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Abstract 

The aim with the study was to assess if glacial relict amphipods constitute as vectors of transport 

of per- and polyfluoroalkyl substances (PFASs) in the Arctic char food web in Lake Vättern, 

Sweden. Sediment, surface water and biota samples were analysed for PFASs using ultra-

performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), and stable 

isotope analysis of δ13C and δ15N was performed on sediments and biota samples. Sediment 

samples (n=3) were suggested to have PFASs originating from different sources. Generally low 

concentrations were detected in sediment (sum of all detected PFASs were 2.7 ng/g in St. 

Aspön, 2.9 ng/g in Visingsö and 0.6 ng/g in Omberg, reported in dry weight), compared to biota 

and several water samples. The PFAS distribution and concentrations in the samples 

representing St. Aspön and Visingsö deviated from the third sample from Omberg, which was 

further evidenced by stable isotope analysis. The average concentration of all detected PFASs 

in the potentially low contaminated samples was 6 ng/L, while it was 5900 ng/L in the 

potentially aqueous film forming foam (AFFF) contaminated samples. Surface water samples 

from Jönköping airport and Kärnebäcken measured concentrations of linear perfluorooctane 

sulfonate (L-PFOS) that all exceeded the Annual Average Environmental Quality Standard 

(AA-EQS) value of 0.65 ng/L of PFOS in freshwater (fire pond: 14 000 ng/L, ditch: 600 ng/L, 

Sandserydsån: 160 ng/L, Kärnebäcken: 150 ng/L). A reference sample that was assumed to 

represent diffuse sources showed similar distribution of PFASs as in several estuaries around 

Lake Vättern. Since the surface area of Lake Vättern is large (1900 km2), atmospheric 

deposition is suggested as one of the major contamination sources. This should be further 

investigated to better assess the local environmental burden. Trophic magnification factors 

(TMFs) calculated for L-PFOS, perfluorononaoate (PFNA) and perfluorotridecanoate 

(PFTrDA) were > 1, indicating biomagnification to higher trophic levels. Among all detected 

PFASs in biota samples, L-PFOS was the most prominent component (58 %), followed by 

PFTrDA (20 %), PFNA (6.7 %), perfluoroundecanoate (PFUnDA) (5.3 %), perfluorodecanoate 

(PFDA) (4.9 %) and perfluorooctanoate (PFOA) (2.9 %). Highest concentrations of all targeted 

compounds (∑PFAS 220 ng/g) were detected in Monoporeia, the smallest of amphipods. 

Contamination profiles of perfluorinated carboxylates (PFCAs) showed similar patterns for 

several species as those derived in another study from Lake Ontario. Mainly Monoporeia and 

Pallasea, but partly also Mysis are potential vectors of trophic transport of PFASs in Lake 

Vättern, although further investigations should be conducted including additional replicates and 

species. Glacial relict crustaceans are sensitive to pollution in a system, and several fish species 
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in the present study had concentrations of L-PFOS above the AA-EQS value of 9.1 ng/g in fish, 

thus indicating PFAS contamination. Since many fish species feed on glacial relicts, 

contamination of these amphipods will transfer PFASs further in the Arctic char food web and 

could thus affect the whole eco-system in Lake Vättern. 

  



4 

 

Sammanfattning 

Syftet med studien var att undersöka om glacialrelikta amfipoder utgör vektorer för transport 

av per- och polyfluorerade alkylsubstanser (PFAS)-ämnen i Vätternrödingens näringskedja. 

Sediment-, ytvatten- och biotaprover analyserades för PFAS-ämnen med ultra-prestanda 

vätskekromatografi med tandem-masspektrometri (UPLC-MS/MS) samt analys av stabila 

isotoper av δ13C och δ15N för sediment- och biotaprover. Sedimentprover (n=3) föreslogs ha 

PFAS-kontaminering från olika ursprungskällor. Generellt låga halter detekterades i sediment 

(summan av alla detekterade PFAS-ämnen var 2.7 ng/g i St. Aspön, 2.9 ng/g i Visingsö och 0.6 

ng/g i Omberg, rapporterat i torrvikt), jämfört med halterna i biota och flertalet ytvatten. 

Fördelningen av PFAS-ämnen i proverna från St. Aspön och Visingsö hade liknande 

homologmönster som skiljde sig från provet från Omberg. Detta styrktes sedan med data från 

isotopanalys. Medelkoncentrationen av alla detekterade PFAS-ämnen i potentiellt ej 

filmbildande brandskums (AFFF)-kontaminerade prover var 6 ng/L, medan den var 5 900 ng/L 

i potentiellt AFFF-kontaminerade prover. I ytvattenprover från Jönköpings flygplats och 

Kärnebäcken uppmättes halter av linjär perfluoroktansulfonat (L-PFOS) som alla överskred det 

europeiska gränsvärdet (AA-EQS) på 0,65 ng/L för PFOS i sötvatten (branddammen: 14 000 

ng/L, diket: 600 ng/L, Sandserydsån: 160 ng/L, Kärnebäcken: 150 ng/L). Ett referensprov från 

sjön Unden (liknande ekosystem som Vättern) representerade diffusa utsläppskällor och hade 

liknande distribution av PFAS-ämnen som ett antal vattendrag i studien. Atmosfärisk 

deposition är en annan potentiell källa för PFAS-ämnen och då Vätterns ytvattenarea är stor 

(1900 km2) kan det vara en av de mest bidragande källorna. Detta bör undersökas närmre för 

att bättre bedöma den lokala miljöpåverkan. Trofiska magnifieringsfaktorer (TMFs) beräknades 

för L-PFOS, perfluorononansyra (PFNA) och perfluorotridekansyra (PFTrDA) till högre än 1, 

vilket indikerar biomagnifikation till högre trofiska nivåer. Av alla detekterade PFAS-ämnen i 

biota var L-PFOS mest förekommande (58 %), följt av PFTrDA (20 %), PFNA (6.7 %), 

perfluoroundekansyra (PFUnDA) (5.3 %), perfluorodekansyra (PFDA) (4.9 %) och 

perfluorooktansyra (PFOA) (2.9 %).  Högst koncentrationer av alla analyserade ämnen 

detekterades i vitmärla (Monoporeia), den minsta av amfipoderna. Kontamineringsprofiler av 

karboxylater visade ett liknande mönster för ett flertal av arterna som även liknande de från en 

annan studie i sjön Ontario. Främst Vitmärla och taggmärla men delvis pungräka är potentiella 

vektorer för trofisk transport av PFAS-ämnen i Vättern, även om ytterligare studier med fler 

replikat och arter bör genomföras. Glacialrelikter är känsliga för förorening och flertalet fiskar 

analyserade i denna studie uppmätte koncentrationer av  
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L-PFOS över det europeiska gränsvärdet för PFOS i fisk (9,1 ng/g våtvikt), vilket indikerar att 

Vättern är förorenad. Då många fiskar äter glacialrelikta kräftdjur, skulle kontaminering av 

dessa amfipoder bidra till biomagnifikation i näringskedjan och således påverka hela Vätterns 

ekosystem. 
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1. Introduction 

___________________________________________________________________________ 

Lake Vättern is the second largest lake in Sweden and constitutes as drinking water source for 

approximately 280 000 people (Länsstyrelsen Örebro, 2007; Vätternvårdsförbundet, 2015). It 

is a deep, nutrient poor lake with good oxygen conditions and few competitive fish species, 

which are favourable conditions for the Arctic char (Hammar, 2005). Arctic chars and other 

fish species are regularly consumed from Lake Vättern. Around the lake there are several 

potential point sources of organic per- and polyfluoroalkyl substances (PFASs) (Ahrens et al., 

2016; Naturvårdsverket, 2016). PFASs are compounds of environmental concern due to their 

toxicity and persistence (Buck et al., 2011; Giesy et. al., 2010). However, they are frequently 

used in both industrial and consumer products (Kannan, 2001). Due to the strong carbon-

fluorine bond many PFASs are persistent, and have been detected in several environmental 

matrices such as sediment, water and biota. Sediments are considered as an important sink of 

organic contaminants, such as several long-chain PFASs (Higgins et al., 2007).  

An important factor when assessing the environmental risk of a contaminant in an aquatic 

system is the degree of which the contaminant is remobilized from the sediments (Lester & 

McIntosh, 1994). Lake Vättern is a freshwater system containing glacial relicts, i.e. species that 

have remained in one geographic area since the ice age (Ekman, 1922; Kinsten, 2012). Glacial 

relict crustaceans’, such as Mysis relicta, habitat lake sediment and migrate to the surface during 

night time. Due to this vertical migration in the water column, Mysis are capable of transferring 

contaminants to higher trophic levels (Kinsten, 2010). This have been investigated in previous 

studies, both for organic and inorganic contaminants, but not for fluorinated compounds in Lake 

Vättern (Lasenby & Van Duyn, 1992; Lester & McIntosh, 1994).  

Arctic chars are part of a glacial relict food web, which includes crustaceans as Mysis and fish 

such as smelt, in addition to the Arctic char itself. In previous studies, elevated concentrations 

compared to the Annual Average Environmental Quality Standard (AA-EQS) limit value for 

perfluorooctanesulfonic acid (PFOS) of 9.1 ng/g wet weight (w.w.) in biota, have been detected 

in fish from Lake Vättern (Berger et al., 2009; Norström 2015). The Swedish armed forces 

(Försvarsmakten) wish to increase the military artillery exercises into the lake (Länsstyrelsen 

Västa Götaland, 2016). This, and the plans to create an open-cast mine in Norra Kärr located 

near Gränna on the east coast of Lake Vättern have caused public concern about the future 

quality of Lake Vätterns as a drinking water reservoir (Aktion Rädda Vättern, 2017).  



16 

 

Drinking water is a necessity and several cities in Sweden suffered from water scarcity during 

2016 and 2017. This accentuate the importance of securing Lake Vättern as drinking water 

source in the future. Consumption of fish and water contaminated with PFASs or other 

pollutants from the lake could implicate a health risk for humans, and should therefore be 

further investigated. 

 

1.1 Aim 

The overall aim in the present study is to investigate the PFAS pollution in Lake Vättern and if 

glacial relicts constitute as vectors of transport of these contaminants from sediments to various 

trophic levels. The study has been divided into the following objectives: 

• To assess the trophic transfer of per- and polyfluoroalkyl carboxylic acids (PFCAs) and 

per- and polyfluoroalkyl sulfonic acids (PFSAs) in a glacial relict food web in Lake 

Vättern, Sweden 

• To investigate if there is a human health risk associated with consumption of PFAS 

contaminated fish and water from Lake Vättern  

• Investigate the emission sources of per- and polyfluoroalkyl substances (PFASs) 

contributing to contamination of the water in Lake Vättern 

The study is part of the “Ultrakortkedjiga högfluorerade ämnen i den svenska miljön- ett okänt 

hot mot miljön?” project granted by the Swedish research Council Formas (project number = 

2016-01284), and conducted in collaboration with the County Administrative Board in 

Jönköping and Man Technology Environment (MTM) research centre in Örebro. 

 

1.2 Limitations 

Surface water sample at Forsaviken was sampled in September 2016. Surface water samples 

from Jönköping airport (fire pond, ditch and Sandserydsån) were samples in December 2016. 

Other estuaries around Lake Vättern were sampled in February 2017. It should also be noted 

that the sampling of biota samples did not take place during the same year or season. Whole-

body homogenates were used for stable isotope analysis for smelt and vendace samples, while 

muscle tissue was used for Arctic char, burbot and Brown trout.  
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2. Background 

___________________________________________________________________________ 

2.1 Per- and polyfluoroalkyl substances (PFASs) 

Organic per- and polyfluoroalkyl substances (PFASs) are a group of toxic, anthropogenic 

compounds that consist of a carbon chain that could be partly (poly-) or completely (per-) 

fluorinated (Ahrens et al., 2016; Naturvårdsverket, 2016). Bound to the carbon chain is a 

hydrophilic, functional group that together with the length of the carbon chain and the level of 

fluorination determines the physio-chemical properties of the compound (Kissa, 2001). Some 

of the functional group could be carboxylic acids (perfluoroalkyl carboxylic acids: PFCAs) or 

sulfonic acids (perfluoroalkyl sulfonic acids: PFSAs)(Buck et al., 2011). Long-chain PFASs 

tend to bioaccumulate to a greater extent than short-chain homologs (Buck et al., 2011). Long-

chain PFSAs are compounds with ≥ C6 and long-chain PFCAs are compounds with ≥ C7, 

including corresponding anions. 

The carbon-fluorine bond is one of the strongest in organic chemistry, which makes PFASs 

both thermally and chemically stable (Smart, 1994). Comparing the atomic properties of 

fluorine with the fundamental properties of other elements, several effects of fluorination can 

be predicted and understood (Smart, 1994). The high electronegativity of fluorine results in 

strong polarization when bonded to carbon (Cδ+- δ-F), and consequently the ionic character of 

the C-F bond will be stronger than that for other C-X bonds.  

PFASs have been manufactured since the 1950’s for both commercial and industrial purposes, 

such as impregnation products in carpets, fabrics and food packaging (Buck et al., 2011; 

Naturvårdsverket, 2016; Zhang et al., 2013). Certain long-chain PFASs, especially 

perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), and their precursor 

compounds have been investigated and attracted scientific attention since the late 1990s (Wang 

et al., 2017). The thermal resistance and film forming abilities enable usage in aqueous film-

forming foams (AFFF) (Buck et al., 2011; Kissa, 2001; Wang et al., 2011). Several PFASs are 

persistent in the environment, potentially bioaccumulative and toxic (PBTs), but the ultimate 

fate and transport of PFASs in the environment is not fully understood (Wang et al., 2011b). 

Molecular structures of PFOS, PFOA and 6:2-fluorotelomer sulfonate (FTSA) can be seen in 

Figure 1. 
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The origin of perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids 

(PFSAs) differ. The direct emission of PFOA and perfluorononanoic acid (PFNA) to the 

environment mainly arise from fluoropolymer manufacture (Buck et al., 2011). The production 

of perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS) and 

perfluorodecane sulfonic acid (PFDS) were phased out in America by the company 3M in 2002, 

however, they are still manufactured in China (Buck et al., 2011). The production and 

manufacturing of PFOA have been restricted and are successively being phased-out, and the 

restriction support use of alternative substances instead (ECHA, 2015a). PFOS and PFOA have 

been detected in marine animals and fish from remote locations, such as the Arctic and North 

Pacific Oceans (Giesy & Kannan, 2001; Taniyasu et al., 2005). How the compounds end up in 

such isolated, less urbanized areas could be explained by atmospheric transport of (semi-

)volatile precursor compounds (e.g. polyfluoroalkylated sulfonamides, fluorotelomer alcohols 

and sulfonamide alcohols), which have the potential to degrade to PFOS and PFOA via abiotic 

or biotic processes (Taniyasu et al., 2005). PFASs can also be transported in aerosols originating 

from sea sprays to the atmosphere, or bound to particulate matter in the atmosphere (Filipovic 

et al., 2015). Many abiotic and biotic degradation processes of PFAS precursors results in the 

formation of PFCAs and PFSAs (Buck et al., 2011). To estimate the annual atmospheric 

deposition of PFASs, rainwater from annual precipitation could be analysed. In previous studies 

conducted by Filipovic et al. (2015) and Dreyer et al. (2010), PFAS concentrations in 

precipitation samples from Sweden were measured. The annual mean concentrations of the 

∑9PFAS were 1700 kg and 650 kg.  

Fluorotelomer alcohols (FTOHs) are precursors of PFCAs and their name originates from the 

telomerisation process in which they are produced (Dinglasan et al., 2004). Telomerization 

mainly results in straight polyfluorinated chains. Another production method, electrochemical 

fluorination (ECF), produces both branched and linear isomers (Kissa, 2001). The production 

process often results in impurities, e.g. the production of perfluorononanoic acids (PFNA) from 

Figure 1. Molecular structures. Left: perfluorooctane sulfonate (PFOS), centre: perfluorooctanoic 

carboxylic acid (PFOA) and right: 6:2 fluorotelomer sulfonate.  
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telomer olefins give rise to odd-numbered PFCA by-products while ECF production of PFOA 

give rise to by-products with even-numbered chain lengths (Prevedouros et al., 2006; Rotander 

et al., 2012). The majority of PFOS originate from ECF production processes (Buck et al., 

2011). FTOHs could be subject to further degradation to fluorotelomer carboxylic acids 

(FTCAs) or in the unsaturated form (FTUCAs). Degradation of fluorotelomers could give rise 

to both odd and even-numbered PFCAs (Prevedouros et al., 2006). Other PFCA precursors are 

polyfluoroalkyl phosphate esters (PAPs) that are mainly used in paper products such as food 

packaging and as grease-proofing agent (Gebbink et al., 2013). Fluorotelomer sulfonic acids 

(FTSAs) are often used in AFFF due to its low surface tension, and they could also degrade 

further to PFASs, in a complex degradation pathway.  

 

2.2 Lake Vättern and potential emission sources  

Lake Vättern is located at 88.5 m.a.s.l. with an average depth of 40 meters, but depths down to 

128 meters has been measured south of the island Visingsö (Kraft, 2012). These properties, 

together with low water inflow relative to the large water volume of the lake resulting in a mean 

residence time of approximately 60 years (Länsstyrelsen Örebro, 2007). Lake Vättern has clear 

water and nutrient-poor conditions and its ecosystem is sensitive to pollution. The discharge 

and recharge areas of Lake Vättern belongs to Motala ström drainage area (15 500 km2), and it 

discharges in Bråviken (Norrköping) to the Baltic Sea via the river Motala ström (Lewander et 

al., 2014). The surface area of Lake Vättern constitutes 1900 km2 (Kraft, 2012). One of the 

largest lakes in Motala ström drainage area is Lake Unden (Länsstyrelsen Örebro, 2015). Lake 

Unden has few water inlets in proportion to its surface area. The majority of the water entering 

the lake are via groundwater and ten smaller creeks.  

The geology in Motala ström drainage area is diverse and consist of moraine, fine sand-gravel, 

thin soil covers, bare rock and glacial river sediments (Kraft, 2012). Visingsö and parts of Lake 

Vättern’s coast lines consist of sandstone, limestone, shale and conglomerate. East of Lake 

Vättern is acidic volcanic rocks present such as porphyry from Småland. Three main 

watercourses discharge into Lake Vättern. Forsviksån which flows from Lake Viken and Lake 

Unden, and the two rivers Huskvarnaån and Tabergsån (Kraft, 2012). Nature conservation, 

maintenance of professional fishing and preservation of cultural environments around Lake 

Vättern is of national interest. These factors, and the clear water with sufficient bottom 

vegetation, are reasons why the lake is a Natura 2000-area (Länsstyrelsen Örebro, 2007). There 
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are several creeks flowing from Lake Vättern with an average length of approximately three 

kilometres and width of around four meters. These estuaries are referred to as “Vätterbäckarna” 

(Kraft, 2012). Compared to other creeks, these water courses have an average slope of 2.7 %, 

which leads to high water flow.  

Per- and polyfluoroalkyl substances (PFASs) and their precursor compounds are released into 

aquatic environments via point sources and diffuse sources (Ahrens et al., 2016). Point sources 

could be waste water treatments plants (WWTPs) and aqueous film-forming foam (AFFF), the 

latter used at both military and civil airports and at firefighting training sites (Buck et al., 2011). 

Diffuse sources are mainly considered atmospheric deposition (Ahrens et al., 2016). PFASs 

ubiquitously occur in aqueous environments; Ahrens reported in a review from 2011 that 

approximately 40 different PFASs were detected in tap water, groundwater, river water, lake 

water, seawater, snow and precipitation in concentrations ranging from pg/L to ng/L for each 

individual compound (Ahrens, 2011). Few measurements of potential PFAS point sources in 

Sweden has been conducted, even though these could implicate risks for both humans and the 

environment (Naturvårdsverket, 2016).  

Common areas to detect PFASs are at fire drill sites and areas where AFFF have been used 

(Hansson et al., 2016). Fire drills are often executed in gravel pits or at locations suitable for 

simulating an airplane crash. (Kemikalieinspektionen, 2013). The usage of PFAS in aqueous 

film-forming foams (AFFF) have lately been more frequently discussed. It is considered as one 

of the major sources for human exposure in Sweden due to ground and drinking water 

contamination (Ahrens et al., 2016; Hansson et al., 2016; Naturvårdsverket, 2016) . AFFF 

containing different fluorosurfactants has been used by the Swedish armed forces at military 

airports and by the emergency service in firefighting drills for decades (Niras, 2015). Karlsborg 

military airport is one location near Lake Vättern where AFFF has been used in two fire-fighting 

drill sites and in one hangar/building. Leakage into the freshwater environment near the old 

fire-fighting station on the flotilla has occurred (Niras, 2015). Kempartner in Vadstena, also 

located around Lake Vättern, is still manufacturing several detergents and AFFF, although the 

AFFF today is “PFOS free” (Holm & Solyom, 1995; Kempartner, 2017). The usage of fire-

fighting foams containing PFOS have been documented between 1985 and 2003, and AFFF 

purchased before 27th of December 2006 was allowed to use until the 27th of June 2011 

(Kemikalieinspektionen, 2013).  

Today the Swedish armed forces (Försvarsmakten) uses a foam that is nitrogen based and 

fluorine free for practice situations (Kemikalieinspektionen, 2013). An approximate estimate 
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of how much PFAS (∑16PFAS) that have been released into the Swedish environment via 

accidental fires between 1998 and 2011 showed amounts of roughly 45 kg/year (Hansson et al., 

2016). Another estimate of PFOS emission from 27 airports in Sweden that used fire-fighting 

foams suggested a range from 25 to 350 kg/year.  

PFASs in AFFF have been modified during the years as the legislation has developed; long-

chain fluorosurfactants have been replaced with short-chain homologues and derivatives 

(Hansson et al., 2016; Kjølholt, 2015). The old and the new generation of AFFF have been 

compared in previous studies (Herzke et al., 2012; Kemikalieinspektionen, 2013). The old and 

new AFFF compositions can be seen in Figure 2.  

 

Figure 2. Concentrations of per- and polyfluoroalkyl substances (PFAS) in new generation aqueous film-forming foam 

(AFFF) on the left scale and old generation AFFF on the right scale, in µg/L. Figure adopted from (Herzke et al., 2012).  

Analysis of AFFF contaminated sites showed highest levels of PFOS, PFHxS, PFOA and 

PFHxA in surface water and ground waters (Kemikalieinspektionen, 2013). Compounds in the 

new generation of fire-fighting foam were 6:2 FTSA, 8:2 FTOH and 10:2 FTOH that all are 

PFCA precursors (Dinglasan et al., 2004). Another major emission source of PFASs to aquatic 

environments is via wastewater treatment plants (WWTPs) (Filipovic & Berger, 2015). 

Frequent usage of consumer products leads to contaminated effluent water, since the removal 

efficiency of PFASs in WWTPs is poorly developed.  

 



22 

 

2.3 Per-and polyfluorinated substances (PFASs) in a glacial relict food web 

The occurrence of PFASs in biota could be investigated by analysis of the food web. Sources 

of PFASs to the aquatic food web is not yet fully understood (Higgins et al., 2007). Sediment 

is an important sink of PFASs due to strong sorption of long-chain compounds (Higgins et al., 

2007). Studies have shown that bio-accumulation is correlated to the length of the carbon chain 

and the type of functional group on the PFAS (Ahrens et al., 2016). Sulfonic acids tend to bio-

accumulate in a higher degree than carboxylic acids, for compounds with the same carbon chain 

length. Increased bio-accumulation is generally caused by the degree of fluorination 

(perfluorinated compounds), chain length and trophic position (Ahrens et al., 2016; Haukås et 

al., 2007).  

Parameters that can affect the sorption of PFASs to sediment, are e.g. organic matter content 

and metal cations. Organic matter content was suggested to be the dominating factor governing 

PFAS sorption, to a higher degree than iron oxide content (Higgins & Luthy, 2006). PFAS 

sorption is a partitioning process where the organic carbon distribution coefficient (KOC) 

increase with increasing CF2 moieties (Higgins & Luthy, 2006; Zareitalabad et al., 2013). The 

molecular structure also play a role. Sorption of linear PFOS to sediment was found to be 

favourable, and affected the distribution coefficient (Log(KD)) to become 1 log-unit higher than 

for branched PFOS isomers (Gebbink et al., 2015).  

Arctic chars (Salvelinus alpinus) belongs to a glacial relict food web including species such as 

amphipods, isopod, smelt (Osmerus eperlanus L.), vendace (Coregonus albula) and whitefish 

(Coregonus) (Hammar, 2005). Marine glacial relicts were defined by zoologist Sven Ekman in 

1922 as species that has remained in one geographic area since the ice age (Ekman, 1922). 

Organisms that has migrated or passively transported into areas are not glacial relicts. Six 

species were classified as marine glacial relict crustaceans; Mysis relicta*, Monoporeia affinis*, 

Pallasea quadrispinosa*, Gammaracanthus lacustris, Limnocalanus macrurus, and Saduria 

entomon. Fish species defined as glacial relicts are smelt (Osmerus eperlanus L.)*, horn sculpin 

(Myoxocephalus quadricornis) and Arctic char (Salvelinus alpinus)*.1 

Glacial relict crustaceans are a group of organisms with an important role in the eco system of 

lakes (Kinsten, 2012). A large number of fish feed on them and they can function as bio-

indicators for acidification, metal pollution and eutrophication. They are also sensitive to 

                                                 

1 * = Species included in present study. 
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elevated temperatures in waters, which will decrease the population (Kinsten, 2012). Glacial 

relict crustaceans might have a key role when it comes to transport of chemical pollutants in 

lakes (Kinsten, 2010). A study of the opossum shrimp (Mysis) showed that its vertical 

movement in the water volume could transport cadmium and zinc from sediment to surface 

water. Due to its high trophic level amongst zooplanktons, Mysis was suggested to have a major 

role in the transport of pollutants from zooplankton to fish. This was confirmed in a study 

conducted by Hammar 1991, after the nuclear accident in Chernobyl 1986 where Mysis 

contributed to high levels of 137Cs in fish (Hammar et al., 1991). 

Monoporeia affinis is the smallest of amphipods (< 8 mm) and habitat sediments (the benthic 

zone) in oxygen poor lakes (Kinsten, 2012). Monoporeia mainly feed on planktonic microalgae 

and organic matter. Its life cycle could vary between one and four years, and it only gives birth 

once. Pallasea quadrispinosa is the only amphipod that solely habitat freshwaters and could be 

present in grounder water (Hedlund, 2016; Kinsten, 2012). It could be up to 27 mm with a life 

cycle of one to two years. Pallasea is an omnivore and feed on microalgae, rotifers, organic 

matter and chironomidae larvae. Mysis can reach a body size of 20-25 mm with a partly 

transparent body colour, which works as camouflage from predators (Kinsten, 2010). Since it 

is an amphipod, it moults skin in cycles of 17-30 days. Mysis is an omnivore and feed on 

phytoplankton, zooplankton crustaceans, rotifers and organic matter. The females have an 

opossum on their stomach where they carry up to 45 eggs (Hedlund, 2016). After mating, the 

males die. The female then give birth to 15-30 shrimps between April and June.  

Mysis relicta is known for its vertical migrations during the night, i.e. diel vertical migration 

(Figure 3). This specie is suggested to have the largest vertical migration of all marine 

invertebrates, and distances up to 300 meters have been measured in Lake Tahoe California 

(Kinsten, 2012). Mysis inhabit the pelagic zone, which is the whole water column from the 

bottom to the surface. By night, Mysis feed on zooplankton in the euphotic zone and when the 

sun rises the migration downwards to the bottom begins. The reason for the night time 

migrations to the surface is due to sensitivity to light, especially at 515 nm wavelength (cyan 

blue) (Kinsten, 2012) .  
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Figure 3. Schematic figure of zooplankton diel vertical migration. Figure adopted from (Doney & Steinberg 2013). 

 

2.4 Legislation 

Due to their toxic properties and ubiquitous distribution in the environment some of the PFASs 

are regulated by international and national legislation. Guideline values for PFOS and its 

derivatives in different matrices are established according to an Annual Average Environmental 

Quality Standard (AA-EQS). The AA-EQS value for PFOS and its derivatives in inland surface 

waters is 0.65 ng/L, and for fish and biota 9.1 ng/g wet weight (w.w) (EU Directive No. 

2013/39). PFOS, and compounds that can be degraded to PFOS, have been prohibited (with 

some exceptions) in Sweden since 2008 in chemical products (Livsmedelsverket, 2016). The 

Swedish National Food agency has a recommended guide value of 90 ng/L for Σ11PFAS in 

drinking water and a health-based value based on the daily recommended intake, which is 900 

ng/L for Σ11PFAS (Livsmedelsverket, 2016).  

PFOS, its salts2 and perfluorooctane sulfonyl fluoride have been classified as persistent organic 

pollutants (POPs) and was added to the Stockholm Convention list of POPs on the fourth 

meeting in May 2009 (UNEP 2009). This is regulated by the EU Directive No. 757/2010 that 

prohibits or restricts the usage, production, import and export of all substances listed in Annexes 

A and B, however with several exemptions (Herzke et al., 2012). The exemptions considering 

                                                 

2 E.g. potassium perfluorooctane sulfonate (CAS no. 2795-39-3); lithium perfluorooctane sulfonate (CAS no. 

29457-72-5); ammonium perfluorooctanesulfonate (CAS no. 29081-56-9); diethanolammonium perfluorooctane 

sulfonate (CAS no. 70225-14-8); tetraethylammonium perfluorooctane sulfonate (CAS no. 56773-42-3); 

didecyldimethylammonium perfluorooctane sulfonate (CAS no. 251099-16-8) 
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PFOS (including its salts and PFOS-related compounds) include usage of the compounds in 

photo-resistant and anti-reflective coatings for semi-conductors and hard metal plating amongst 

others (UNEP, 2009; UNEP, 2010).  

The REACh regulation EC Directive No. 552/2009 regulates the usage of PFOS in AFFF and 

textiles; AFFF containing PFOS produced and placed on the market prior the 27th of December 

2006 were allowed for usage until the 27th of June 2011. Annex XVII in REACh regulated the 

allowed amount of PFOS in different applications (EC Directive No. 207/2011, EC Directive 

No. 2006/122), these limits were further reduced in the Stockholm convention list of POPs (EC 

Directive 757/2010) to 0.001% by weight compared to the previous range from 0.005% to 0.1% 

of the mass. The most recent regulation regarding fluorochemicals is from the 17th of June 

2017. The regulation concern the addition of perfluorohexane-1-sulphonic acid and its salts 

(PFHxS) to the candidate list due to its very persistent and very bioaccumulative (vPvB) 

properties (ECHA, 2017).  

Also the manufacturing and marketing of PFOA and PFOA-related substance have been 

restricted under REACh (ECHA, 2015a). PFOA have been classified as substances of very high 

concern (SVHCs), however, the regulation supports the production of alternative substances 

and increased the allowed concentration limit. In the Annex XV dossier proposing restrictions 

on PFOA, its salts and PFOA-related substances, the use of PFOA in polymer production has 

been substituted with short-chain C3 compounds3 (ECHA, 2015). These C3-compounds contain 

ether linkages between each short, fluorinated chain that theoretically will degrade to ultra-short 

chain (≤ C3) fluorinated compounds. In comparison to PFOA, the degradation products are 

probably less bio-accumulative and less toxic due to their relatively high water solubility. 

However, these ultra-short chain fluorinated compounds are also likely to be persistent but lack 

of data of their PBT properties implicates difficulties of assessing the environmental and human 

risk (ECHA, 2015).  

 

2.5 Toxicity 

Studies of PFAS toxicity in rodents have shown that these compounds can cause interruptions 

in cell communications and hence disturb the lipid metabolism and membrane transport 

(Haukås et al., 2007; Luebker et al., 2002). PFOA and PFOS are more hydrophilic than 

                                                 

3 Dimer salts (CAS no. 62037-80-3); ADONA (CAS no. 919005-14-4); EEA-NH4 (CAS no. 908020-52-0) 
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lipophilic and mainly bind to proteins, preferably albumin but also to fatty acid proteins or b-

lipoproteins in the liver. PFCAs found in blood is by 90-99% bound to serum albumin; the 

majority of PFAS have similar affinity and binding sites to serum as fatty acids (Stahl et al., 

2011).  

The functional group and the chain length of PFAS determines the binding affinity and most 

abundant binding sites (Stahl et al., 2011). PFOA is readily adsorbed in the gastrointestinal (GI) 

tract after oral ingestion, and studies on mice showed accumulation of PFOA in the kidney, 

liver and blood. Also in the central nervous systems, PFOA could be detected (EFSA, 2008). 

High absorption rates (50-100%) of short-chain PFAS in rats have also been detected (Glynn 

et al., 2013). An in vitro study by Nabb et. al., from 2007 compared the clearance rates of PFOA 

precursor substances, such as 8:2 fluorotelomer alcohol (8:2 FTOH). Reported elimination rates 

of 8:2 FTOH in hepatocytes where rat > mouse > human ≥ trout. The main elimination route in 

rats occurs via urine excretion and a minor extent via faecal excretion (Glynn et al., 2013). 

The most commonly detected PFASs in wildlife is PFOS, which have shown to accumulate in 

the blood and liver (Giesy & Kannan, 2001). There are still uncertainties regarding the toxicity 

mechanisms of PFASs and need for further long term studies (Sundelin et al., 2008). If PFOS 

interfere with fatty acids and disturb the lipid metabolism (and hence the cholesterol 

metabolism), invertebrates could suffer severe reproductive consequences. Invertebrates cannot 

synthesize cholesterol, which is needed to produce growth hormones (ecdysteroids) that control 

the reproduction and growth in several crustaceans and insects (Sundelin et al., 2008).   

Bioavailability, i.e. the possibility for a chemical compound to assimilate into an living 

organism and be potentially toxic, is another factor to take into account when assessing the risk 

of a chemical pollutant (Alexander, 2000). A study by Keiter et al. from 2016 investigated if 

PFOS can act as a chemosensitizer, i.e. increase the toxicity of other chemicals by inhibition of 

cellular transport proteins. The experiment was performed by exposing zebrafish (Danio rerio) 

embryos for PFOS in different concentrations and exposure times. The study concluded that 

PFOS inhibit the cellular efflux transporter in cells, but also suggested additional mechanisms 

to be involved (Keiter et al., 2016). Another previous study suggested that PFOS affect the 

fluidity and mitochondrial potential of cell membranes in concentration ranging from 5 to 15 

mg/L (Hu et al., 2003). Liu et al. (2008) concluded that PFOS could alter the cell membrane 

and hence inhibit algal growth in lower concentration ranges than concentrations that earlier 

have shown to affect algal growth (Liu et al., 2008). 
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The Scientific Panel on Contaminants in the Food Chain (CONTAM) derived a tolerable daily 

intake (TDI) of 0.12 µg/kg body weight (b.w) per day for perfluorooctanesulfonic acid (PFOS) 

and a TDI of 1.5 µg/kg b.w. per day for perfluorooctanoic acid (PFOA) (EFSA, 2008). 

Residents with high fish consumption might exceed the TDI values (EFSA, 2008; 

Folkhälsomyndigheten, 2017).   
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Materials and methods 

___________________________________________________________________________ 

3.1 Chemicals and reagents 

During the sample preparation, the following chemicals were used: Milli-Q (18.6 MΩ), HPLC 

grade methanol (> 99.99 %) (Fisher Scientific, UK) ethanol (EtOH) (> 99.7 %) (Solveco, 

Sweden), glacial acetic acid (>90 %) (Merch, Germany), ammonium acetate (NH4Ac) (≥ 99.0 

%) (Sigma Aldrich, USA), ammonium hydroxide (NH4OH) (25.0 %) (Fisher Scientific, UK), 

hydrochloric acid (HCl) (36.5%) (Scharlau Chemie S.A, Spain), sodium hydroxide (NaOH) 

(>99 %)?? (Merck, Germany) and superclean ENVI-Carb (Sigma Aldrich, USA). LCMS grade 

methanol (> 99.X %) (Fisher Scientific, UK) was used in the mobile phase for the instrumental 

analysis. Strong needle wash solution for the instrument consisted of MilliQ, methanol, 2-

propanol (> 99.9 %) (Fisher Scientific, USA) and acetonitrile (> 99.9 %) from (Fisher 

Scientific, USA).  

 

3.2 Per-and polyfluoroalkyl substances (PFAS) target compounds 

Target compounds included in the study were (linear) perfluoroalkyl sulfonic acids (PFSAs), 

perfluoroalkyl carboxylic acids (PFCAs) and precursor fluorotelomer sulfonates (FTSAs). All 

standards used in the study were from Wellington Laboratories, (Guelph, Canada). Further 

information of the isotopically labelled standards used for quantification is presented in  

Table 1. 
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Table 1. Target perfluoroalkyl carboxylates (PFCAs), perfluoroalkyl sulfonates (PFSAs) and fluorotelomer sulfonates 

(FTSAs), including the corresponding internal standard (IS) and chemical properties such as pKa and KOw. 

Abbreviation 

 
Name and identifiers 

Molecular 

Formula 

Molecular 

Weight 

(g/mol) 

Log Kow pKa Corresponding IS 

 

PFCAs 

 

 

Perfluoroalkyl carboxylates 

 

CxF(2x-1)O2
- 

    

PFBA  Perfluorobutanoate C4F7O2
- 212.98  

 
0.05b 13C M4 PFBA 

PFPeA  Perfluoropentanoate C5F9O2
- 262.98 

 
-0.1b 13C M2 PFHxA 

PFHxA  Perfluorohexanoate C6F11O2
- 313.06 

 
-0.17b 13C M2 PFHxA 

PFHpA Perfluoroheptanoate C7F13O2
- 363.07 

 
-0.2b 13C M2 PFHxA 

PFOA Perfluorooctanoate C8F15O2
- 413.08 2.06a -0.21b 13C M4 PFOA 

PFNA Perfluorononanoate C9F17O2
- 463.09 2.30 ± 

0.09a 

-0.21b 13C M5 PFNA 

PFDA Perfluorodecanoate C10F19O2
- 513.10 2.76 ± 

0.11a 

-0.22b 13C M2 PFDA 

PFUnDA Perfluoroundecanoate C11F21O2
- 563.11 3.30 ± 

0.11a 

-0.22b 13C M2 PFUnDA 

PFDoDA Perfluorododecanoate C12F23O2
- 613.12 

 
-0.22b 13C M2 PFDoDA 

PFTrDA Perfluorotridecanoate C13F25O2
- 663.13 

 
-0.22b 13C M2 PFDoDA 

PFTDA Perfluorotetradecanoate C14F27O2
- 713.14 

 
-0.22b 13C M2 PFTDA 

PFHxDA Perfluorohexandecanoate C16F31O2
- 813.16 

 
-0.22b 13C M2 PFHxDA 

PFOcDA Perfluorooctandecanoate C18F35O2
- 913.18 

 
-0.22b 13C M2 PFHxDA 

 

PFSAs 

 

 

Perfluoroalkyl sulfonates 

     

PFBuS Perfluorobutane sulfonate C4F9SO3
- 299.05 

 
0.14b 13C M3 PFBuS 

PFPeS Perfluoropentane sulfonate C5F11SO3
- 349.95  

  
13C M3 PFHxS 

PFHxS Perfluorohexane sulfonate C6F13SO3
- 398.94 

 
0.14b 13C M3 PFHxS 

PFHpS Perfluoroheptane sulfonate C7F15SO3
- 448.93 

  
13C M4 PFOS 

PFOS Perfluorooctane sulfonate C8F17SO3
- 498.93 2.57 ± 

0.13a 

0.14b 13C M4 PFOS 

PFNS Perfluorononane sulfonate C9F19SO3
- 549.93 

  
13C M4 PFOS 

PFDS Perfluorodecane sulfonate C10F21SO3
- 598.92 3.53 ± 

0.12a 

0.14b 13C M4 PFOS 

PFDoDS Perfluorododecane sulfonate C12F25SO3
- 

   
13C M4 PFOS 

FTSAs Fluorotelomer sulfonates 

     

4:2 FTSA 4:2 Fluorotelomer sulfonate 
     

6:2 FTSA 6:2 Fluorotelomer sulfonate 
    

13C M2 6:2 FTSA 

8:2 FTSA 8:2 Fluorotelomer sulfonate 
    

13C M2 8:2 FTSA 

10:2 FTSA 10:2 Fluorotelomer sulfonate      

a = (Higgins & Luthy, 2006); b = (Ahrens et al., 2012) 
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3.3 Sampling 

To identify potential PFAS point sources, a judgement based sampling approach was used for 

surface water samples. Biota samples were collected in the central/upper part of Lake Vättern 

(Table 8 in Appendix). Species included in the study were; Monoporeia affinis, Pallasea 

quadrispinosa, Opossum shrimp (Mysis relicta), smelt (Osmerus eperlanus L.), vendace 

(Coregonus albula), whitefish (Coregonus), burbot (Lota lota), Brown trout (Oncorhynchus 

mykiss) and Arctic char (Salvelinus alpinus). Glacial relict amphipods were collected in August 

2016 near Omberg together with surface water and sediment sample. Surface water samples 

were collected in flasks that were rinsed three times with surface water before the sample was 

taken. Figure 4 show the sampling of surface water from the creek Gagnån.  

 

 

Figure 4. Surface water sample collected in Gagnån, in February 2017. 

Surface water samples were stored refrigerated (+6°C) until filtration and extraction. Prior 

filtration, the samples were ultrasonicated 10 minutes. Sediment and biota samples were stored 

in freezer (-20°C) until extraction. Additional information regarding sample location such as 

coordinates and sampling date can be seen in Table 10 in the Appendix. Further information 

about the sampling of Mysis can be seen in Figure 5. The red stacks in the figure represent 

females without embryos, or juveniles. No females with embryos or males were detected in the 

samples. Sample locations (sediment, surface water and biota) are presented in Figure 6. 
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Figure 6. Samples included in present study: = surface water,  = sediment,  = biota. Site A (St. Aspön), B 

(Visingsö) and C (Omberg) are presented in Table 8 and 9 in the Appendix. 

 

 

Figure 5. Frequency of the lengths of 

Mysis sampled in August 2016. Figure 

adopted from (Kinsten, 2017). 
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3.4 Experimental  

Preparation of each sample matrix is described in further detail below. A schematic overview 

of the extraction method for each sample can be seen in Table 2. Surface water samples were 

extracted using a new SPE manifold, with lower blank contamination than had been detected 

in the first manifold used for biota samples (Arctic char, burbot, Brown trout, whitefish and 

glacial relict amphipods). Detection limits therefore vary between the different sample matrices 

analysed in the present study.  

Table 2. Overview of sample treatment, including homogenization of sample matrix, extraction and clean-up method. 

Sample Homogenization Extraction Clean up 

Sediment Mixing with spoon in tube. Alkaline digestion Envi-carb 

Biota (smelt & 

vendace) 

Cutting with scalpel into small pieces 

and using mortar 
Alkaline digestion Envi-carb 

Biota (Arctic char & 

glacial relicts) 

Arctic char, whitefish, burbot, Brown 

trout fillet already homogenized into 

pieces. Glacial relicts homogenized 

using mortar. 

Alkaline digestion SPE SPE 

Surface water Ultrasonicated before filtration. SPE  

 

3.4.1 Sediment 

Sediment samples were alkaline digested followed by ENVI-carb clean-up. First, 1 g of each 

sample, procedural blank and control sample were each spiked with 13C-labelled internal 

standards presented in Table 1. Samples were soaked 30 minutes in 2 mL sodium hydroxide 

(NaOH) solution (0.2 M in methanol), followed by extraction using 4 mL methanol. Samples 

were ultrasonicated for 15 minutes, shaken for 15 minutes and neutralized with  

400 µL 2 M hydrogen chloride (HCl) before centrifugation at 6000 rpm for 10 minutes. 

Supernatants were transferred to new 15 mL PP-tubes that contained ~50 mg ENVI-carb and 

100 µL glacial acetic acid that was added directly to the graphitized carbon adsorbent.  

Samples were re-extracted using an additional 4 mL methanol and the supernatants were 

combined with the previous extraction. These supernatants were transferred to new 15 mL PP-

tubes. In the residual ENVI-carb tubes, 1 mL methanol was added. After vortex mixing for 

approximately 30 seconds and centrifugation 10 minutes at 6000 rpm, the supernatants were 

transferred to the new PP-tubes. These steps were repeated before evaporation under nitrogen 

gas to less than 1 mL. Samples were then filtrated using 0.2 µm filter into LC vials spiked with 
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13C-labelled recovery standards. Sample tubes were rinsed once with methanol, which also was 

filtered into the vials. The samples were concentrated to 200 µL under nitrogen gas. Mobile 

phase (H2O) was added prior instrumental analysis. 

 

3.4.2 Biota 

Smelt and vendace were homogenized using scalpel and mortar to whole-body homogenates. 

The samples were extracted using alkaline digestion followed by ENVI-carb clean-up. First,  

1 g of each sample, procedural blank and control sample were spiked with 13C-labelled internal 

standards (Table 1). Samples then soaked overnight in 2 mL sodium hydroxide (NaOH) solution 

(0.2 M in methanol), followed by extraction using 4 mL methanol. The samples were 

ultrasonicated 15 minutes, shaken 15 minutes and neutralized with 400 µL hydrogen chloride 

(HCl) before centrifugation at 6000 rpm for 10 minutes. Supernatants were transferred to new 

15 mL PP-tubes that contained ~50 mg ENVI-carb and 100 µL glacial acetic acid. Samples 

were re-extracted using an additional 4 ml methanol and the supernatants were combined with 

the previous extracts (containing ENVI-carb). Samples were evaporated under nitrogen gas to 

less than 1 mL, then filtrated using 0.2 µm filters into LC vials spiked with 13C-labelled recovery 

standards. Sample PP-tubes were rinsed once with methanol, and the methanol was also filtered 

into the vials. The samples were evaporated to 200 µL under nitrogen gas, and then split into 

two extracts; 40% for analysis of PFASs and 80% for analysis of PAPs and FOSAs/FOSEs. 

Arctic char, whitefish, burbot and Brown trout samples were already homogenized muscle 

tissues. Glacial relict amphipods were homogenized using mortar to whole-body homogenates. 

The fish muscle tissue and glacial relict amphipods were extracted using alkaline digestion 

followed by solid phase extraction (SPE). After alkaline digestion, samples were diluted with 

50 mL MilliQ water directly into the reservoirs attached onto the Oasis weak anion exchange 

(WAX) 150 mg cartridges (Waters Corporation, Milford, USA) and samples were loaded onto 

the columns. After washing with ammonium acetate buffer solution, two fractions were 

collected; one extract that was eluted with methanol and the second extract with  

0.1% ammonium hydroxide (NH4OH) in methanol. The first fraction was stored in the freezer 

for further analyses. The second fraction was evaporated under nitrogen gas to less than 1 mL 

and transferred to LC vials spiked with 13C-labelled recovery standards (Table 1). Sample tubes 

were rinsed once with methanol, which also were filtered into the vials, and then concentrated 

to 200 µL under nitrogen gas. These samples were split into two extracts; 40% for analysis of 
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PFASs and 80% for analysis of PAPs and FOSAs/FOSEs, the latter not included in the present 

study.  

Splitting of samples were conducted by first centrifuging the samples, then transferring 100 µL 

into a new vial labelled 80%. In this vial (80%) 100 µL methanol and 50 µL mobile phase (H2O) 

was added. Into the first vial 150 µL mobile phase A was added. Both extracts (40% and 80%) 

had a final volume of 250 µL.  

 

3.4.3 Surface water 

The surface water was filtered using a Millipore filtration system. The equipment was put into 

position and rinsed with approximately 1 L deionized water and then some methanol prior to 

each sample. Glass fibre filter (GFF) was deployed and rinsed with 3 times 3 mL methanol and 

MilliQ, respectively. The filtration flask was emptied between every rinse. Surface water 

sample was loaded and the sample flask was rinsed with two aliquots methanol (~ 2 mL) that 

also were filtered. Ultimately, the sample was transferred back into the sample flask.  

Prior the SPE extraction, all samples were weighted in their containers. All samples, procedural 

blanks and control samples were then spiked with 13C-labelled internal standards (Table 1). 

Control sample and batch standard were spiked with native standards. The Oasis WAX 150 mg 

cartridges were conditioned with 0.1% ammonium hydroxide (NH4OH) in methanol, then 

methanol and ultimately MilliQ, 4 mL each. Reservoirs in which the analytical samples were 

loaded, were ultrasonicated and rinsed with ethanol and methanol before they were attached to 

the cartridges.  

After the samples had been extracted the empty sample flasks were weighted again to get the 

weight of the extracted water. The cartridges were washed with an ammonium acetate buffer 

solution, and dried under vacuum for approximately 30-60 minutes. The first fraction was 

eluted with 4 mL methanol and collected in 15 mL PP-tubes. The second fraction was eluted 

with 0.1% ammonium hydroxide (NH4OH) in methanol and collected in separate 15 mL PP-

tubes. The samples were then evaporated under nitrogen gas to less than 1 mL and transferred 

to already spiked LC vials (with 13C-labelled recovery standard). Samples were concentrated to 

200 µL under nitrogen gas before adding mobile phase (H2O) prior injection.  
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3.5 Instrumental analysis 

3.5.1 Analysis of per- and polyfluoroalkyl substances  

For analysis of target compounds, an Acquity Ultra performance LC coupled to a XEVO TQ-

S mass spectrometer was used (Waters Corporation Milford, USA). The UPLC column used 

was an Acquity BEH 100 mm x 1.7 µm with an inner diameter of 2.1 mm (Waters Corporation 

Milford, USA). Tandem mass spectrometry was used to monitor the most abundant transition(s) 

of targeted compounds. Perfluorobutanoate (PFBA) and perfluoropentanoate (PFPeA) had one 

m/z transition monitored, while the others had at least two transitions monitored for both 

qualification and confirmation of individual compounds. Perfluorohexane sulfonate (PFHxS) 

and perfluorooctane sulfonate (PFOS) had three transitions monitored, respectively. The 

quantification ions (m/z) monitored in the mass spectrometer are presented in Table 10 in the 

Appendix.  

Mobile phases used for PFAS analysis were water and methanol with addition of 2 mM 

ammonium acetate. The same composition was used for analysis of PAPs, FOSAs/FOSEs, 

including 5 mM 1-methylpiperidine as well. Optimal cone voltage and collision energies for 

each molecular and product ion were utilized using an already developed instrumental method. 

Column temperature was 50°C, source temperature 150°C, desolvation temperature 350 °C and 

capillary voltage 3.0 kV.  

 

3.5.2 Stable isotope analysis 

Analysis of δ13C and δ15N stable isotopes is an effective method to evaluate the trophic position 

and dietary sources of organisms in a food web (Chen et al., 2012; Loi et al., 2011). The specific 

isotopic composition reflects the consumed and incorporated organic compounds in the 

organisms (Peterson & Fry, 1987). Biota and sediment samples were analysed to investigate 

the food web structure. Arctic char, Brown trout, burbot and whitefish muscle, whole-body 

homogenates of smelt and vendace, muscle tissue and shell of opossum shrimp (Mysis) and 

sediment materials were freeze dried and homogenized with mortar. Then 0.7 mg of biota and 

15 mg of sediment materials were weighed into tin capsules for isotope analyses. The natural 

abundance of 13C and 15N were determined with an elemental analyser (model EuroEA 3024, 

Eurovector, Milan, Italy) coupled online to an isotope ratio mass spectrometer (Isoprime, 

Manchester, UK). The results are expressed as deviations in ‰ from the international standard 
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that is Vienna Pee Dee Belemnite (VPBD) for δ13C and atmospheric nitrogen for δ15N (Peterson 

& Fry, 1987). The following equation is used to calculate the isotopic ratio: 

𝛿𝑋 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒  −  𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 1000 

where X is 15N or 13C and R is the ratio of 13C/12C or 15N/14N related to the international 

standards, Rstandard. The results from whole-body homogenates of smelt and vendace were 

muscle tissue corrected by subtracting - 0.3 ‰ for N and - 1.1 ‰ for C (Chen et al., 2012). 

Wheat standard was analysed every eight sample to monitor the fluctuation of the instrument. 

The standard deviation for δ13C was 0.023 ‰ and 0.135 ‰ for δ15N. 

 

3.6 Calculations 

3.6.1 Trophic magnification factors (TMFs), trophic levels (TLs) and bioaccumulation factors 

(BAFs) 

The trophic levels (TLs) of the organisms in the investigated food web were estimated based 

on the formula established by Hobson & Welch (1992). TLconsumer represent the TL of the 

individual species, and were determined in relation to zooplankton, which were assumed to 

possess TL of 2 and δ15N of 9.7 ‰ (Hobson & Welch, 1992). The isotopic enrichment factor 

of 3.8 ‰ have been used in several previous studies (Fisk, 2001; Haukås et al., 2007; Loi et al., 

2011). 

 

𝑇𝐿𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟 = (2 +
𝛿15𝑁𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟 −  𝛿15𝑁𝑧𝑜𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛

3.8
) 

 

Food web trophic magnification factors (TMFs) were estimated from the slope of the natural 

logarithm of the concentration of contaminants (e.g. L-PFOS) in relation to δ15N of the 

organisms investigated. This calculation was based on the relationship between PFAS 

concentration and TL, hence linear regression analysis was performed based on the following 

formula (Fisk, 2001; Franklin, 2016; Martin et al., 2004):  

 

ln[𝑃𝐹𝐴𝑆] 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑤. 𝑤. )  = 𝑚 +  (𝑘 ×  𝑇𝐿) 
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where m is the y-intercept and k is the slope. The k value was then used to derive the trophic 

magnification factors (TMFs) for individual compounds: 

 

𝑇𝑀𝐹 =  𝑒𝑘 

where TMF > 0 and < 1, indicate that the contaminant has not magnified in the food web. TMF 

> 1 indicate that magnification to higher trophic levels have occurred. While biomagnification 

factors (BMFs) account for transfer of contaminants from one trophic level to a higher level in 

the food web, TMFs characterizes an average BMF over the whole food web, i.e. multiple 

trophic levels (Franklin, 2016). Bioaccumulation factors (BAFs) were derived by dividing the 

individual biota concentrations (ng/kg) w.w. by the concentration in water (ng/L). 

 

3.7 Quality assurance & quality control (QA/QC) 

In order to track potential contamination during sample extraction and to determine the method 

detection limits (MDLs), procedural blanks were included in each sample batch. MDLs were 

calculated from the average blank concentrations plus three times the standard deviation of each 

analyte. Average blank concentrations were determined for surface water (n=4), sediment 

(n=2), smelt and vendace (n=2), Arctic char and glacial relict crustaceans (n=2).  

Surface water samples were extracted including a spiked control sample in each batch to check 

the accuracy and relative standard deviation for each individual compound. Since different SPE 

manifolds were used for low and high contaminated samples, an in-house reference sample was 

included in these batches. For surface water samples, “Unden outlet” was used. This sample 

functioned as a reference lake and represent a less exposed and contaminated area than Lake 

Vättern, but with similar eco system and environmental conditions. 

For biota samples, one replicate of the following individual organisms was analysed: Pallasea 

quadrispinosa (n=1) and Monoporeia affinis (n=1), smelt (n=10), vendace (n=10), Arctic char 

(n=6), whitefish (n=1), Brown trout (n=1) and burbot (n=1). The opossum shrimps (Mysis 

relicta) were analysed in four replicates (n=4) from a pool of opossum shrimps. Smelt and 

vendace samples were alkali digested and cleaned-up using ENVI-carb. This clean-up method 

was not sufficient and affected the ionization by suppressing the signal. Due to this, the clean-
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up method was changed to Oasis WAX solid phase extraction (SPE) instead of ENVI-carb for 

Arctic char and glacial relict samples. To monitor the accuracy of the different methods, in-

house reference samples (vendace #3) were extracted in each batch of samples. 

 

3.7.1 Statistical analysis 

The statistical software used was MATLAB version: 9.2.0.556344 (R2017a) and statistics and 

machine learning toolbox version 11.1 (R2017a). Operating system was Microsoft Windows 

8.1 Version 6.3 (Build 9600) with Java version 1.7.0_60-b19 and Oracle Corporation Java 

HotSpot(TM) 64-Bit Server VM mixed mode.  

Linear regression analysis was performed to derive the k-value based on the relation between 

mean trophic levels (TLs) for each specie and ln(PFAS) concentrations for individual 

compounds. This value was then used to determine trophic magnification factors (TMFs) of 

individual contaminants. To test if the data was normally distributed, Anderson-Darling tests 

were performed on trophic level data and the concentration of L-PFOS measured in Mysis. The 

P-value derived from this test, evidence a normal distribution if P > 0.2 and close to 1 (Table 

32 in the Appendix). In data sets where outliers were suspected, Grubbs’ test was performed in 

order to reject one (1) outlier.  
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3. Results and Discussion 

___________________________________________________________________________ 

4.1 Sediment 

4.1.1 QA/QC 

Method detection limits (MDLs) in sediment samples were 0.002 ng/g for PFHxS, 0.01 ng/g 

for PFHpA, PFDA, PFDoDA and L-PFOS, 0.05 ng/g for PFOA and 0.02 ng/g for 6:2 FTSA. 

MDLs were determined based on semi-dry weight4, and can be seen together with all detected 

compounds in Table 11 in Appendix. Recoveries of 13C-labelled internal standards ranged from 

80 to 95 % for PFSAs (C6, C8), 65 to 90 % for PFCAs (C8-C11), 85 to 180 % for PFHpA and 

from 30 to 120 % for PFCAs (C12-C13). Recoveries for all sediment samples can be seen in 

Table 20 in Appendix. 

Duplicate spiked blank sediment samples were included in the extraction of sediment samples. 

The RSD was within 8% for 17 compounds, while for PFTrDA and PFUnDA the RSD ranged 

from 20 to 30 %. RSD of spiked control sample can be seen in Table 12 in Appendix.  

4.1.2 Concentrations 

Results from sediment samples are illustrated as homologue patterns of 10 detected PFASs 

showing similar distribution in St. Aspön and Visingsö (Figure 7). The sum of all detected 

PFCAs and PFSAs in each sample location was 2.7 ng/g in St. Aspön, 2.9 ng/g in Visingsö and 

0.6 ng/g in Omberg (all concentrations in dry weight). The sample representing Omberg had 

concentrations below the MDLs for PFOA and PFHxS, which was of 0.05 ng/g for PFOA and 

0.002 ng/g for PFHxS. Even though the measured concentrations of PFOA and PFHxS were 

below the MDLs, they are included in the homologue pattern for comparison.  

                                                 

4 Centrifugated and water supernatant removed 
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Figure 7. Homologue pattern based on measured concentrations of perfluorosulfonates (PFSAs) and perfluorocarboxylates 

(PFCAs) in sediment samples from Lake Vättern. 

The most prominent compound was L-PFOS in concentrations ranging from 0.04 to 1.6 ng/g 

dry weight (d.w.). As Gebbink et al. (2015) concluded, sorption of linear PFOS is favourable 

in relation to the branched isomers. Only linear PFOS is included in the present study. The 

second most abundant compound was PFDA (0.15-0.3 ng/g d.w.), followed by PFNA (0.12-

0.25 ng/g d.w.) and PFUnDA (0.03-0.37 ng/g d.w.). Long-chain PFSAs (≥ C6) and PFCAs (≥ 

C7) were detected in all sediment samples. Out of the total number of detected PFAS 

compounds, 7 out of 11 were PFCAs.  

Dry weight in each sediment sample was determined by drying 1 g of sample in 105°C in an 

oven overnight until constant weight. The proportion of water in the samples was approximately 

35 % for St. Aspön and Visingsö, while site Omberg contained around 45 % water. Organic 

matter content was determined by Loss of Ignition (LOI) at 550°C in 3 hours (time based on 

sample weight). The organic matter content in St. Aspön and Visingsö was ~8% and in Omberg 

~3%. Sorption of PFASs is affected by organic matter content, which might explain the lower 

concentrations in Omberg, although the organic matter content barely differed.  

The percentage of PFCAs out of all detected PFAS compounds ranged from 41% to 89 %. 

Omberg had the largest fraction of PFCAs (89%), Visingsö the second largest (47%) and St. 

Aspön had the lowest proportion (41%). This indicate a different contamination origin in 

Omberg. Concentrations of detected PFASs and method detection limits for sediment samples 

can be seen in Table 11 in Appendix. 

0% 20% 40% 60% 80% 100%

Omberg

Visingsö

St. Aspön

PFHxS PFHpS L-PFOS PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA
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4.1.1 Stable isotope analysis 

Stable isotope analysis of δ15N was conducted for sediment samples 

from St. Aspön (n=2), Visingsö (n=2) and Omberg (n=2). Average 

δ15N for St. Aspön was 5.9‰, for Visingsö 5.6‰ and 1.3‰ for 

Omberg. This correlates to the homologue pattern presented in 

Figure 7. One explanation could be the location of site Omberg, 

which is located near Omberg Eco Park (seen on the map in Figure 

8). There are few agricultural lands nearby Omberg Eco Park, and 

hence less emission of nitrogen from fertilizers into the lake. 

Omberg Eco Park is located at approximately 250 m.a.s.l., which 

also could affect the nearby bottom environment in Lake Vättern 

since it is more ‘isolated’, compared to the locations St. Aspön and Visingsö, areas where 

emission of nitrogen from fertilized soils possibly is more occurrent.  

 

4.2 Surface water 

4.2.1 QA/QC 

Method detection limits (MDLs) were calculated from the average concentrations in the blanks 

plus three times the standard deviation. The other MDLs were determined by taking the noise 

peak times three. Highest MDLs in surface water samples were 3.1 ng/L for PFBA, 0.2 ng/L 

for PFHxA and PFOA, 0.7 ng/L for L-PFOS and 0.3 ng/L for 6:2 FTSA. Recoveries of  

13C-labelled internal standards in surface water samples from Jönköping airport ranged from 70 

to 150 % for PFCAs (C6-C10), 90 to 145 % for PFSAs, 40 to 80 % for PFBA and 80 to 300 % 

for 6:2 FTSA which was higher than 150 % in one sample. These three samples were extracted 

for another project but results were included in the present study as well. Recoveries of  

13C-labelled internal standards in surface water samples around Lake Vättern ranged from 55 

to 120 % for PFCAs and PFSAs (C4-C12). For PFTDA and PFHxDA, the recovery ranged from 

20 to 55 %. The recovery of PFHxA was 43 % in one sample, and 6:2 FTSA ranged from 95 to 

140 % recovery. Additional data regarding recoveries for surface water samples can be seen in 

Table 21-24 in the Appendix. 

The relative standard deviation (RSD) of the spiked control sample (Table 17 in the Appendix) 

included in each batch (n=3) ranged from 8 to 23 % for C4-C11 PFASs, while it was between 24 

and 61 % for C12 to C16. The RSD of 6:2 FTSA was 9 %. Different SPE manifolds were used 

Figure 8. Map of Lake Vättern showing 

Omberg Eco Park (Sveaskog 2016). 
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during extraction of different batches of samples: one for high contaminated samples and one 

for trace level samples. To monitor the accuracy using these manifolds, in-house reference 

samples (Unden outlet) was included in these batches in addition to procedural blanks and 

spiked control samples (Figure 9).  

 

Figure 9. Concentrations (ng/L) including standard deviation error bars of measured PFASs from in-house reference sample 

(n=3). Note that the measured concentrations of L-PFOS are included in the figure, even though the concentrations were 

below the method detection limit (MDL) of 0.7 ng/L. 

RSD of Unden outlet samples (n=3) from different SPE manifolds ranged from 1 to 9 % for the 

detected compounds presented in Figure 9, except for PFBuS which had an RSD of 16%. Unden 

outlet also function as a reference sample against Lake Vättern, since it has less potential point 

sources of PFASs nearby. Its eco system and environmental conditions are similar to that of 

Lake Vättern. Detected compounds in the outlet from Lake Unden is hypothesized to mainly 

represent atmospheric deposition. The lake has few water inlets and is located at 116 m.a.s.l., 

which has made the system sensitive to atmospheric pollution (Länsstyrelsen Örebro, 2015). 

The ∑PFAS in Lake Unden was approximately 3 ng/L, based on median concentrations.  

 

4.2.2 Concentrations 

A total of 11 PFASs out of the measured 18 compounds were detected in the surface water 

samples (n=21) from estuaries around Lake Vättern, in a wide range of concentrations. Average 
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∑PFAS concentration in the potentially non-AFFF contaminated samples was 6 ng/L, while the 

average concentration in the potentially AFFF contaminated samples was 5900 ng/L, however, 

not detected in a sample from Lake Vättern. Most abundant compound in all surface water 

samples in association to Lake Vättern (n=19) was L-PFOS at concentrations ranging from 0.3 

to 150 n/L, followed by PFOA (0.2-50 ng/L) and PFHpA at concentrations ranging from 0.2 to 

26 ng/L. L-PFOS in samples from Jönköping airport had concentrations ranging from 160 to 

15 000 ng/ and PFOA in concentrations ranging from 10 to 560 ng/L. Detection frequency for 

the individual PFASs varied. PFOA was detected in 19 out of the 21 samples, followed by 

PFHpA that was detected in 18, PFBuS in 17, PFHxS in 16 and PFHxA that was detected in 15 

samples. L-PFOS was prominent in all samples in concentration but below the methods 

detection limit (MDL) in 14 samples due to contamination issues. Further information about 

MDLs, detected compounds and RSDs for all surface water samples are presented in Table 13-

15 and 18 in the Appendix. Homologue patterns of all measured PFASs were compared for all 

samples and samples having similar distribution are further presented with each other (Figure 

10, 13 and 15). In each map the total sum of detected PFASs for each sample site is presented. 

Samples locations of three inlets and five outlets (n=8) are presented in Figure 10.  

 

Figure 10. Map of Lake Vättern, where total concentration of detected PFAS (ng/L) from each sample location can be seen 

together with the name of the sample site. The red stars indicate potential point sources of PFASs, such as fire stations. 
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Motala ström is the outlet through which the water from Lake Vättern discharge into the Baltic 

Sea in Bråviken, Norrköping. In the samples from Motala ström, 1.1 ng/L of L-PFOS was 

measured, compared to 0.6 ng/L of PFOS in previous analysis by the County administrative 

board in Jönköping (November 2016). In November 2016, 0.5 ng/L PFOA was detected in 

Motala ström, compared to 1.4 ng/L that was detected in the present study. Motala ström 

drainage area is the second largest in Götaland, with an area of 15 500 km2, and an average 

water flow of 90 m3/s (Lewander et al., 2014). Most watercourses around Lake Vättern are 

outlets and as mentioned, many have high water flows due to the steep incline. This might result 

in a dilution effect of contaminants.  

Aside from concentrations close to point sources, the highest concentration of ∑PFAS was 

found in Huskvarnaån. The second highest total PFAS concentration was found in Motala 

Ström, also in an area with a larger proportion of potential point sources located. Both these 

places are located in urban industrial areas, which also could explain the relatively high 

concentrations since PFASs are present in both industrial and consumer products.  

The samples presented in Figure 10 are all located relatively near firefighting stations and have 

similar homologue patterns which can be seen in Figure 11. The most abundant compounds 

were PFHxA, PFHpA and PFOA. PFHxA was detected in concentrations ranging from 0.4 to 

2 ng/L, followed by PFHpA that ranged from 0.4 to 1.9 ng/L and PFOA that ranged from 0.3 

to 1.8 ng/L.  

 

Figure 11. Homologue pattern of detected PFCAs and PFSAs in surface water samples (* = <MDL of 0.7 ng/L for L-PFOS). 
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L-PFOS was also prominent in all samples but was below the methods detection limit (MDL) 

of 0.7 ng/L in the samples Mjölnaån, Forsviksån, Hjoån, Röttleån and Hökesån. The measured 

L-PFOS concentrations were included in the homologue pattern in Figure 11 for comparison. 

The second most abundant sulfonate was PFHxS, in concentrations ranging from 0.2 to 1.3 

ng/L. The average concentrations (n=3) of detected compounds in Lake Unden outlet are 

included in Figure 11 as reference sample, hypothesized to represent atmospheric deposition. 

PFHxA in Unden outlet is based on one replicate. 

The samples representing Orrnäsaån, Motala ström and Huskvarnaån all exceeded the 0.65 ng/L 

AA-EQS limit value for PFOS (and its derivatives) in freshwater. Huskvarnaån is one of the 

three main rivers discharging into Lake Vättern, and measured 1.3 ng/L of L-PFOS. Previous 

analysis of PFOS and PFOA in Huskvarnaån conducted by the County administrative board in 

Jönköping (November 2016) measured 1.1 ng/L PFOS and 2.0 ng/L PFOA. Huskvarnaån also 

had the highest levels of PFHxA (1.9 ng/L), PFHpA (1.45 ng/L) and PFOA (1.8 ng/L). 

Forsviksån is also one of the largest estuaries discharging into the lake, and measured 0.58 ng/L 

of L-PFOS, which is below the AA-EQS value of 0.65 ng/L.  

The second highest concentrations of PFHxA, PFHpA and PFOA (C6-C8), amongst samples 

represented in Figure 11, were detected in Mjölnaån. Mjölnaån is a moderately large inlet to 

Lake Vättern (flowing from Lake Tåkern) and located near Vadstena. Kempartner in Vadstena 

is the only manufacturer of AFFF in Sweden. Today their products are labelled as “PFOS free” 

although no information is available on other fluorine containing organic components either at 

present or earlier (Kempartner, 2017). Also, previous use of PFOS is not available information. 

Many AFFF contain PFASs, such as PFOA and 6:2 FTSA, the latter which could degrade to 

PFOS. The bay in Vadstena is now subject to discussions since it is suggested to be polluted of 

fluorinated substances (Aktion Rädda Vättern, 2017). Potential PFAS sources in Motala ström 

drainage area can be seen in Figure 12. 
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Figure 12. Map of Motala ström drainage area, with potential point sources of PFASs. Concentrations of the ∑11PFASs in 

ng/L is also presented in the figure. Picture courtesy Johan Temnerud, NIRAS.  

The percentage carboxylates out of the total amount of PFASs in each of the samples presented 

in Figure 10 and 11 can be seen in Table 3. Mjölnaån, Huskvarnaån and Röttleån had the highest 

proportion of PFCAs, whereas Motala Ström had the smallest proportion. Higher proportions 

of PFCAs could be speculated a result of atmospheric deposition of PFCAs from the 

degradation of (semi-) volatile fluorotelomer alcohols (FTOHs), or transport in sea spray 

aerosols, although not assessed in the present study. Specific point sources related to PFCA 

emission could also account for the occurrence of carboxylates in these samples. 

Table 3. The percentage of PFCAs out of the sum of all detected PFASs in each sample presented in Figure 10 and 11. 

Sample % PFCAs 

Hökesån* 57 

Orrnäsaån 57 

Röttleån* 76 

Hjoån* 77 

Forsviksån* 71 

Huskvarnaån 78 

Motala Ström 54 

Mjölnaån* 82 
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Another group of surface water samples (n=6) is presented in Figure 13. These samples are 

located near Omberg Eco Park and in the south-west part of Lake Vättern. The ∑PFASs 

measured in Domneån, Knipån, Gagnån and Svedån were in a gradient with decreasing 

concentration with distance from the potential point sources (red stars). Also, the number of 

residents in the area could explain the decline in PFAS concentrations (Jönköping is more 

populated than the west coast of Lake Vättern).  

 

Figure 13.  Map of Lake Vättern, where total concentration of detected PFAS (ng/L) from each sample location can be seen 

together with the name of the sample site. The red stars indicate potential point sources of PFASs, such as fire stations. 

The samples presented in Figure 13 had similar homologue patterns of detected PFASs, and are 

presented in Figure 14. The average concentrations (n=3) of the detected compounds from the 

sample representing Unden outlet is included and hypothesized to represent atmospheric 

deposition. Note that the concentration of PFHxA in Unden outlet is based on one replicate. 

Most abundant compounds in these water samples were L-PFOS and PFOA. Once again, the 

measured concentrations of L-PFOS were included in the homologue pattern for comparison, 

even though some were below the methods detection limit of 0.7 ng/L for L-PFOS. PFAS 
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concentrations were generally lowest in these samples, out of the total number surface water 

samples included in present study.  

 

Figure 14. Homologue pattern of detected PFASs in surface water samples (* = <MDL of 0.7 ng/L for L-PFOS). 

The samples representing Omberg and Domneån were the only samples in which concentrations 

of L-PFOS reached above the methods detection limit (MDL), which was 0.7 ng/L for L-PFOS. 

The concentrations of L-PFOS were 0.8 ng/L in Omberg and 1.0 ng/L in Domneån, both 

exceeding the AA-EQS value of 0.65 ng/L. However, both these samples had concentrations 

near the MDL. Concentration of PFOA ranged from 0.2 ng/L to 0.8 ng/L amongst the samples 

presented in Figure 11. The sample from Omberg had a concentration of 0.8 ng/L of PFOA, 

which was collected at the same site as sediment and glacial relict crustaceans. Distribution 

coefficients between the different matrices were calculated for this sample site (see section 

4.2.1).    

The samples in Figure 13 and 14 represents smaller creeks in the forest, or rural environments 

located in less exploited areas. For example, Gagnån inhabit a wide variety of species 

(especially trout) due to good water quality (Kraft, 2012). Homologue pattern of the samples 

representing Ålebäcken, Svedån and Gagnån deviate from the others with only one or two 

compounds detected. In neither of these samples PFBuS could be detected. PFBuS was present 

in 14 out of 18 surface water samples, which might indicate that the prohibition of PFOS have 

increased the usage of short-chain analogues. The steep slope of the outlets streams of Lake 
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Vättern could possibly explain the relatively low concentrations detected, compared to other 

samples in the present study, due to the dilution effect discussed earlier.  

Another batch of surface water samples (n=3) with relatively higher concentrations of all 

detected PFASs are presented in Figure 15. 

 

Figure 15. Map of Lake Vättern, showing the total concentration of detected PFAS (ng/L) from each sample location. The red 

stars indicate fire stations. 

The urban lake Munksjön near Jönköping, and Forsaviken (bay in northern Lake Vättern) had 

elevated concentrations of most compounds, in comparison to the other surface water samples 

assumed to be non-AFFF contaminated. The most abundant compound was PFOA, measured 

in concentrations of 2 ng/L in Munksjön outlet and 8 ng/L in Forsaviken (Figure 16). Forsaviken 

had the highest level of PFDA (5 ng/L) out of all water samples included in the present study.  
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Figure 16. Concentrations (ng/L) of detected PFASs in samples Munksjön outlet and Forsaviken. 

There is a waste water treatment plant (WWPT) located around Lake Munksjön, which effluent 

could contribute to PFAS contamination to aquatic environments. On the opposite side from 

Forsaviken a paper mill facility is located, which could be a source of PFASs, although this is 

not further confirmed. Several PFCAs and their precursor compounds are commonly used in 

the manufacturing of paper products as grease-proofing agents or water and oil repellence 

(Buck et al., 2011). One of the most common wind directions in Sweden are western and south-

west winds, and thus PFAS emission from the industrial area with the paper mill facility would 

be transported to the other side of the lake and accumulate in Forsaviken. This hypothesis could 

partly explain the composition of detected compounds in the samples from Forsaviken, which 

measured relatively high concentrations of PFOA, PFNA and PFDA. The source of the detected 

compounds could not entirely be atmospheric deposition. This should be further investigated. 

In addition to the sample from Kärnebäcken, samples from Jönköping airport were assumed to 

be potentially AFFF contaminated. In Figure 17, Jönköping airport including the sample 

locations ‘fire pond’, ‘ditch’ and ‘Sandserydsån’ can be seen. The sum of 11 PFASs in samples 

from Jönköping airport (n=3), including previous measurements of ∑11PFAS in the ditch and 

Sandserydsån have been conducted by Jönköping County administrative board, and these 

concentrations can also be seen in the same figure.  

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

Munksjöns outlet Forsaviken

[n
g/

L]

PFPeA PFHxA PFHpA PFOA PFNA PFDA

PFUnDA PFDoDA PFBuS PFPeS PFHxS L-PFOS



51 

 

 

 

 

 

What should be noted is that the concentrations of L-PFOS and PFHxS exceeded the calibration 

curve and are thus tentative (could therefore be slightly overestimated). As can be seen in  

Table 15 in the Appendix, the concentration of PFHpS was measured to 1020 ng/L in the fire 

pond, i.e. the same as PFHxS. PFHpS is however not included in the Swedish limit value 

(∑11PFAS) that is based on the sum of 7 PFCAs (PFBA, PFPeA, PFHxA, PFHpA, PFOA, 

PFNA, PFDA), 3 PFSAs (PFBuS, PFHxS, PFOS) and 6:2 FTSA.  

The ∑11PFAS (ng/L) in the samples presented in Figure 17 exceeded the limit value of 90 ng/L 

in drinking water. The Swedish national food agency also has derived a more critical limit value 

of 900 ng/L, which also was exceeded in the samples from the fire pond and the ditch. Measured 

concentrations were in a gradient with increasing distance from the fire pond at Jönköping 

airport. Since the homologue patterns were similar, it is probable to assume that the 

contamination has spread from the fire pond at Jönköping airport. It is also plausible to assume 

that the contamination has spread to the groundwater. If that has occurred, residents should 

consider not to consume the water in the area, or exert actions in order to remediate the 

contaminated water. 

Figure 17. Map of Jönköping airport in Axamo showing 

the sample location of the samples presented in Figure 

17. Concentrations of ∑11PFAS in present study is ‘Jan 

2017’, compared to previous measurements in November 

2016. (n/a = not available) 
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The AA-EQS value of 0.65 ng/L for PFOS and its derivatives were also exceeded in all these 

samples. This limit value for freshwater is based on maximum permissible concentrations 

(MPCs). MPCs are in turn derived from tested exposure routes (human consumption of fish, 

secondary poisoning and direct ecotoxicity), where the lowest permissible concentration out of 

these routes determined the AA-EQS for freshwater (EC Directive No. 2013/39). The exposure 

route possessing the highest risk of PFAS exposure for humans are via fish consumption. 

Therefore, to assess the environmental and human health risk in a system both water and biota 

matrices should preferably be tested. 

Kärnebäcken located near Karlsborg military airport (discharges into Lake Bottensjön) have 

been analysed in previous studies and the measured concentrations are presented in Table 4. 

Highest concentrations and highest number of detected compounds out of all 21 surface water 

samples were found in Kärnebäcken (Table 5) and in the fire pond at Jönköping airport in 

Axamo (Figure 17).  

Table 4. Concentrations of PFASs in Kärnebäcken from the present study, a study by Niras 2015 and the sum of PFOA and 

PFOS from 2014 in a study by Sweco (Niras 2015). 

Concentration 

(ng/L) 

Present 

study 

(2017) 

Niras 

(2015) 

Sweco 

(2014) 

PFBA 13 <10 n/a 

PFPeA 42 <10 n/a 

PFHxA 63 38 n/a 

PFHpA 26 12 n/a 

PFOA 50 28 n/a 

PFNA 1 <10 n/a 

PFDA <0.05 <10 n/a 

PFUnDA <0.07 <10 n/a 

PFDoDA <0.12 <10 n/a 

PFTrDA <0.09 n/a n/a 

PFTDA <0.22 n/a n/a 

PFHxDA <0.55 n/a  n/a 

PFBuS 27 18 n/a 

PFPeS 29 n/a n/a 

PFHxS 251 170 n/a 

PFHpS 9 n/a n/a 

L-PFOS 148 260 n/a 

∑PFOS+PFOA 198 288 348 

* nd = non-detected, n/a = not available 
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As seen in Table 4, the sum of the PFOA and total PFOS concentration have been measured in 

previous studies. The ratio PFOA/PFOS was calculated to 0.11 based on the measured 

concentrations by Niras (2015), while it in the present study was calculated to 0.34. This 

indicates that the emission of PFOS into the environment during the last years have decreased. 

The PFOA concentration, on the other hand, has increased from 28 ng/L to 50 ng/L. This 

increase in concentration could indicate that PFOA precursors have replaced PFOS in AFFF, 

or that the foam used in practice situations also is contributing to contamination of PFASs. 

Important to consider when comparing the PFOS-concentrations are the fact that only linear 

PFOS have been analysed in the present study. Electrochemical fluorination (ECF) usually 

results in a 70:30 ratio of linear and branched isomers (Kissa, 2001). 

Another observation is the increase of PFHxS concentration from 2015 to 2017. PFHxS 

increased approximately 1.5-fold the concentration in two years, while L-PFOS decreased 1.8 

times the concentration in the same time span. Since the usage of PFOS in AFFF was prohibited 

2006, the replacement with PFHxS (and other short-chain analogues) could have increased.  

Homologue patterns of Kärnebäcken and the water samples from Jönköping airport (n=4) are 

presented in Figure 18.  

 

Figure 18. Homologue pattern of surface water samples from Jönköping airport and Kärnebäcken. Sample locations are 

presented in Figure 15 and 17. 

L-PFOS was the most prominent compound in most sites except Kärnebäcken, in 

concentrations ranging from 158 to 14 500 ng/L (tentative concentrations, outside calibrated 

range of instrument), exceeding the 0.65 ng/L4 AA-EQS for PFOS in freshwater (EC Directive 
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No. 2013/39). Kärnebäcken, which is located near a potential PFAS point source, showed the 

highest proportion of PFHxS. This concentration (250 ng/L), however, was 4-fold lower than 

the PFHxS concentration in the fire pond (1020 ng/L), also these concentrations are tentative. 

In areas where AFFF containing PFOS have been used, highest concentrations measured in 

surface waters are usually of PFOS, PFHxS, PFOA and PFHxA (Kemikalieinspektionen, 2013). 

This was confirmed in the present study, although C4 sulfonate PFBuS and C5 carboxylate 

PFPeA were measured in concentrations within the same range as PFHxS and PFOA. Leakage 

of AFFF into the environment mainly result in groundwater contamination, although surface 

waters also seem contaminated according to the results presented in this study.  

In order to further investigate the potential source of the PFAS contamination in the surface 

waters analysed, the correlation between PFOA and PFOS was calculated. Multivariate analysis 

could be used to further distinguish/visualize patterns of samples included in this study. This 

was however not included in the scope and time frame of this project. The ratio between PFOA 

and L-PFOS can be seen in Table 5.  

Table 5. Ratio of PFOA and L-PFOS in surface water samples, where the values in red are above 1. 

Sample PFOA/L-PFOS 

Unden outlet* 2.43 

Knipån* 2.10 

Omberg  0.91 

Domneån 0.85 

Ålebäcken* 
 

Gagneån* 0.63 

Svedån* 
 

Hökesån 0.84 

Orrnäsaån 0.43 

Röttleån* 2.36 

Hjoån* 1.96 

Forsviksån 1.54 

Huskvarnaån 1.43 

Motala Ström 1.27 

Mjölnaån* 3.13 

Munksjöns outlet 0.65 

Forsaviken 5.66 

Kärnebäcken  0.34 

Sandserydsån 0.06 

Ditch  0.10 

Fire pond 0.04 
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The ratio of PFOA/PFOS could support the assumptions of potential emission sources for the 

different sample locations. For example, the low ratio seen in the fire pond, ditch, Sandserydsån 

and Kärnebäcken samples might indicate that the contamination source contains a high 

proportion of PFOS and sulfonates (homologue patterns in Figure 18). These are often 

constituents in aqueous film-forming foams (AFFF). The samples that measured relatively low 

concentrations of most compounds also have low PFOA/PFOS ratios (homologue pattern in 

Figure 14). However, these ratios might be non-representative due to values near MDLs for 

some compounds and low number of detected compounds.  

Samples for which homologue patterns are presented in Figure 11 (Orrnäsaån to Munksjöns 

outlet in Table 6), had PFOA/PFOS ratios lower than 1 for ratios representing Orrnäsaån and 

Munksjöns outlet but in a range from 1.3 to 3.1 for residual samples. The reason to this could 

be that Orrnäsaån (located near the populated city Ödeshög with around 6000 residents) and 

Munksjöns outlet (urban lake in Jönköping with around 135 000 residents) are recipients to 

more industrial facilities and hence PFAS emission. Mjölnaån (near Vadstena) had a ratio of 

3.1 between PFOA and PFOS, and the highest ratio of PFOA/PFOS (5.6), was calculated from 

the sample Forsaviken. This indicate that another contamination source could apply to PFCAs, 

such as paper mill industries or fluoropolymer manufacturing.  

  



56 

 

4.2.1 Distribution sediment and water  

Distribution coefficients (KD) between the solid and liquid phase (sediment and water) were 

calculated for the Omberg samples. The concentration in sediment (ng/kg d.w.) was divided 

with the concentration in water (ng/L), for those compounds present in both phases. The 

concentration of PFOA and PFHxS in sediment was below the methods detection limit of 0.05 

ng/g and 0.002 ng/g, respectively. The measured concentrations of PFOA and PFHxS were 

used for calculation of KD to compare the carboxylates with sulfonates. Comparing KD values 

with coefficients derived in previous studies have its limitations, since factors such as organic 

matter, iron hydroxide content and ionic strength could affect the sorption chemistry in the 

system. Data of Log(KD) values from the present study are presented in Table 6.  

Table 6. Log(KD) for PFCAs (PFHpA, PFOA) and sulfonates (PFHxS, L-PFOS) from the present study. 

   PFHpA PFOA PFHxS L-PFOS 

Present study (ng/kg)/(ng/L) Log(KD) 4.18 5.10 5.79 4.30 

 

In the present study, C6 sulfonate (PFHxS) showed the highest distribution coefficients, 

followed by C8 carboxylate (PFOA). This indicate that these compounds have more favourable 

sorption to the solid phase. Coefficients calculated for C8 sulfonate (L-PFOS) and C7 

carboxylate (PFHpA) were slightly lower. However, the compounds in Table 6 were the only 

compounds detected in both phases and the concentrations of the PFASs detected in water were 

in a higher range than those for sediment.  

No short-chain PFCAs (< C7) were detected in the water phase. Among detected long-chain 

carboxylates, PFCAs > C8 were excessively distributed to the solid phase. Long-chain PFSAs 

are compounds ≥ C6.  Among detected sulfonates, C4-C6 and C8 (PFBuS, PFPeS, PFHxS and 

L-PFOS) were mainly distributed in the water phase. The reason to this could be due to less 

favourable sorption to lake sediments (accumulation bottoms) for these compounds, or that the 

extraction method used was not sufficient for their extraction. The long-chain C7 sulfonate 

(PFHpS) deviated from the other long-chain PFSAs and was mainly found in sediment at this 

sample site. PFHpS was solely detected in the water sample representing Kärnebäcken, located 

near Karlsborg military flotilla and airport.  
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4.3 Biota 

4.3.1 QA/QC 

Method detection limits (MDLs) differed for smelt and vendace samples in comparison to other 

biota samples since different extraction methods was used. MDLs for smelt and vendace were 

0.2 ng/g for PFOA, 0.14 ng/g for L-PFOS and 0.12 ng/g for 6:2 FTSAs. MDLs of PFDA and 

PFDoDA was 0.05 ng/g, and PFTrDA 0.07 ng/g, respectively. MDLs for Arctic char, burbot, 

whitefish, Brown trout and glacial relict amphipods were also determined. PFOA had an MDL 

of 0.03 ng/g, L-PFOS 0.52 ng/g and 6:2 FTSA 0.04 ng/g. Additional information regarding 

MDLs and detected compounds in biota samples can be seen in Table 30 and 31 in the 

Appendix. 

Recovery of 13C-labelled internal standards ranged from 60 to 125 % for PFCAs (C6 - C11) and 

70 to 125 % for PFSAs (C6 - C8) in biota samples. Mass-labelled internal standard for 6:2 FTSA 

ranged from 35 to 60 %. PFDoDA and PFTDA suffered from matrix effects in some samples 

with recoveries >150% and a range of 20 to 230% and 80 to 520% for PFDoDA and PFTDA, 

respectively. Further information of recoveries from 13C-labelled internal standards is available 

in Table 25-28 in the Appendix.  

Relative standard deviation (RSD) of detected compounds in-house biotic reference sample 

ranged from 1.4 to 7.3 % for PFHxS, L-PFOS and PFNA, while it was 16 % for PFUnDA and 

22 % for PFTrDA. Results from the different methods used are thereby comparable. Further 

data regarding RSDs and recovery of in-house reference sample is available in Table 18 and 19 

in Appendix. 

 

4.3.2 Concentrations 

Among the 13 PFCAs and 9 PFSAs, 9 compounds had concentrations above the MDLs and met 

the confirmation criteria in the biotic samples. Concentrations are reported in wet weight 

(w.w.). Among all PFASs in biota samples, L-PFOS was the most prominent component with 

detection frequencies of 58 %, followed by PFTrDA (20 %), PFNA (6.7 %), PFUnDA (5.3 %), 

PFDA (4.9 %) and PFOA (2.9 %). L-PFOS was detected in concentrations ranging from 8.4 

ng/g (Mysis) to 96.2 ng/g (Monoporeia), exceeding the AA-EQS value for PFOS and its 

derivatives of 9.1 ng/g in fish and biota. PFTrDA measured concentrations which ranged from 

0.8 ng/g (Mysis) to 15.2 ng/g (Monoporeia), followed by PFDoDA ranging from 0.3 to 3.0 
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ng/g; however, the average recovery was >150% (20-230 %) for these compounds. Homologue 

pattern of detected PFASs in the Arctic char food web can be seen in Figure 19 and are based 

on median concentrations for those samples where n >1.  

 

Figure 19. Homologue pattern based on median concentrations (ng/g) in biota samples. 

The proportion of PFOA and PFNA out of the total concentration of PFASs were highest in the 

glacial relict crustaceans Monoporeia, Mysis and Pallasea. Burbot also had a relatively large 

proportion of PFOA in comparison to other fish species occupying the same trophic level. The 

highest proportions of PFTrDA were detected in smelt, followed by Arctic char. Fish that 

occupied higher trophic positions in the food web seemed to have more long-chain PFCAs, 

while the shorter chain compounds were more abundant in the crustaceans. This could be 

explained by the fact that the molecular structure (with respect to chain length) and the volume 

of distribution of the organism might affect the bioaccumulation. The homologue patterns were 

similar for all investigated species, hence suggesting that some of these contaminants have 

biomagnified in the food web. To confirm this hypothesis, stable isotope analysis of δ13C and 

δ15N was conducted, and trophic magnification factors (TMFs) were calculated for L-PFOS, 

PFTrDA and PFNA (see section 4.3.5).  

Concentrations of the ∑PFASs detected in Pallasea were 18 ng/g, compared to Mysis that 

measured 11.1 ng/g. Monoporeia had concentrations of 220 ng/g PFASs, in which 55 % were 

carboxylates (PFCAs). The most prominent compound in the glacial relict amphipods was L-
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PFOS: 8.4 ng/g in Pallasea, 6.2 ng/g in Mysis and 96 ng/g in Monoporeia. The concentrations 

measured in Pallasea were similar to the concentrations measured in whitefish and vendace. 

These concentrations are presented in Figure 20.  

 

Figure 20. Concentrations (ng/g) in Pallasea, vendace and whitefish. 

As mentioned, the highest concentration of L-PFOS was measured in Monoporeia (Figure 21). 

Detected concentrations were based on only one sample and could therefore not be statistically 

tested. One suggestion why Monoporeia had the highest levels of all targeted compounds 

(except PFHpS) could be its relatively low trophic position amongst amphipods, and its small 

total volume of distribution (< 8 mm). Monoporeia live in the sediment during day time, and 

feed on planktonic microalgae and organic matter. It is also plausible to assume that the 

elimination system the organisms possess neither are that complex, nor developed. These 

factors might contribute to the high concentrations detected.  

A previous study investigated the glacial relict food web in Lake Ontario, where lake trout was 

considered the top predator (Martin et al., 2004). In that study, concentrations in the amphipod 

Diporeia was 10-fold of what was detected in Mysis. Additionally, the majority PFOS detected 

at higher trophic levels in the food web was suggested to originate from Diporeia. The same 

10-fold magnitude concentration difference between Mysis and Monoporeia was detected in 

the present study. Concentrations measured in Monoporeia are presented in Figure 21. Odd-
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even number patterns in the PFCAs contamination profile can occur, and reveal information 

about the PFAS production process. As seen in Figure 21, the odd number PFCAs have highest 

concentrations compared to the even numbered compounds, except for PFUnDA that have 

similar concentration as PFDA. Also, PFOA was detected in higher concentration than PFCAs 

with chain lengths > 9 in Monoporeia.  

 

 

Figure 21. Concentrations (ng/g) of detected PFASs in Monoporeia affinis. 

The concentrations detected in Mysis were based on four replicates, from the same pool of 

individuals collected during the same sampling campaign. The relative standard deviation 

(RSD) of the measured compounds ranged from 1.2 to 7.9 %, except for PFHpS and L-PFOS 

that had RSDs of 58 and 75 %, respectively. PFHpS only met the confirmation criteria in two 

out of four samples, which might explain the deviation. To determine if there were any 

concentration(s) that contributed to the high RSD in the data for L-PFOS, Grubbs’ outlier test 

was performed. The test showed that the concentration of L-PFOS measured in one sample 

(Mysis #2) was an outlier and thus rejected in that sample. After excluding the outlier from the 

data, the standard deviation for L-PFOS decreased to 16 %. Measured concentrations (including 

standard deviation) in Mysis samples (n=4) can be seen in Figure 22.  
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Figure 22. Concentrations (ng/g) of detected PFASs in Mysis. 

One reason to why the concentrations detected in Mysis were lower than the concentrations 

measured in Monoporeia and Pallasea, could be its relatively high trophic position amongst 

amphipods, and the moulting cycles of 17-30 days. Previous studies have discovered that the 

moulting could be an elimination route of contaminants for Mysis  (Lasenby & Van Duyn, 

1992). Although, the major elimination route might be when the female give birth between 

April and June. These opossum shrimps were sampled in August, it is therefore possible that 

the concentrations of PFASs in Mysis were relatively lower than what could be measured prior 

females giving birth.  

The concentrations detected in smelt (Osmerus eperlanus L.), were higher than those measured 

in other fish species at similar or higher trophic positions (Figure 23). Especially the 

concentrations of L-PFOS that ranged from 11 ng/g to 38 ng/g. PFTrDA was the most 

prominent carboxylate in the smelt samples, in concentrations ranging from 8 to 25 ng/g. The 

second most abundant carboxylate was PFUnDA, in concentrations that ranged from 0.8 ng/g 

to 4.4 ng/g, followed by PFDA that measured concentrations that ranged from 0.6 ng/g to 3.7 

ng/g.  
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Figure 23. Concentrations (ng/g) in smelt samples, where the black line represents the annual average environmental quality 

standard (AA-EQS) value for biota and L-PFOS is presented as dots. 

The assumed trophic levels of the species included in the Arctic char food web were: 

Monoporeia, Pallasea, Mysis, smelt, vendace, (whitefish, burbot, Brown trout) and Arctic char 

as top predator. The PFAS concentrations detected in smelt samples indicate that further 

analysis of the trophic positions is needed, which is why stable isotope analysis of δ13C and 

δ15N was performed (see section 3.5.2).  

The most abundant compound in Arctic char (Salvelinus alpinus) samples was L-PFOS, in 

concentrations that ranged from 16 to 31 ng/g. These concentrations exceeded the AA-EQS of 

9.1 ng/g wet weight (w.w.) for L-PFOS in all samples. PFTrDA could be measured in 

concentrations similar to L-PFOS in several samples, although the recovery of the 13C-labelled 

internal standard was > 150% (20-230 %) in Arctic char 1, 3 and 6. What should be noted is 

that the Arctic char samples were pure muscle tissue (to assess the human exposure risk by 

consuming fish) and not whole-body homogenates as smelt and vendace samples (see section 

3.5.2). Also noted is that the Arctic char sample that possessed the highest TL (2.1) was the 

same sample that measured the highest concentration of L-PFOS amongst Arctic chars. This 

individual fish was 33 cm, in comparison to other Arctic chars that were around 40-50 cm 

(Table 16 in Appendix). One explanation could be its dietary source that plausibly were based 

on glacial relic amphipods, such as Monoporeia, or that the fish was male (i.e. fewer PFAS 

elimination routes than females). Concentrations of detected PFASs in Arctic char samples can 

be seen in Figure 24.  
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Figure 24. Concentrations (ng/g) of detected PFASs in Arctic char, burbot and Brown trout samples. 

The ratio of PFCAs out of the total concentrations of PFASs, based on median values, was  

41 % for Arctic char. For the burbot and Brown trout samples, these were 35 % and 31 %, 

respectively. The ∑PFASs, calculated from the median concentrations were 35 ng/g for Arctic 

char, 22 ng/g for burbot and 22 ng/g for Brown trout. The production of PFNA from 

fluorotelomer olefins could give rise to odd-numbered impurities, which was present in the 

burbot (and Monoporeia) sample where C9, C11, C13 PFCAs had the highest concentrations 

(Rotander et al., 2012).  

 

4.3.3 Risk assessment 

The limit value for biota (9.1 ng/g) is related to the definition of good water quality derived in 

the water framework directive (WFD), but should not be considered as a safety standard 

(Moermond et al., 2010). This value was calculated by using the tolerable daily intake (TDI) 

value, assuming a daily intake of 115 g fish for a 70-kg person.  

To assess whether there is a potential health risk associated with consumption of fish from Lake 

Vättern tolerable daily intake (TDI) of PFOS was used to calculate maximum daily intake of 

Arctic char. TDI value for PFOS of 0.12 µg/kg body weight (b.w.) per day and the weight of 

an average person in Sweden (75 kg) results in 9 µg PFOS per day. Median concentration of L-

PFOS in Arctic char was 0.02 µg/g, which means that a 75-kg person can consume 450 g Arctic 
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char per day, assuming no other intake sources. People with high fish consumption might 

exceed the TDI value, and should be aware of that other sources of PFASs contributes to human 

exposure.  

 

4.3.4 Distribution biota and water 

Bioaccumulation factors (BAFs) between biota and surface water was calculated for Mysis and 

the water sample from Omberg. Amongst the carboxylates (PFCAs), PFHpA and PFOA were 

mainly distributed in the liquid phase for Mysis. This distribution was similar to that of sediment 

and water, except that PFDoDA was detected in sediment but not in biota. PFTDA also differed, 

since it was detected in biota but not in the sediment sample. The distribution pattern for 

sulfonates (PFSAs) was similar to that in sediment and water. The distribution of PFHxA might 

not be representative when based on the water sample from Omberg (where it was not detected) 

since it was present in 15 out of 21 surface water samples analysed. In only 3 biota samples out 

of the 35 samples analysed, PFHxA could be detected suggesting it seem to mainly be 

distributed in the liquid phase.  

The bioaccumulation factor (BAFs) between biota and water are presented in Table 7, for the 

opossum shrimp Mysis. Mysis migrates through the water column which is why these BAFs are 

the most relevant. Only three compounds were present in both phases. Based on the coefficients, 

PFOA and PFHxS were more prone to accumulate in biota, than L-PFOS.  

Table 7. Partitioning coefficients, Log(KD) for biota and water based on wet weight in biota (Mysis). 

Biota & water PFHpA PFOA PFHxS L-PFOS 

Log(BAF) Mysis  -3.1 -3.3 -2.1 

 

The distribution between biota and sediment was calculated for Monoporeia and sediment from 

Omberg. Monoporeia inhabit the sediment and therefore the BAFs are most relevant for this 

specie. PFOA, PFHxS and L-PFOS had the highest bioaccumulation factors of 3.66, 3.07 and 

3.37, respectively. Despite PFOA, the odd-numbered carboxylates had higher BAFs than the 

even-numbered.  

Perfluorodecanate (PFDA) was present in both sediment and biota, although PFDA were 

measured in several surface water samples and hence seem to partition in liquid as well as solid 

phases. The sulfonates (PFSAs) detected in biota and sediment were C6-C8. This differed from 
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the distribution in the liquid phase, where C4 (PFBuS) and C5 (PFPeS) also were detected, in 

relation to solid phases (biota and sediment) that favoured accumulation of long-chain PFSAs 

(≥ C6). The longest chain PFSA detected among biota was C9 (PFNS), while C13 (PFTrDA) was 

prominent in all biota samples among the PFCAs. 

 

4.3.5 Stable isotope analysis 

Stable isotope analysis of δ13C and δ15N was performed on opossum shrimp (Mysis), smelt, 

vendace, burbot, Brown trout and Arctic chars. The nitrogen isotope ratio (15N/14N) reveal 

information about organisms’ relative trophic position in the food web and the carbon ratio 

(13C/12C) reveal information about their dietary sources. The δ15N is approximately 3.8 ‰ 

enriched per each trophic level, and was measured in a range from 6.9 (smelt) to 16 ‰ (Arctic 

char) in the present study. δ13C is generally 1 ‰ enriched per every trophic level (Loi et al., 

2011), and was measured in a range from -23 (burbot) to -31 ‰ (vendace). The isotope ratio of 

the investigated species did not increase 3.8 ‰ with every trophic level. The greatest increase 

based on the median δ15N was 1.74 ‰ (smelt to Brown trout). This indicate that Brown trout 

feed from half a trophic level higher (3.8 ‰ representing one higher trophic level) than what 

smelt feed from. The relation between the trophic position represented by δ15N and dietary 

source based on δ13C can be seen in Figure 25.  

 

Figure 25. Correlation between trophic position (δ15N) and dietary source (δ13C) of species’ in the Arctic char glacial relict 

food web. Muscle tissue were analysed in Mysis, Arctic char, Brown trout and burbot, while smelt and vendace were whole-

body homogenates. Therefore, smelt and vendace have been muscle tissue corrected by subtracting 0. 3‰ from δ15N and 1.1 

‰ from δ13C. 
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Trophic levels (TLs) were calculated using δ15N for individual samples for each specie (Table 

29 in Appendix), with the assumption that zooplanktons occupy trophic level two, and by using 

the formula described in section 3.6. Seen in Figure 25, the larger fish (Arctic char, burbot and 

Brown trout) seem to mainly feed on Mysis, rather than smelt and vendace that were more 13C 

depleted. This could be due to fish samples from different regions of the lake, which also 

explain the difference in δ13C. Before calculating the trophic magnification factors (TMFs) for 

individual compounds in the food web, normality of trophic levels (TLs) for smelt, vendace and 

Arctic char was tested and can be seen in Figure 31-33 in the Appendix.  

Concentrations were not normalized to lipid content since per- and polyfluoroalkyl substances 

(PFASs) do not accumulate and partition into lipids. TLs of each individual sample can be seen 

in Figure 26. 

 

Figure 26. Trophic levels (TLs) above zooplankton calculated for each individual sample and specie. 

Linear regression analysis was conducted by plotting TLs vs. the natural logarithm, ln(PFAS). 

The average (for samples where n > 1) trophic levels (TLs) for the six organisms where isotope 

data were available, was plotted against the average ln(PFAS) concentrations for each specie. 

The exponential function ek then derived TMFs for each individual compound tested. Linear 

regression analysis conducted on L-PFOS, PFTrDA and PFNA can be seen in Figure 27.  
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Figure 27. Linear regression analysis on all trophic levels above zooplankton computed on (A) L-PFOS, and (B) PFNA and 

(C) PFTrDA. 

From linear regression analysis, a k-value of 0.416 for L-PFOS was derived, and thus TMF > 1 

(1.51). The results indicate that L-PFOS biomagnifies in the Arctic char food web, based on the 

samples presented in the present study. TMF was calculated for PFTrDA to 1.14, hence 

suggesting that the compound magnifies to higher trophic levels. Another carboxylate, PFNA, 

had TMF of 1.25, which also was > 1. However, only L-PFOS had a relatively good fit in the 

linear regression analysis compared to PFTrDA and PFNA.  

Further, the sum of all detected PFASs in each specie and the trophic level (TLs) showed poor 

correlation (R2 of 0.07). Based on the average PFAS concentrations, correlation in ratio of L-

PFOS concentration and the total sum of detected PFASs for each specie with increasing trophic 

position in the food web was derived. The trendline showed an r2 of 0.31, i.e. moderate 

correlation. What should be noted when calculating TMFs, which are the relation of PFAS 

concentrations and trophic levels of the species, is the uncertainty in calculating TLs (Franklin, 

2016). Therefore, the TLs presented are estimated trophic levels since several factors can 

contribute to a shift in the stable isotope analysis. Although, TMFs are more representative to 

assess trophic transfer in an entire food web than biomagnification factors (BMFs) that only 

represent the transfer from one trophic level to the next.  

PFCA contamination profiles can contribute to the assessment of dietary sources of the species 

in the food web. In a previous study by Martin et al. (2004), PFCA profiles from C8 to C15 was 
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derived. Amongst amphipods, the PFCA concentration decreased with increasing chain length 

for Diporeia. In the present study, contamination profiles for Monoporeia, Pallasea and Mysis 

can be seen in Figure 28. The profiles of Monoporeia and Pallasea have similar patterns; 

however, these concentrations were based on one replicate. The concentrations of PFTrDA 

deviated from the pattern presented in the previous study of the Lake Ontario food web by 

Martin et al. (2004). One possible explanation to this could be the character of the emission 

sources that contribute to the contamination in Lake Ontario versus Lake Vättern.  

 

Figure 28. PFCA chain length vs. the concentrations in ng/g in Pallasea, Mysis and Monoporeia. Note the logarithmic scale 

on the y-axis. 

Further, the difference in concentration between PFOA and PFNA was lowest for Monoporeia 

and Pallasea but generally higher for PFNA in all species (Figure 28). PFCA contamination 

profile of Mysis, which is considered an omnivore, is flatter but also show a decrease in 

concentration over chain length. Mysis habitat in the pelagic zone, i.e. the whole water column 

from the lake bottom to the surface. This suggests a pelagic food source for Mysis, in 

comparison to Monoporeia and Pallasea that habitat in the benthic zone near the lake bottom. 

In Figure 29, the PFCA profiles for smelt, vendace and Arctic char can be seen. These species 

are also omnivores, and had contamination profiles similar to the amphipods but with C13 

(PFTrDA) deviating from the pattern.  

The predicted food web was Monoporeia - Pallasea < Mysis < Smelt < Vendace < whitefish – 

burbot - Brown trout < Arctic char (as top predator). Based on both the concentrations of  
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L-PFOS and the contamination profile in Figure 29, smelt seem to have similar food sources as 

the Arctic char. 

 

Figure 29. PFCA chain length vs. the concentrations in ng/g in burbot, Brown trout, Arctic char and whitefish. Note the 

logarithmic scale on the y-axis. 

PFCA contamination profiles of whitefish, burbot and Brown trout can be seen in Figure 30.  

 

Figure 30. PFCA chain length vs. the concentrations in ng/g in whitefish, burbot and Brown trout. Note the logarithmic scale 

on the y-axis. 

These species had similar ∑PFAS detected of around 20 ng/g. However, the number of detected 

PFCAs was highest in burbot (9 PFCAs) in comparison to whitefish and Brown trout that had 

6 and 5 detected compounds, respectively. Burbot was estimated to occupy the same trophic 
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level as Arctic char and had PFCA profile similar as Monoporeia, and similar homologue 

pattern. Due to the generally high concentrations measured in Monoporeia, it is plausibly to 

assume that many of the compounds detected at higher trophic level originate from this 

amphipod. Although, seasonal factors could affect the concentrations measured and the number 

of compounds detected. Mysis samples (Figure 5) were excessively females without embryos 

(or juveniles), which might have contributed to elimination of these fluorinated contaminants. 

Monoporeia carry embryos during the autumn or winter and then give birth, but only once in 

their whole life cycle. Since Pallasea could habitat grounder waters, it might be more exposed 

for predators, which potentially could explain the concentrations detected.  

The amphipods seem to accumulate C8 and C9 to a higher extent, while the larger fish 

accumulated more C13. One possible explanation could be the volume of distribution of the 

species, i.e. smaller molecules might have more favourable interactions processes in 

crustaceans and vice versa. Also, the fat content in the fish and the crustaceans could possibly 

favour a certain interaction, e.g. with the cell membranes. The sources and originally the 

production processes/degradation of (semi)volatile precursors give rise to certain impurities or 

odd/even-numbered patterns. This, and the biological processes within the organisms result in 

the different chemical profiles detected in the species in Lake Vättern.  
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4. Conclusions 

The overall aim in the present study was to assess if glacial relict amphipods are involved in 

the trophic transfer of PFASs in Lake Vättern. Sediment samples included in the present study 

(n=3) seemed to have PFASs originating from different sources, which could be explained by 

the sample locations where the sample representing Omberg is located in a less exploit area 

near an eco-park. The similarity of PFAS distribution in the samples representing St. Aspön 

and Visingsö (homologue pattern in Figure 7) deviated from the Omberg sample, which was 

further evidenced by stable isotope analysis. Generally low concentrations were detected in the 

sediment samples in comparison to biota and several water samples, even though sediments are 

suggested as major sinks of PFASs. One explanation could be the extraction efficiency of the 

method utilized. Stronger extraction methods might be needed in the future, since several 

compounds could be tightly bound to sediments.  

Surface water samples from Jönköping airport measured concentrations of L-PFOS that all 

exceeded the AA-EQS value of 0.65 ng/L in freshwater. However, some compounds were 

measured in concentrations outside the calibrated range of the instrument and were thus 

tentative. Homologue patterns from samples ‘fire pond’, ‘ditch’, ‘Sandserydsån’ and 

‘Kärnebäcken’ were assumed to represent AFFF emission. In comparison, a reference sample 

from Lake Unden was assumed to represent atmospheric deposition. This sample showed 

similar homologue patterns as several other estuaries around Lake Vättern. Since the surface 

area of Lake Vättern is relatively large (1900 km2), atmospheric deposition is suggested as one 

of the major contamination sources. To confirm and further determine the proportion of PFASs 

originating from diffuse sources, atmospheric deposition based on annual precipitation should 

be measured. This would contribute in the assessment of the local environmental burden to 

Lake Vättern and if actions should be taken to remediate PFAS contaminated areas. No greater 

concentration differences between outlets and inlets of Lake Vättern was discovered. However, 

if PFAS contaminated water enters the system, the contamination remains a long period of time 

due to the slow water cycle of the lake. L-PFOS was the most prominent compound in the 

majority of water samples, even though it was prohibited almost a decade ago, with possible 

leakage from old pollution still remaining.  

In biota samples, L-PFOS was the most prominent component (58 %), followed by PFTrDA 

(20 %), PFNA (6.7 %), PFUnDA (5.3 %), PFDA (4.9 %) and PFOA (2.9 %). The stable isotope 

analysis was performed on six species, from which trophic levels (TLs) were calculated. 

Average trophic levels were estimated to Mysis (0.7) < vendace (0.90) < smelt (1.0) < Brown 
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trout (1.4) < Arctic char (1.8) < burbot (2.0). Since these were derived from mean TLs, Arctic 

char and burbot both occupied the highest trophic levels in the food web. Trophic magnification 

factors (TMFs) were calculated for L-PFOS, PFNA and PFTrDA, which all had TMFs > 1, thus 

indicating biomagnification to higher trophic levels, however, PFNA and PFTrDA had poor fit 

in the linear regression. Daily intake of Arctic char was calculated and concluded that 

consumption of 450 g fish per day is tolerable, assuming no other intake sources. People with 

high fish consumption should be cautious in order to avoid exposure of these fluorinated 

substances.   

The highest concentrations of all targeted compounds (∑PFAS 220 ng/g) were detected in 

Monoporeia, the amphipod with the smallest volume of distribution (< 8 mm) that habitat the 

benthic zone, i.e. near the lake bottom. This could be due to several reasons, such as the time 

of the year sampled or/and less developed elimination systems of PFASs. Contamination 

profiles of carboxylates (PFCAs) for the different species showed similar patterns of 

Monoporeia, Pallasea, and burbot, suggesting a benthic food source. The PFCA concentrations 

were one order of magnitude higher for Monoporeia than Mysis, which also showed a similar 

contamination profile pattern. Mysis habitat the pelagic zone, i.e. in sediment during daytime 

and migrate to the surface during the night. Even though Mysis have shown transfer of 

contaminants in previous studies it seems to be mainly Monoporeia and Pallasea that function 

as vectors of PFAS transfer in Lake Vättern, with differences in the amphipods elimination 

systems as a potential explanation. However, Mysis are most probably involved as well since 

their nightly migrations to the surface increases the exposure to predators in comparison to 

Monoporeia that stay in the sediment. Further studies should be conducted including more 

replicates and species.  

The glacial relict crustaceans are sensitive to pollution in a system. All fish species in the present 

study had elevated concentrations of L-PFOS above the AA-EQS value of 9.1 ng/g in fish, thus 

indicating PFAS contamination. Since many fish species feed on glacial relicts, contamination 

of the glacial relict amphipods will transfer PFASs further in the Arctic char food web and could 

thus affect the whole eco-system in Lake Vättern. Glacial relict crustaceans therefore seem to 

play an important role in the trophic transfer of PFASs in the Arctic char food web.  
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7. Appendix 

__________________________________________________________________________ 

Table 8. Additional sampling information of biota samples.  

Sample Date Station Ship Method 

Smelt 2016-09-12 Central/Upper Asterix Trawl 

Vendace 2016-09-12/13 Central/upper Asterix Trawl 

Arctic Char 2014/2015    

Mysis relicta 21/8- 2016 Omberg   Landing net 

Pallasea 

quadrispinosa 
21/8- 2016 Omberg   Landing net 

Monoporeia affinis 21/8- 2016 Omberg   
Sediment 

grabber 

 

Table 9. Coordinates for surface water and sediment samples. Sediment was collected at depths ranging from 90 to 109 

meter. 

Lake/watercourse GPS-coordinate (X) GPS-coordinate (Y) 

Munksjön 6404901 450562 

Domneån 6414952 447179 

Hökesån 6419764 446475 

Knipån 6425337 446709 

Gagnån 6428568 448910 

Svedån 6431691 448732 

Hjoån 6462402 458347 

Forsviksån 6493348 467136 

Motalaström 6488037 502425 

Mjölnaån 6476838 491830 

Orrnäsaån 6453752 478373 

Ålebäcken 6460833 479097 

Röttleån 6428336 466380 

Huskvarnaån 6405959 456220 

Kärnebäcken 6486437 470328 

Forsaviken 6763090 555002 

Unden outlet 6508698 462819 

Sediment GPS-coordinate (X) GPS-coordinate (Y) 
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St Aspön  6511852 494838 

Omberg 6456026 475076 

Visingsö S  6422788 455731 

 

Table 10. List of target compounds and quantification ions (m/z) scanned for in the mass spectrometer. 

Name Precursor ion 

(m/z) 

Product ions 

(m/z) 

PFBA 212.97  > 169 

PFPeA 262.97  > 219 

PFBuS 298.9  > 98.9 

> 79.96 

PFHxA 312. 97 > 269 

> 118.95 

PFHpA 362.97  > 319 

> 168.97 

PFPeS 348.9  > 98.96 

> 79.96 

PFHxS 398.9  > 98.9 

> 79.96 

> 119.01 

PFHpS 448.97  > 98.9 

> 79.96 

PFOA 412.97  > 369 

> 168.97 

PFNA 462.99  > 219 

> 419 

PFOS 498.97  > 98.96 

> 79.96 

> 169.03 

PFDA 512.97  > 469 

> 219 

PFUnDA 562.97  > 519 

> 268.99 

PFNS 548.9  > 98.96 

> 79.96 

PFDS 598.97  > 98.9 

> 79.96 

PFDoDA 612. 97 > 569 

> 168.96 

PFTrDA 662.9  > 619 

> 168.96 
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PFDoDS 698.9  > 98.9 

> 79.96 

PFTDA 712.9  > 669 

> 168.97 

PFHxDA 812.9 > 769 

> 168.96 

PFOcDA 912.9  > 869 

> 168.96 

4: 2 FTSA 327  > 307 

> 81 

6:2 FTSA 427  > 407 

> 81 

8:2 FTSA 527  > 507 

> 80 

5:3 FTCA 340.9  > 236.97 

> 216.93 

6:2 FTUCA 356.9  > 292.91 

> 242.95 

7:3 FTCA 440.9  > 316.93 

> 336.89 

8:2 FTUCA 456.9  > 342.88 

> 392.94 

10:2 FTUCA 556.84  > 492.82 

> 242.94 

IS 8:2 FTSA 529  > 509 

> 409 

IS PFBA 216.97  > 172 

RS PFBA 215.97  > 172 

IS PFHxA 314.97  > 270 

IS PFBuS 301.9 >98.9 

7H-PFHpA 345  > 281 

RS PFHxS 401.9  > 98.9 

IS PFHxS 402.9  > 102.9 

IS PFOS 502.97  > 98.96 

RS PFOS 506.97  > 98.96 

IS PFOA 416.97  > 372 

IS PFNA 467.99 > 423 

RS PFNA 471.99  > 427 

IS PFDA 514.97  > 470 

RS PFDA 518.97  > 474 

IS PFUnDA 564.97  > 520 

RS PFUnDA 569.97  > 525 

IS PFTDA 714.9  > 670 
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IS PFDoDA 614.97  > 570 

IS PFHxDA 814.9  > 770 

RS PFOA 420.97  > 376 

IS 6:2 FTUCA 358.9  > 293.91 

IS 10:2 FTUCA 558.84  > 493.82 

RS 8:2 FTUCA 458.9  > 393.94 

RS 8:2 FTUCA 458.9  > 342.88 

 

 Table 11. Concentrations (ng/g dry weight) in sediment samples, and method detection limits for individual compounds. 

 

Table 12. Relative standard deviation (RSD) of duplicate spike sampled included in sediment extraction. 

  Spike 1 Spike 2 Mean SD RSD (%) 

PFHpA 984.7 1013.1 998.9 14.2 1.4 

PFHxS 784.9 818.2 801.6 16.7 2.1 

PFHpS 1539.09 1518.43 1528.76 10.33 0.7 

PFOA 952.2 1094.7 1023.5 71.3 7.0 

PFNA 955.9 1034.9 995.4 39.5 4.0 

L-PFOS 882.0 949.0 915.5 33.5 3.7 

PFDA 974.9 995.5 985.2 10.3 1.0 

PFUnDA 280.4 424.1 352.2 71.8 20.4 

PFDoDA 936.9 1049.8 993.3 56.4 5.7 

PFTrDA 100.4 197.0 148.7 48.3 32.5 

 

 

 

 

 

ng/g 

d.w. 
PFHpA PFHxS PFHpS PFOA PFNA 

L-

PFOS 
PFDA PFUnDA PFDoDA PFTrDA 

6:2 

FTSA 

Omberg 0.02 0.00 0.02  0.12 0.04 0.30 0.03 0.02 0.01  

Visingsö  0.04 0.02 0.20 0.22 1.65 0.25 0.36 0.13  0.06 

St. 

Aspön 
0.06 0.04 0.02 0.34 0.25 1.37 0.16 0.24 0.08 0.13  

MDLs 

(ng/g) 
0.01 0.002 0.0003 0.05 0.01 0.01 0.01 0.005 0.01 0.01 0.02 
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Table 13. Concentrations in ng/L of PFCAs in surface water samples, including method detection limits (MDLs). 

Sample PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTDA PFHxDA 

Knipån       0.42 0.61               

Omberg        0.37 0.75               

Domneån       0.73 0.85               

Ålebäcken                         

Gagnån         0.20               

Svedån           0.07             

Hökesån     0.37 0.31 0.49 0.12             

Orrnäsaån     0.54 0.58 0.34 0.11             

Röttleån     0.66 0.75 0.92 0.36             

Hjoån     0.41 0.54 0.67 0.23             

Forsviksån     0.47 0.72 0.89 0.47 0.08           

Huskvarnaån     1.94 1.44 1.80 1.65 0.08 1.18   0.39     

Motala Ström     1.12 0.74 1.40 0.31             

Mjölnaån     1.66 1.84 1.08 0.28             

Munksjöns 

outlet 

  3.0 3.63 1.85 2.00               

Forsaviken   2.1 2.96 2.52 8.09 1.23 5.76 0.15 1.58       

Kärnebäcken  12.6 41.6 63.12 26.07 50.35 1.11 0.13           

Unden outlet 

1 

    0.46 0.59 1.01 0.45             

Unden outlet 

2 

      0.61 1.01 0.39             

Unden outlet 

3 

      0.60 1.04 0.38             

 
PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTDA PFHxDA 

MDLs (ng/L) 3.10 0.01 0.19 0.04 0.19 0.05 0.05 0.07 0.12 0.09 0.22 0.55 
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Table 14. Concentrations in ng/L of PFSAs and 6:2 FTSA in surface water samples, including method detection limits 

(MDLs) and the ∑PFASs in each sample site. 

Sample PFBuS PFPeS PFHxS PFHpS L-PFOS 6:2 FTSA ∑PFASs 

Hökesån 0.16 0.04 0.18   0.58 0.10 1.58 
 

Orrnäsaån 0.24   0.17   0.79   2.8 

Hjoån     0.21   0.34 0.10 3.8 

Forsviksån 0.25   0.24   0.58   0.34 

Ålebäcken 0.12   0.10   0.34 0.11 0.52 

Svedån         0.30   0.37 

Gagneån 0.06   0.10   0.32 0.09 2.25 

Mjölnaån 0.47   0.25   0.35   2.78 

Röttleån 0.27   0.21   0.39 0.04 3.58 

Domneån 0.52   0.73   0.99 0.10 2.40 

Omberg 0.34 0.20 1.02   1.48 0.17 3.70 

Knipån 0.27       0.29   10.9 
 

Huskvarnaån 0.51 0.13 0.52   1.26 0.32 6.56 

Motala Ström 0.41 0.22 1.26   1.10   5.93 
 

Munksjöns outlet 1.06 0.37 2.37   3.07 0.15 17.4 

Forsaviken 0.42 0.23 1.36   1.43   27.8 

Kärnebäcken 26.6 28.8 251.0 8.7 148.0   658 

Unden outlet 1 0.12   0.13   0.47 0.10 3.09 

Unden outlet 2     0.13   0.40   2.40 

Unden outlet 3 0.08   0.13   0.39   2.40 

MDLs (ng/L) 0.11 0.03 0.14 0.01 0.71 0.30  

 

Table 15. Concentrations (ng/L) of PFCAs and PFSAs in surface water samples from Jönköping airport. 

Compound  Fire Pond Ditch Sandserydsån 

PFBA 489 35 5 

PFPeA 1320 104 14 

PFHxA 764 101 13 

PFHpA 434 47 8 

PFOA 561 64 10 

PFNA 91 4 1 

PFNS 7   

PFDA 10 1 
 

PFUnDA    

PFDoDA    

PFTrDA    

PFTDA    

PFHxDA    

PFOcDA    
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PFBuS 575 25 3 

PFPeS 504 29 3 

PFHxS 1018 154 18 

PFHpS 1020 23 2 

L-PFOS 14750 636 158 

PFDS    

PFDoDS    

4:2 FTSA    

6:2 FTSA 17 33 1 

8:2 FTSA    

 

Table 16. Weight (g) and lenght (cm) of smelt and vendace. n/a = not available data. 

Weight 

(g) 

Lenght 

(cm) 

Sample 

4.2 n/a  Smelt 1 

3.2  n/a  Smelt 2 

4.3  n/a  Smelt 3 

3.5  n/a  Smelt 4 

4.9  n/a  Smelt 5 

4.4  n/a  Smelt 6 

3.8  n/a  Smelt 7 

4.7  n/a  Smelt 8 

4.1  n/a  Smelt 9 

4.6  n/a  Smelt 10 

38.5 17.5 Vendace 1 

49.8 18 Vendace 2 

37.4 17.5 Vendace 3 

41.1 17.9 Vendace 4 

43.4 18.2 Vendace 5 

35.9 17.3 Vendace 6 

40.4 18 Vendace 7 

33.5 17 Vendace 8 

42.1 18 Vendace 9 

43 17.7 Vendace 10 

n/a 37.5 Arctic char 1 

n/a 33 Arctic char 2 

n/a 43 Arctic char 3 

n/a 49 Arctic char 4 

n/a 39 Arctic char 5 

n/a 30 Arctic char 6 

n/a 32 Brown trout 

n/a n/a Burbot 
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n/a ~30 cm Whitefish 

 

Table 17. Relative standard deviation (%) in spiked control samples (n=3), of detected compounds in surface water samples 

from estuaries around Lake Vättern. 

Compound RSD (%) 

PFBA 23 

PFPeA 13 

PFBuS 19 

PFHxA# 19 

PFHpA 16 

PFPeS 13 

PFHxS 8 

PFHpS 18 

PFOA 16 

PFNA 20 

L-PFOS 14 

PFDA 21 

PFUnDA 17 

PFDoDA 26 

PFTrDA 24 

PFTDA 61 

PFHxDA 47 

6:2 FTSA 9 

 

Table 18. Relative standard deviation (RSD) in % from in-house reference sample in biota samples. 

Conc. (pg/g) PFHxS PFNA L-PFOS PFDA PFUnDA PFTrDA 

Control 4   1030 22600 640 770 2210 

Control 3 110 970 20400 580 570 1660 

Control 2 115 1010 18900 630 500   

Control 1 110 980 19000 600 560 2800 

RSD (%) 1.4 2.4 7.3 3.9 16.3 22.0 
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Table 19. Recoveries from 13C-labelled internal standards in control sample included in each batch of biota samples. In-

house reference sample was vendace #3. 

 Batch 1: 

vendace 

Batch 2: 

smelt 

Batch 3: 

Arctic char 

Batch 4: 

Glacial relict 

crustaceans 

13C PFHxS 84 86 94 99 

13C PFOS 94 82 94 97 

13C PFNA 88 78 73 98 

13C PFUnDA 88 77 95 94 

13C PFTrDA 56 111 109 55 

 

Table 20. Recoveries from 13C-labelled internal standards in sediment samples. 

  St Aspön Visingsö  Visingsö Omberg Omberg Omberg 

13C PFHxA 127 180 85 108 140 91 

13C PFHxS 85 93 86 94 87 93 

13C PFOS 81 83 85 82 93 90 

13C PFOA 76 78 82 86 82 92 

13C PFNA 72 70 83 86 78 88 

13C PFDA 72 77 85 88 76 90 

13C PFUnDA 68 66 77 85 69 85 

13C PFDoDA 72 119 52 56 41 30 

 

Table 21. Recoveries of 13C-labelled internal standards in surface water samples. 

  Unden 

outlet 

Mjölnaån Röttleån Motala 

Ström 

Knipån Munksjön 

outlet 

Domneån Forsaviken 

13C 6:2 FTSA 113 157 123 110 117 121 102 97 

13C PFBA 82 79 79 86 55 78 60 86 

13C PFHxA 90 73 78 93 75 82 74 91 

13C PFBuS 65 74 72 72 73 83 68 87 

13C PFNA 92 95 96 94 91 93 90 92 

13C PFHxS 70 93 83 75 88 86 78 86 

13C PFOS 72 90 86 76 87 90 80 82 

13C PFOA 87 98 93 90 91 91 87 90 

13C PFDA 87 91 89 90 88 88 85 82 

13C PFUnDA 78 81 85 83 88 85 84 75 

13C PFDoDA 63 63 72 59 81 70 75 65 

13C PFTDA 18 20 27 22 37 23 32 56 

13C PFHxDA 26 12 20 45 36 21 24 51 
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Table 22. Recoveries of 13C-labelled internal standards in surface water samples. 

  Hökesån Orrnäsaån Ålebäcken Svedån Hjoån Gagneån Forsviksån Huskvarnaån 

13C 6:2 FTSA 89 82 98 91 92 86 90 90 

13C PFBA 67 78 69 77 61 68 79 72 

13C PFHxA 70 43 84 82 69 83 79 68 

13C PFBuS 68 63 77 78 73 69 71 72 

13C PFNA 86 84 97 91 88 74 83 85 

13C PFHxS 81 78 84 90 84 82 91 81 

13C PFOS 98 100 100 101 95 100 99 94 

13C PFOA 90 106 92 92 91 98 99 98 

13C PFDA 89 92 96 93 84 79 88 92 

13C PFUnDA 84 82 89 88 72 74 82 78 

13C PFDoDA 87 65 56 89 56 67 69 75 

13C PFTDA 23 19 21 32 16 15 17 18 

13C PFHxDA 18 16 31 21 16 9 14 13 

 

Table 23. Recoveries of 13C-labelled internal standards in surface water samples and blank samples. 

  Blank 

PP3 

Blank 

U 

Blank 

PP1 

Unden 

2 

Unden 

1 

Kärnebäcken Omberg 

13C 6:2 FTSA 116 129 119 106 128 139 116 

13C PFBA 100 94 93 79 77 89 90 

13C PFHxA 100 105 102 86 93 81 95 

13C PFBuS 111 117 111 81 89 83 95 

13C PFNA 96 90 90 90 97 99 94 

13C PFHxS 97 89 92 92 97 101 93 

13C PFOS 90 81 87 87 96 99 88 

13C PFOA 97 93 92 91 95 98 90 

13C PFDA 96 83 90 87 94 97 86 

13C PFUnDA 91 67 88 87 95 99 76 

13C PFDoDA 59 34 59 76 89 105 42 

13C PFTDA 36 25 33 71 51 75 55 

13C PFHxDA 97 81 99 119 91 86 90 
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Table 24. Recoveries of 13C-labelled internal standards in water samples from Jönköping airport. 

  Ditch Fire pond Sandserydsån 

13C 6:2 FTSA 313 154 83 

13C PFBA 83 52 40 

13C PFHxA 139 145 85 

13C PFHxS 139 117 91 

13C PFOS 144 114 82 

13C PFNA 135 92 80 

13C PFOA 148 101 86 

13C PFDA 124 90 72 

 

Table 25. Recoveries from 13C-internal standards in vendace samples. 

 

Table 26. Recoveries from 13C-internal standards in smelt samples. 

  Smelt 

1 

Smelt 

2 

Smelt 

3 

Smelt 

4 

Smelt 

5 

Smelt 

6 

Smelt 

7 

Smelt 

8 

Smelt 

9 

13C PFHxA   136 117 247 124 299 511 381 783 

13C PFHxS 84 78 66 73 83 88 89 86 99 

13C PFOS 82 79 69 66 88 99 101 98 87 

13C PFOA 
 

73 69 70 74 80 78 85 93 

13C PFNA 77 71 65 72 75 82 96 78 89 

13C PFDA 77 70 67 67 82 82 87 79 79 

13C PFUnDA 76 66 63 70 75 79 93 75 102 

13C PFDoDA 111 175 141 207 181 206 205 181 229 

 

  
Vendace 

1 

Vendace 

2 

Vendace 

3 

Vendace 

4 

Vendace 

5 

Vendace 

6 

Vendace 

7 

Vendace 

8 

Vendace 

9 

Vendace 

10 

13C 6:2 

FTSA 
62 41 35 47 60 51 54 26 43 44 

13C 

PFHxS 
88 79 85 87 88 80 82 70 85 80 

13C PFOS 89 91 89 100 80 81 76 74 99 83 

13C PFOA 85 83 84 89 89 81 83 73 87 84 

13C PFNA 88 86 89 94 88 87 88 75 89 89 

13C PFDA 84 84 84 85 96 85 86 64 87 85 

13C 

PFUnDA 
83 85 88 97 85 85 89 76 98 78 

13C 

PFDoDA 
44 64 50 78 90 58 90 38 47 63 
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Table 27. Recoveries from 13C-internal standards in Arctic char, whitefish, burbot and Brown trout samples. 

  Arctic 

char 

1 

Brown 

trout 

Arctic 

char 

2 

Arctic 

char 

3 

Arctic 

char 

4 

Burbot Arctic 

char 

5 

Arctic 

char 

6 

Whitefish Smelt 

10 

13C PFHxA 75 89 83 74 76 84 85 86 72 74 

13C PFHxS 57 66 59 53 56 84 66 61 52 47 

13C PFOS 81 88 75 78 75 89 84 81 67 61 

13C PFOA 84 91 88 85 82 87 90 93 74 73 

13C PFNA 89 91 89 86 84 89 90 91 75 73 

13C PFDA 86 91 82 87 82 88 90 91 71 65 

13C PFUnDA 87 90 89 90 80 90 92 89 70 64 

13C PFDoDA 156 71 29 177 30 102 57 19 20 427 

13C PFTDA 564 161 1962 482 2595 113 105 476 81 10157 

 

Table 28. Recoveries from 13C-internal standards in Monoporeia, Pallasea and Mysis samples. 

  Monoporeia Pallasea Mysis 

1 

Mysis 

2 

Mysis 

3 

Mysis 

4 

13C 6:2 FTSA 98 111 113 117 116 124 

13C PFHxS 91 88 88 85 84 90 

13C PFOS 92 91 93 89 92 95 

13C PFOA 94 96 91 90 95 97 

13C PFNA 93 93 88 86 96 96 

13C PFDA 90 91 95 89 93 94 

13C PFUnDA 87 90 89 88 94 88 

13C PFDoDA 54 44 68 65 79 67 

13C PFTDA 516 381 361 363 381 385 

 

Table 29. Muscle tissue corrected values from stable isotope analysis of δ13C and δ15N. Calculated trophic levels (TLs) is 

also presented for each individual specie. 

Sample δ13C δ15N Trophic Level 

Mysis 1 -24.23 8.38 0.18 

Mysis 2 -27.24 11.10 0.89 

Mysis 3 -26.59 11.26 0.94 

Smelt 1 -29.86 11.73 1.06 

Smelt 2 -28.44 11.13 0.90 

Smelt 3 -30.31 11.48 0.99 

Smelt 4 -27.41 10.51 0.74 

Smelt 5 -29.06 6.95 -0.20 

Smelt 6 -28.56 11.37 0.97 
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Smelt 7 -28.76 11.08 0.89 

Smelt 8 -29.25 11.84 1.09 

Smelt 9 -28.89 11.93 1.11 

Smelt 10 -29.63 11.49 1.00 

Vendace 1 -29.10 11.10 0.90 

Vendace 2 -30.29 11.14 0.90 

Vendace 3 -29.47 10.79 0.81 

Vendace 4 -28.80 10.85 0.83 

Vendace 5 -31.22 11.34 0.96 

Vendace 6 -29.19 10.72 0.80 

Vendace 7 -31.19 11.41 0.98 

Vendace 8 -29.96 11.42 0.98 

Vendace 9 -29.73 11.50 1.00 

Vendace 10 -29.69 11.05 0.88 

Arctic char 1 -23.52 14.82 1.87 

Arctic char 2 -24.09 15.54 2.06 

Arctic char 3 -24.56 14.33 1.74 

Arctic char 4 -24.07 14.44 1.77 

Arctic char 5   -24.42 13.56 1.54 

Arctic char 6 -24.91 13.79 1.60 

Burbot -22.97 15.11 1.95 

Brown trout -23.43 13.15 1.43 

 

Table 30. Concentrations (ng/g) wet weight of detected PFCAs in biota samples, including MDLs. 

Sample name PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA 

Monoporeia 
 

2.0 27.2 37.8 17.0 17.1 3.0 15.2 

Pallasea 
 

0.3 1.62 1.69 0.71 1.12 0.31 3.26 

Mysis relicta 1 
  

0.61 1.60 0.60 0.58 
  

Mysis relicta 2 
  

0.67 1.63 0.60 0.54 
 

0.81 

Mysis relicta 3 
  

0.68 1.47 0.62 0.51 
 

0.72 

Mysis relicta 4 
  

0.64 1.44 0.61 0.55 
 

0.76 

Smelt 1 
   

0.49 0.89 1.1 
 

7.62 

Smelt 2 
  

0.20 0.89 0.63 0.8 0.42 8.5 

Smelt 3 0.25 
 

0.30 1.77 2.98 3.5 1.24 24.4 

Smelt 4 
  

0.21 0.90 0.74 0.9 0.57 9.7 

Smelt 5 0.15 
 

0.24 2.87 3.73 4.4 1.46 25.2 

Smelt 6 
  

0.22 1.81 3.45 4.1 1.33 20.4 

Smelt 7 
  

0.37 2.64 2.03 
 

1.05 13.7 

Smelt 8 
  

0.25 1.76 2.64 3.0 1.44 18.1 

Smelt 9 
  

0.27 1.42 1.78 2.2 0.98 13.4 

Smelt 10 
   

1.13 1.92 2.3 
  

Vendace 1 
   

0.74 
 

0.6 
 

3.46 
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Vendace 2 
  

0.20 0.63 
   

4.47 

Vendace 3 
   

0.85 0.54 
   

Vendace 4 
   

0.77 0.51 
  

3.31 

Vendace 5 
   

0.60 0.49 
   

Vendace 6 
   

1.16 0.85 0.8 0.66 
 

Vendace 7 
   

0.77 
 

0.5 0.28 4.28 

Vendace 8 
  

0.21 0.61 
    

Vendace 9 
   

1.01 
 

0.5 
  

Vendace 10 
   

0.86 0.64 0.8 0.49 
 

Arctic char 1 
   

1.04 1.76 2.1 0.67 4.97 

Arctic char 2 
  

0.13 2.50 3.17 3.4 0.96 23.72 

Arctic char 3 
   

1.30 2.00 2.1 0.50 2.73 

Arctic char 4 
   

0.65 1.02 1.4 0.59 18.95 

Arctic char 5 
   

0.61 1.20 1.5 0.55 1.09 

Arctic char 6 
  

0.24 1.58 1.94 2.3 0.76 11.38 

Whitefish 
  

0.20 2.03 1.53 1.6 0.41 
 

Burbot 0.13 
 

0.59 2.04 1.47 1.9 0.50 1.17 

Brown trout 
   

0.71 1.49 1.8 0.67 2.1 
         

 
PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA 

MDLs smelt & 

vendace 

0.13 0.03 0.19 0.02 0.05 0.02 0.05 0.07 

MDLs Glacial 

relict & Arctic 

char 

0.05 0.03 0.03 0.00 0.01 0.01 0.01 0.01 
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Table 31. Concentrations (ng/g) wet weight of PFSAs and PFTDA, PFHxDA and 6:2 FTSA, including MDLs for biota 

samples. 

Sample 

name 

PFPeS PFHxS PFHpS L-

PFOS 

PFNS PFDS PFDoDS PFTDA PFHxDA 6:2 

FTSA 

Monoporeia 
 

1.1 0.5 96.2 
   

1.1 
 

0.2 

Pallasea 
   

8.40 
   

0.27 
 

0.1 

Mysis 

relicta 1 

 
0.27 

 
5.25 

   
0.14 

  

Mysis 

relicta 2 

 
0.29 0.53 23.31 

   
0.17 

  

Mysis 

relicta 3 

 
0.30 0.14 7.12 

   
0.15 

  

Mysis 

relicta 4 

 
0.26 

 
5.07 

   
0.15 

  

Smelt 1 0.004 
  

15.9 
      

Smelt 2 
 

0.10 
 

10.8 
      

Smelt 3 0.006 0.11 
 

30.2 0.0319 0.118 
    

Smelt 4 0.009 0.09 
 

15.4 
      

Smelt 5 
 

0.13 
 

38.2 0.0465 
     

Smelt 6 
 

0.09 
 

36.1 
      

Smelt 7 
   

23.0 
      

Smelt 8 
   

26.6 
      

Smelt 9 
 

0.11 
 

20.5 
      

Smelt 10 
 

0.09 
 

22.0 
      

Vendace 1 
 

0.09 
 

12.2 
     

0.23 

Vendace 2 
 

0.10 
 

18.1 
     

0.27 

Vendace 3 
   

19.6 
     

0.42 

Vendace 4 
   

15.4 
      

Vendace 5 
   

12.7 
      

Vendace 6 
   

20.8 
      

Vendace 7 
 

0.11 
 

11.3 
      

Vendace 8 
 

0.10 
 

11.2 
      

Vendace 9 
 

0.14 
 

12.2 
      

Vendace 10 
 

0.09 
 

16.6 
      

Arctic char 

1 

0.002 0.06 0.09 20.9 0.02 
 

0.06 
   

Arctic char 

2 

0.008 0.31 0.29 30.7 
      

Arctic char 

3 

 
0.09 0.08 18.7 0.02 

     

Arctic char 

4 

 
0.08 0.08 13.3 
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Arctic char 

5 

 
0.06 0.05 15.7 

   
0.31 

  

Arctic char 

6 

 
0.14 0.10 22.8 

      

Whitefish 
 

0.22 0.10 14.1 
   

0.2 
  

Burbot 
 

0.34 0.10 13.8 0.01 
  

0.23 0.03 
 

Brown trout 
 

0.08 0.06 15.0 0.01 
     

 PFPeS PFHxS PFHpS L-

PFOS 

PFNS PFDS PFDoDS PFTDA PFHxDA 6:2 

FTSA 

MDLs smelt 

& vendace 

0.00 0.01 0.00 0.12 0.00 0.02 0.00 0.00 0.00 0.12 

MDLs 

Glacial 

relict & 

Arctic char 

0.00 0.01 0.01 0.54 0.00 0.01 0.00 0.04 0.01 0.05 

 

 

Figure 31. Normal probability plot of trophic levels calculated for smelt samples.  
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Figure 32. Normal probability plot of trophic levels calculated for vendace samples. 

 

Figure 33. Normal probability plot of trophic levels calculated for Arctic char samples. 
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Table 32. Anderson-Darling test, where p-value higher than 0.2 and close to 1 represent normal distribution. 

 P-value 

Smelt 0.650951776299918 

Vendace 0.496237722547886 

Arctic char 0.873708231428994 

 

 


