PFOS to WWTPs and from them to receiving water bodies. Moreover, as PFOS is no longer industrially used in Finland, the emissions from WWTPs will decrease in the future when products containing PFOS are replaced.



Contaminated land areas, such as areas where firefighting foams have been used or WWTP sludge has been used as a soil amendment, are possibly major contributors to riverine PFAS loading. Unfortunately, the extent and locations of these activities are not well known in Finland, and thus the role of storm waters and utilisation of WWTP sludge in PFAS loading should be investigated.





5. Conclusions


The results of this study demonstrate that PFASs have dispersed widely into the Finnish aquatic environment. The highest concentrations and number of compounds were found from densely populated areas. The concentrations of PFASs in fish were low in most of the sampling sites, but in some coastal waters and severely polluted areas, PFOS concentrations in fish exceeded the EQSbiota. Also, remarkably high concentrations of PFOS in surface waters were detected in the Vantaanjoki river. Despite restrictions, at least 10 kg of PFOS a−1 still ends up in the Baltic Sea via river discharge. In total, the load of PFASs from the Finnish mainland to the Baltic Sea is estimated at almost 80 kg per annum.



Besides PFOS, several other PFASs were found in fish and surface water, and therefore, there is an increasing risk of harmful effects on biota in river outlets and in the most polluted water bodies. In addition, owing to the accumulation of PFASs in the fish tissues, there is also a threat of harmful effects to fish-eating predators.



PFASs end up in aquatic waters from various sources. Contaminated soils are suspected to be an important source of PFOS and other PFASs, and more knowledge is needed of these sites. Additionally, data on WWTPs and industrial emissions and atmospheric deposition are needed.
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Figure 1. Sampling sites of surface waters and fish in river basin districts (RBDs) of Finland. Names of water bodies are presented in Table 2 (surface waters) and in the Table S1 (fish). (Background map by HELCOM) and Finnish Environment Institute.) 
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Figure 2. PFAS profiles based on mean concentrations of individual PFASs in surface water samples. Sampling sites are arranged in geographical order (from south to north), with the exception of background sites, which are presented at the top. PFASs are arranged according to ascending carbon chain length (shortest first). 
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Figure 3. Mean concentrations of PFASs in surface waters and standard deviation of mean total sum of PFASs. Note that for W3, the y-axis is on the right. 
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Figure 4. Drainage basins, load of ∑10PFASs per area and annual load of ∑10PFASs of the studied rivers. (Background map by HELCOM and Finnish Environment Institute.) 
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Figure 5. Mean concentrations of PFASs in fish from different types of sampling sites and standard deviation of average ∑22PFAS. PFPeA is excluded because it was not analysed for herrings. 






Figure 5. Mean concentrations of PFASs in fish from different types of sampling sites and standard deviation of average ∑22PFAS. PFPeA is excluded because it was not analysed for herrings.



[image: Water 11 00870 g005]







[image: Water 11 00870 g006 550]





Figure 6. PFAS profiles based on mean concentrations of individual PFASs in fish from different types of sampling sites. 
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Table 1. Sudied compounds, their abbreviations and grouping.
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	Compound
	Abbreviation
	Category





	Perfluorooctanoic acid
	PFOA
	Long PFCA



	Perfluoroheptanoic acid
	PFHpA
	Long PFCA



	Perfluor