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Dankwoord

Mijn eerste ervaring met ecotoxicologie, en dus ook met geperfluoreerde
verbindingen (PFASs), was tijdens de Tropische stage in Tanzania in de derde bachelor
Biologie. Als onderwerp voor de bachelor-thesis hadden we gekozen om verschillende
polluenten (metalen en verschillende polluenten, waaronder PFASs te analyseren in
de waterlopen rondom Morogoro in Tanzania. Ondanks de nodige problemen (nu
weet ik dat onderzoek nooit gaat zoals gepland en dus soms heel erg frustrerend kan
zijn), heeft de combinatie van veldwerk en labowerk en het gebrek aan informatie over
PFASs in het milieu er toe geleid dat ik mijn master-thesis op PFASs in het aquatisch
milieu van de Vaal Rivier in Zuid-Afrika ging doen. Tijdens mijn thesis kreeg ik al door
dat ik de resultaten zou kunnen publiceren en dat dit de eerste stap zou kunnen zijn in
de richting van een academische carriere. Ik werd door Lieven benaderd dat er een
vacature open stond voor een project op PFASs in zangvogels in samenwerking met
Marcel. Hierop heb ik gesolliciteerd en zo belandde ik in de SPHERE en BECO
onderzoeksgroepen, waar ik mijn doctoraatsproject verder heb uitgewerkt. Ondanks
de vele tegenslagen (en ook meevallers) zijn de jaren voorbij gevlogen. Dit alles heb ik
te danken aan de steun en hulp van verschillende mensen, die ik daarom hartelijk wil

bedanken.

Allereerst wil ik mijn promotoren Lieven en Marcel bedanken om mij de kans te geven
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raad en steun en voor de mogelijkheid om mijn eigen visie en ideeén los te laten op dit



project. Zonder hun steun en inbreng, had ik dit doctoraat niet tot een goed einde

kunnen brengen.

Verder wil ik ook Els bedanken voor haar input, hulp en steun bij het ontwikkelen van
de nieuwe extractiemethode voor PFASs in verschillende soorten stalen, en voor haar
hulp en advies bij diverse andere publicaties. Ik heb ontzettend veel geleerd op gebied
van methode ontwikkeling en alles wat daar bij komt kijken. Haar bijdrage aan het
volledige project maakte haar als het ware mijn derde promotor en zonder haar hulp
had ik nooit zo veel werk kunnen verrichten als ik nu heb gedaan. Graag wil ik ook Tim
bedanken, omdat ik altijd bij hem terecht kon met vragen en problemen, maar ook
voor zijn inbreng op het gebied van experimentele set-up, de ontwikkeling van de
nieuwe extractiemethode, zijn kennis van UPLC en chemie, en uiteraard alle metingen

die hij verricht heeft voor mij.

Ik wil ook Ana bedanken voor haar hulp met het veldwerk en het verzamelen van de
stalen van de koolmezen. Ondanks de erg moeizame samenwerking, heb ik door haar
de nodige ervaring opgedaan in het manipuleren van vogels en in de verwerking (vaak
statistisch) van data. Bovendien wil ik Peter en Geert bedanken voor hun hulp met de
staalname en het plaatsen van de nestkasten, waardoor een groot deel van dit project
mogelijk werd. Verder wil ik Robin bedanken voor zijn hulp als thesis-student in het
verzamelen en analyseren van de mezen stalen en zijn hulp bij de ontwikkeling van de
extractiemethode, maar zeker ook daarna als collega voor zijn advies en voor de goede

samenwerking en communicatie in zowel het labo als tijdens het schrijven van papers.



Helaas kan ik niet iedereen binnen de onderzoeksgroepen bedanken, anders zou het
dankwoord veel te lang worden, maar ik wil zeker ook nog alle collega’s bij SPHERE en
BECO bedanken voor de gezellige samenwerking, gesprekken en activiteiten die we

gehad hebben.

De goede en gezellige begeleiding tijdens mijn bachelor- en masterthesis hebben mij
geénthousiasmeerd om verder te willen gaan in het onderzoek naar PFASs. Daarom
wil ik Wendy ook enorm bedanken voor al haar hulp en voor haar kennis die ze op mij
heeft overgedragen. Hierdoor had ik een erg goede basis om aan dit project te
beginnen. Doordat ik nu zelf meerdere studenten heb begeleid, weet ik dat het voor
haar niet altijd gemakkelijk geweest moet zijn om naast haar eigen werk, ook projecten
van anderen te begeleiden. Ik wil dan ook alle studenten bedanken die ik heb mogen
begeleiden, omdat ik daardoor gepassioneerd bleef in verschillende aspecten van het
onderzoek naar PFAS. Ik hoop dat ik mijn kennis en ervaring ook op jullie heb kunnen
overbrengen en dat ik jullie ook enthousiast heb kunnen maken voor een mogelijk

vervolg in het onderzoek.

Dit hele project zou ook niet mogelijk zijn geweest zonder toestemming op de
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1. General introduction

The earliest forms of environmental pollution were already reported from the moment
humans were able to make fire, as the resulting smoke contributed to indoor air
pollution. Environmental pollution is hence coeval with the appearance of humans.
The long-lasting changes in the environment, which were the result of the harmful
activities of ancient civilizations, can sometimes still be experienced today (Makra,

2015).

More intensive environmental pollution appeared simultaneously with the
development of societies (Makra, 2015). During the Roman era, lead was the most
popular metal, which was frequently used in numerous applications such as food
preservation, birth control medicine and shipbuilding (Waldron, 1985). Furthermore,
the copper production increased during the Roman times, as copper was used more
intensively for military and civil purposes (Makra, 2015). During the Greco-Roman age,
the lead and copper concentrations in the troposphere increased significantly as a
result of their increased use (Hong et al., 1994, 1996), resulting in the first

anthropogenic pollution on a hemispheric scale.

Environmental pollution through anthropogenic sources was also reported on the
southern hemisphere in the 16™ century, when the Spanish conquered South America.
The mines were taken over and the Spanish began pumping clouds of lead dust over
the Andes, making it the first industrial-scale toxic metal air pollution on the southern
hemisphere (Uglietti et al., 2015). Although this mainly occurred on a relatively small
scale, the global impact of environmental pollution and change during the industrial
revolution in the 18™ century, led to the concept of the Anthropocene, or the Age of
Humans (Corlett, 2015; Rose, 2015). This period refers to the heavily increased
emission of anthropogenic pollutants in the environment, but also to other major
human impacts on the environment, such as e.g. climate change and deforestation

(zalasiewicz et al., 2015).
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Since the last century, the development of organic chemical industries has also led to
an increased production of a large number of anthropogenic chemicals. Many of these
chemicals, that enter the environment, such as metals and persistent organic
pollutants (POPs), hazardous organic chemicals that are resistant to degradation and
thus remain in the environment for long time periods, may impact the health of biota
in ecosystems. The investigation of the ecologically relevant effects of these pollutants
at environmentally realistic concentrations in wild species is, however, still a great
challenge in ecotoxicology. As a result of their global presence in nature, many of these
pollutants have received worldwide scientific attention (Fernandez and Grimalt, 2003).
Therefore, some well-known POPs such as pesticides, polychlorinated biphenyls (PCBs)
and polybrominated diphenyl ethers (PBDEs) have been studied extensively (e.g.
Ashraf 2017, Jaspers et al., 2014; Li et al., 2006; Ross and Birnbaum, 2010). However,
much less is known about the accumulation, distribution and effects of more recently
produced and detected per- and polyfluoroalkylated substances (PFASs) (Domingo and
Nadal, 2017; Mudumbi et al., 2017), which have been produced for over six decades
and have been detected globally in the environment, wildlife and even humans (e.g.
Giesy and Kannan, 2001, 2002; Houde et al., 2006, Miller et al., 2015). The group of
PFASs represents many different molecules, with similar structures, with a large

number of applications and physicochemical properties.

Before giving a state of the art on accumulation and effects of PFASs in some
environmental and biological matrices that are of interest in this thesis (i.e. soil,
invertebrates and songbirds in chapters 1.5 — 1.7), | will first give a technical overview
of the terminology (chapter 1.1), how PFASs could end up in the environment
(production processes and applications in chapter 1.2 and 1.3) and how they behave

in the environment (chapter 1.4).

1.1 Terminology and classification of fluorinated chemicals
The term ‘fluorinated chemicals’ describes a wide range of both organic and inorganic

substances that contain at least 1 F atom and that contain a variety of physical,

chemical and biological properties (Buck et al., 2011). Examples of fluorinated
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chemicals are the highly fluorinated aliphatic substances that contain at least one C
atom on which all H atoms, present in their non-fluorinated analogues from which
these compounds are derived, are replaced by F atoms. This group is also referred to
as perfluoroalkyl or polyfluoroalkyl substances, or PFASs, and contain the
perfluoroalkyl moiety CiFn2+1- (Buck et al., 2011). The group of PFASs can be further

classified into numerous subclasses, which are displayed in Figure 1.1.

Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs)

Perfluoroalkyl Fluoropolymers
Substances Carbon-oniy polymer backbone wit

Compounds for which all hydrogens on fivorines directly attached

gll carbons (except for carbons

associated with functional groups)

have been replaced by fluorines Perfluoropolyethers
(Aliphatic) perfluorocarbons (PFCs) Carbon and oxygen poiymer backbone
Perfluoroalkyl acids with fiuonnes direc
Perfluoroalkane sulfonyl fluorides carbon
Perfluoroalkane sulfonamides
Perfluoroalkyl iodides
Perfluoroalkyl aldehydes

Side-chain Fluorinated

Polymers

Polyfluoroalkyl
Substances

COmpOUndeo’WhICh allhydrogenson Fluorinated acrylate and

atleast one (butnot gll) carbon have methacrylate polymers

been replaced by fluorines :
e vf Fluorinated urethane

Perfluoroalkane sulfonamido polymers
derivatives

Fluorotelomer-based compounds Fluorinated oxetane
Semifluorinated n-alkanes and polymers

alkenes

Figure 1.1. Classification hierarchy of environmentally relevant perfluoroalkyl and polyfluoroalkyl
substances (PFASs). Adapted from Buck et al. (2011).
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As the focus of this thesis is on perfluoroalkylated acids (PFAAs) and more specifically
on perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs)
only these groups of PFAAs will be further discussed. Within the PFSAs and PFCAs a
further distinction can be made based on the length of the carbon chain. The
Organisation for Economic Co-operation and Development (OECD) refers to long-chain
PFAAs as PFCAs with eight or more C atoms, and PFSAs with six or more C atoms (OECD,
2011).

1.1.1 Perfluoroalkyl carboxylic acids (PFCAs)
Perfluoroalkyl carboxylic acids (PFCAs)

are a subfamily of PFAAs that can

F
contain a perfluorinated carbon chain FW\OH
of between 2 and 16 C atoms in length

with a terminal carboxylic acid group. {;gl:lg:)l.z Chemical structure of perfluorooctanoic acid

Their general moiety is CnF2n.1COOH.

The most commonly studied PFCA is perfluorooctanoic acid (C;F1sCOOH, PFOA, Figure
1.2), that is mostly manufactured as its ammonium salt, ammonium
perfluorooctanoate (APFO). Similar to PFOA, perfluorononanoic acid (CgF;7,COOH,
PFNA) is also mainly manufactured as its ammonium salt (ammonium
perfluorononanoate, APFN) (Buck et al., 2011). Other PFCAs that are less frequently

studied, but have been analyzed in this thesis, are displayed in Table 1.1.

22



Table 1.1 Full name, abbreviation and chemical formula of the perfluoroalkyl carboxylic acids (PFCAs)
analyzed in this thesis.

Full name Abbreviation Chemical formula
Perfluorobutanoic acid | PFBA C3F,COOH
Perfluoropentanoic acid | PFPeA C4F9COOH
Perfluorohexanoic acid | PFHxA CsF,1,COOH
Perfluoroheptanoic acid | PFHpA CsF13COOH
Perfluorooctanoic acid | PFOA C;F1sCOOH
Perfluorononanoic acid | PEFNA CgF17COOH
Perfluorodecanoic acid | PFDA CoF15COOH
Perfluoroundecanoic acid | PFUnDA C10F21COOH
Perfluorododecanoic acid | PFDoDA C11F23COOH
Perfluorotridecanoic acid | PFTrDA C12F25sCOOH
Perfluorotetradecanoic acid | PFTeDA Ci3F27COOH

1.1.2 Perfluoroalkyl sulfonic acids (PFSAs)
The second major group of PFAAs are the

‘ //0 PFSAs, which generally contain 2 to 16 C
. //S‘\OH atoms and a sulfonate group, resulting in

the general moiety CiF2..1SOsH. The PFSA
Figure 1.3 Chemical structure of perfluorooctane that gained the most attention from the
sulfonic acid (PFOS)
moment it was first detected globally in
biota (Giesy and Kannan, 2001) and humans (Hansen et al., 2001) is perfluorooctane
sulfonic acid (CsF17SOsH, PFOS, Figure 1.3), which is the most commonly encountered
PFAA in the environment and wildlife (Giesy, 2010). In reality, PFOS is a mixture of both
linear and branched isomers of PFOS, depending on the production process, which will
be described in detail in chapter 1.2. Perfluoroalkyl sulfonic acids with shorter carbon
chain lengths than PFOS, such as perfluorobutane sulfonate (C4FsSOsH, PFBS) are
nowadays used as replacement substances for PFOS. Besides the direct production of

PFSAs, some PFSAs can also be present as impurities in the formation of

perfluorooctane sulfonamide precursor substances (Buck et al., 2011).
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Other frequently studied PFSAs, which have been studied in this research, are

displayed in Table 1.2.

Table 1.2 Full name, abbreviation and chemical formula of the perfluoroalkyl sulfonic acids (PFSAs)
analyzed in this thesis.

Full name Abbreviation Chemical formula
Perfluorobutane sulfonate \ PFBS C4F9SOsH
Perfluorohexane sulfonate ‘ PFHxS CoF13S0sH
Perfluorooctane sulfonate ‘ PFOS CsF17SOsH
Perfluorodecane sulfonate ‘ PFDS Ci10F21SOsH

1.1.3 Potential PFSA and PFCA precursor compounds
Both PFSAs and PFCAs may not only be produced directly, but can also be formed

through abiotic or biotic transformation of less stable precursor compounds. These
precursors are substances

R FR FR FR F
that have the potential to

F
OH degrade to long-chain PFCAs

F FF FF FF F or PFSAs. Among these

Figure 1.4 Chemical structure of fluorotelomer alcohol 8:2 FTOH ) .
precursors are side-chain

fluorinated polymers, which are fluorinated polymers that consist of variable
composition of non-fluorinated carbon backbones with polyfluoroalkyl or

perfluoroalkyl side-chains (OECD, 2013).

Perfluoroalkyl carboxylic acids may be the terminal degradation product of many
precursor compounds including fluorotelomer alcohols (FTOHs; Figure 1.4), acrylates
(FTACs), iodides (FTls), olefins (FTOs), N-alkyl perfluoroalkane sulfonamides (FASAs),
N-alkyl perfluoroalkane sulfonamidoethanols (FASEs) and polyfluoroalkyl phosphates
(PAPs). Examples of precursor compounds for PFSAs are perfluoroalkane sulfonyl

fluorides (PASFs) (Buck et al., 2011).
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1.2 Production processes
It is important to describe the production processes of PFAAs for a better

understanding of the environmental distribution and behaviour as well as the
relationships between different families of PFASs. Two processes have been used for
the production of PFASs, which result in different isomeric purities. These processes

are electrochemical fluorination (ECF) and telomerization (TM).

1.2.1 Electrochemical fluorination (ECF)
When organic compounds undergo electrolysis in anhydrous hydrogen fluoride (aHF)

and an organic feedstock with fluorine, all H atoms are replaced by F-atoms (Buck et
al., 2011). This process is called electrochemical fluorination (ECF) or the Simons
process (lgnat’ev and Sartori, 2000). During the electrochemical conversion of organo-
fluorine compounds, active fluorine-containing species (e.g. radicals and anions),
which may react to different substrates, are created (Ignat’ev and Sartori, 2000). These
radicals cause carbon chains to rearrange into mixtures of linear and branched
perfluorinated isomers and homologues (Buck et al., 2011). The ECF process generally
leads to the production of even- and odd-numbered, branched and linear chains of
PFAAs. For the manufacture of PFOS-related chemicals, perfluorooctane
sulfonylfluoride (POSF, CsF17SO,F), a precursor of PFOS (Buck et al., 2011), is used as a
starting material, whereas PFOA can be produced through ECF using octanoyl fluoride

as organic feedstock (Buck et al., 2011).

25



H
T 2
. : |
Anoqlc _ o, ho a
fluorination o |l 24|la
- o
A
o 1f%

Distillation
or
Extraction

. o‘
A B HF addition A A
A A i i i Fa 0
A A A A A

Fluoride salt ionic liquids Fluofinated
(EtyNF-nHF) product

Substrate

Figure 1.5 Solvent-free selective anodic fluorination in ionic liquids. Adapted from Fuchigami and Inagi,
2011

The procedure starts with the formation of organic radicals on the surface of an anode
(Ignat’ev and Sartori, 2000). As described before, this radical may then react to
different substrates and can therefore undergo fluorination, isomerization, cyclization
and condensation (lgnat’ev and Sartori, 2000). Figure 1.5 illustrates a schematic

overview a solvent-free selective anodic ECF procedure (Fuchigami and Inagi, 2011).
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1.2.2 Telomerization (TM)
In the telomerization process a perfluoroalkyl iodide (PFAl) is reacting with

tetrafluoroethylene (CF,=CF,, TFE) to successively add an ethyl group to the fluoroalkyl
chain. The product mixture is often reacting further in a second step, in which ethylene
is inserted to create a FTI. Both the PFAIls and FTIs are building blocks of FTOHs and a
wide range of other products, including PFOA and PFNA (Fig. 1.6) (Buck et al., 2011).

Perfluoroalkyl iodide, PFAI

[ F(CF,)s(CH,),H |€ II F(CF,)l ll >= F(CF,),COOH |
Semifluorinated alkane, SFA PFOA

\

| F(CF,)sCH,CH,S0,H |€————| F(CF,);CH,CH,] || F(CF,);CH=CH,

FT sulfonic acid, FTSA FTiodide|FTI FTolefin, FTO

A 4
F(CF,);COOH

l F(CFI)SCH2CH20H 2
FTalcoh¢l, FTOH PFNA
\ 4
—{ F(CF,)sCH,CH,0C(0)CH=CH, | F(CF,)sCH,CH,0P(O)(OH),

FT acrylate, FTAC FT monophosphate, monoPAP
—{ F(CF,);CH,CH,0C(O)C(CH;)=CH, |€— | [F(CF,)sCH,CH,0,P(0)(OH)
FT methacrylate, FTMAC FT diphosphate, diPAP

-)'I Side-chain fluorinated acrylate polymers I —)' Side-chain fluorinated urethane polymers |

Figure 1.6 An example of PFCAs and fluorotelomer (FT) derivatives synthesized from perfluoroalkyl
iodides (PFAIs) for a starting PFAI with 8C atoms. Names and acronyms for substance families are
indicated. Adapted from Buck et al., 2011.

1.3 Use
PFASs have been used in a wide variety of products and production processes. The

production and use of PFASs grew from the 1960s to the 1990s because of their distinct

physicochemical properties, which will be described further in Chapter 1.4.
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PFASs, their precursors and degradation products have been or are still used for
numerous industrial and commercial applications, including food packaging (Schaider
et al., 2017), textiles (Robel et al., 2017), chemicals such as paints and ink (Challener,
2008), metal plating (galvanic industry; Poulsen et al., 2001), printing plates and semi-
conductors (photolithographic and electro industry; Brooke et al., 2004), insecticides
(Manning et al.,, 1991; Grossman et al., 1992), cosmetics (Cassady et al., 2014),
hydraulic fluids (aviation industry; Brooke et al., 2004), fire-fighting foams (e.g.
Montagnolli et al., 2018), implants (Henry et al., 2018) and non-stick cookware (e.g.
Sajid and llyas, 2017).

1.4 Properties, Fate and Behaviour
Both PFSAs and PFCAs are widely distributed in the global environment as a result of

their outspoken physicochemical properties, including their high solubility in water
(with exception of the compounds with the longest chain length), low/moderate
sorption to soils and sediments and resistance to both biological and chemical

degradation.

1.4.1 Physicochemical properties
The physicochemical properties of the target analytes of this thesis, reported in Table

1.3, are mainly caused by the properties of the individual atoms and the covalent
carbon-fluorine bond, which is one of the strongest bonds in organic chemistry. The
thermal, chemical, photolytic and biological stability of PFASs are likely the result of
these bonds, as the dense packing of fluorine electrons protect PFASs from external
attacks. In addition to the hydrophobic perfluorinated carbon chain, PFASs have a

hydrophilic functional group, which makes them amphiphilic compounds.
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Additionally, the fluorinated carbon-chain also has a lipophobic characteristic (Pancras
et al., 2016). The physicochemical properties of PFASs may change non-linearly within
a homologous PFASs series. This is most likely the result of a change in geometry with
increasing chain length. PFASs molecules with more than eight fluorinated C-atoms can
form a helix, which results in an increase in electron density. This increased electron

density leads to changes in physicochemical properties (Wang Z et al., 2011).

Table 1.3 Physicochemical properties of the target analytes in this thesis. Data adapted from SGS (2019).

Name Acronym | Mol. Water Solubility Vapor
Weight 20-25°C (g/L) Pressure
(8/mol) [Pa]

Perfluoroalkyl carboxylic acids (PFCAs)

Perfluorobutanoic acid | PFBA 214.04 Miscible 1307

Perfluoropentanoic PFPeA 264.05 112.6 1057

acid

Perfluorohexanoic acid | PFHxA 314.05 21.7 457

Perfluoroheptanoic PFHpA 364.06 4.2 158

acid

Perfluorooctanoic acid | PFOA 414.07 3.4-95 4 -1300

Perfluorononanoic PFNA 464.08 9.5 1.3

acid

Perfluorodecanoic acid | PFDA 514.09 9.5 0.2

Perfluoroundecanoic PFUnDA | 564.09 0.004 0.1

acid

Perfluorododecanoic PFDoDA | 614.1 0.0007 0.01

acid

Perfluorotridecanoic PFTrDA 664.11 0.002 0.3

acid

Perfluorotetradecanoic | PFTeDA | 714.12 0.00003 0.1

acid

Perfluoroalkyl sulfonic acids (PFSAs)

Perfluorobutane PFBS 300.1 46.2 - 56.6 631

sulfonate

Perfluorohexane PFHxS 400.11 2.3 58.9

sulfonate

Perfluorooctane PFOS 500.13 1.52-1.57 6.7

sulfonate

Perfluorodecane PFDS 600.14 0.002 0.71

sulfonate

29



Table 1.3 (continued) Physicochemical properties of the target analytes in this thesis. Data adapted

from SGS (2019).

Name Acronym | Density | Melting Boiling | Dissociation
(20°C) | Point (°C) Point | Constant
(g/mL) (°c) [pKa]

Perfluoroalkyl carboxylic acids (PFCAs)

Perfluorobutanoic acid | PFBA 1.65 -17.5 121 -0.2t0 0.7

Perfluoropentanoic PFPeA 1.7 --- 124.4 | -0.06

acid

Perfluorohexanoic acid | PFHxA 1.72 14 143 -0.13

Perfluoroheptanoic PFHpA 1.79 30 175 -0.15

acid

Perfluorooctanoic acid | PFOA 1.8 37-60 188- | -0.16t0 3.8

192

Perfluorononanoic PFNA 1.75 56 —59 218 -0.17

acid

Perfluorodecanoic acid | PFDA 1.76 77 - 88 218 -0.17

Perfluoroundecanoic PFUnDA | 1.76 83-101 160- | -0.17

acid 230

Perfluorododecanoic PFDoDA | 1.77 107 -109 | 245 -0.17t0 0.8

acid

Perfluorotridecanoic PFTrDA 1.77 --- --- ---

acid

Perfluorotetradecanoic | PFTeDA | 1.78 --- 276 ---

acid

Perfluoroalkyl sulfonic acids (PFSAs)

Perfluorobutane PFBS 1.81 76 -84 211 -6to -5

sulfonate

Perfluorohexane PFHxS --- --- --- -6to -5

sulfonate

Perfluorooctane PFOS --- 54 >400 -6t0-2.6

sulfonate

Perfluorodecane PFDS --- --- --- ---

sulfonate
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1.4.2 Fate and behaviour
The environmental fate of PFASs describes their transport, partitioning and

transformation after their release in the environment (Figure 1.7). The release of PFASs
into the environment occurs either through direct pollution, or through environmental
degradation of precursor compounds (Buck et al., 2011; Prevedouros et al., 2006). In
addition, gas- and particle-phase atmospheric long-range transport may also result in
the release of PFASs in the environment (Barber et al., 2007; Ellis et al., 2003; Schenker
et al., 2008). Precursor compounds are more volatile compared to PFASs and are
therefore typically transported via the atmosphere and subsequently degraded
(Ahrens and Bundschuh, 2014; Martin et al., 2006; Young and Mabury, 2010). They are
subject to various transformation pathways in either the atmosphere or under aerobic
and anaerobic conditions in environmental matrices (Butt et al., 2014). The
environmental fate of PFASs depends on different environmental conditions and the

physicochemical properties of the PFASs.

Atmosphere
v
: Terrestrial
Soil >
ecosystem
Produston T T | i
andussoel [ 7 o Water [ —3—
T ry ¥ Aquatic
el X b4 .| ecosystem
Sludge Sediment |
L J A J ::
Landfill »  Groundwater

Figure 1.7 Pathways of PFASs into the environment and their fate. Adapted from Ahrens et al. (2011a).
STP = sewage treatment plant.

Both PFCAs and PFSAs have relatively high solubility values (Table 1.3), caused by their
hydrophilic functional groups. The hydrophobic carbon-chain, causes the water
solubility of PFCAs and PFSAs to decrease with increasing chain length. (Ahrens et al.,

2010; Martin et al., 2003). Dissociation is the process by which an electronegative
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atom and a hydrogen atom, which are ionically bonded, separate into a proton (H*)
and a negative ion. The dissociation constant (pKa) describes the extent of dissociation
in water and is a value at which half of the acid molecules dissociate into ions. A lower
pKa value indicates a stronger acid (i.e. a lower value indicates that the acid dissociates
more fully in water). Because of their very low (negative) dissociation constants, PFCAs
and PFSAs will be present in their anionic forms in natural waters, which will eventually
influence the sorption to solid matrices such as soils. As the focus of this manuscript is

on the terrestrial environment, only soils will be further discussed.

1.4.2.1 Transport to soil
The environmental transport of PFASs to the soil will depend on the sorption of PFASs

to soils during the transport. They can sorb to naturally-occurring organic carbon
particles present in the soil. The sorption of PFCAs and PFSAs will increase with
increasing chain length and with increasing solid phase fraction of organic carbon
(Higgins and Luthy, 2006; Zareitalabad et al., 2013). Additionally, sorption increases
with decreasing pH and increasing Ca®* concentrations (Campos Pereira et al., 2018),
which suggests that the degree of PFASs hydrophobic sorption to soils is a site-specific
phenomenon. The maximum sorption capacity of soils is to a large extent influenced
by organic carbon content ((T)OC; Miao et al., 2017; Milinovic et al., 2015; Wei et al.,
2017), and more specifically the humin fraction (Chapter 1.5.2). As PFASs are relatively
strong acids that exist as anions in natural waters, surface sorption may also occur to
charged mineral surfaces that are naturally present in soils (e.g. Ferrey et al., 2012;

Johnson et al., 2007; Tang et al., 2010).

1.4.2.2 Transformations
Less stable precursor compounds may undergo abiotic or biotic transformation to form

PFSAs and PFCAs. The pathways of aerobic biodegradation and metabolic degradation
for FTOHs have been well studied (Buck et al., 2011; Fromel and Knepper, 2010). A
simplified scheme of the atmospheric degradation of N:2 FTOHs is illustrated in Figure
1.8. This figure also illustrated the atmospheric degradation pathways of FTls, FTOs

and FTACs, which all have parts of their degradation mechanisms in common. D’Eon
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and Mabury (2007) have reported the pathways for the microbial degradation of PAPs
by hydrolysis of the phosphor-ester bond to form the respective FTOH as a by-product,
which may then be further degraded according to the pathways described in Figure

1.8.

Although these degradation pathways are the common pathways for many precursor
compounds, it should be noted that the pathways and yields of the transformation
products depends not only on the length of the perfluoroalkyl chain in the FTOH, but
also on the matrix in which the environmental degradation or metabolism takes places

(Dinglasan et al., 2004; Liu et al., 2010; Martin et al., 2005; Wang et al., 2009).

When PFCAs and PFSAs are formed, these compounds are generally considered to be
highly resistant to biotransformation via microorganisms present in water or soil. Even
though short-chained PFASs have been proposed as alternatives for long-chain PFASs,
due to their lower bio-accumulative character and toxicity, Ochoa-Herrera et al. (2016)
reported a high resistance to microbial degradation of both PFOS and PFBS. PFCAs and
PFSAs are however susceptible to photolysis as long-chain PFAS can be dealkylated to
short-chain PFAS under extreme reaction conditions (Giri et al., 2011; Hori et al., 2007).
Photolytic degradation of PFASs has been reported in the field (Taniyasu et al., 2013),

although it has been heavily criticized (e.g. Wang Z et al., 2015a).
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Figure 1.8 Simplified atmospheric degradation scheme for 8:2 fluorotelomer derivatives. Boxes with a
dashed outline represent free-radical and transient molecular intermediates, while boxes with a solid
outline contain more stable molecular intermediates and final products. The acronyms of some
compounds are indicated in bold. An arrow may imply multiple elementary step, i.e. certain
intermediates are omitted. Adapted from Buck et al., 2011.
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1.5 PFASs in soils

Soil pollution can occur through many different processes. Air or water pollution may
be settling into the topsoil, but soils can also be contaminated from the burial of toxic
substances in an attempt to mitigate harmful effects (Fedotov et al., 2018; Lang et al.,
2017). Due to the everyday use of PFAS and PFAS-containing products, pollution of
soils may occur through leakage from industries and landfills, but also through waste
water disposal (Gallen et al., 2018; Xiao et al., 2015). Soil pollution can have long-term
effects. Contrary to e.g. water pollution, in which the natural flow will dilute and
disperse toxic substances, soil pollutants may remain in the soil for long periods, posing
risks for generations (Mapanda et al., 2005; Xiao et al., 2015). Due to rain and
agricultural runoff, soil pollutants may wash into rivers or move to the groundwater,

resulting in the potential spread of these contaminants over a large area.

1.5.1 Global distribution in soils
Soils are known sinks for many POPs, such as PBDEs, PCBs and polychlorinated

dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) (Cetin et al., 2017; Magsood and
Murugan, 2017; Mueller et al., 2006; Rankin et al., 2016; Xiao et al., 2016). The sorption
of PFAAs to solid matrices has been reported before (Ahrens et al., 2011b; Li YS et al.,,
2018; Miao et al., 2017; Qian et al., 2017; Rankin et al., 2016; Wei et al., 2017) and soils
have been used frequently in studies on the effects of sludge- or biosolid-
amendments, transformation processes, degradation of precursors, and more
frequently remediation techniques. However, there are still a limited amount of
studies that examine PFASs in natural soils worldwide. For example, a literature search
on the term “perfluor* soil*” in large databases, such as Web of Science (WOS) and
Google Scholar, resulted in less than 40 articles that report PFAAs in natural soils. Most
of these studies were performed on the northern hemisphere and more particularly in

Asia.
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Within these studies a further distinction can be made between pathways of
contamination. Although most studies in Asia focus on pollution through industrial
activities, studies in Europe, North America and Australia mainly target sites that have

been affected by aqueous film-forming foams (AFFFs. Fire-fighting foams; Figure 1.9).

Here, only natural soils will be discussed and previously described studies on e.g.

sludge- or biosolid-amendments will not be mentioned further.
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Figure 1.9 Contamination pathways reported in literature on PFASs in natural soils for each continent. Other
is defined as every other possible pathway of contamination besides AFFFs and industrial pollution.

Rankin et al. (2016) determined the geometric mean ZPFCA and £PFSA concentrations
in soils from each continent (Table 1.4). Although they did not differentiate between
natural soils and sludge- or biosolid-amended soils, it is clear that PFAS concentrations
are much higher in soils from the northern hemisphere compared to the southern
hemisphere, which is likely the result of a higher industrial activity on the northern

hemisphere.
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Table 1.4 Continental PFAS concentration ranges in pg/g dry weight with the continental geometric
mean in parentheses. Table adopted from Rankin et al. (2016).

Continent 2PFCA ZPFSA

North America (NA)(n = 145-6080 (1820) 35-1990 (410)
33)

Europe (EU)(n = 10) 55— 3640 (1000) <LOD —3270 (808)
Asia (AS)(n = 6) 129 — 14300 (4710) 79 - 421 (183)
Africa (AF)(n = 5) 124 — 1490 (548) <LOD - 144 (67)
Australia (AU)(n = 4) 79 —-1260 (673) 44 — 297 (154)
South America (SA) (n=3) 29-319 (138) 26 —48 (36)
Antarctica (AN) (n=1) 191 7

Studies in soils that have not been affected by PFASs-related industries or AFFFs are
rather scarce. Despite the dominance of PFCAs compared to PFSAs, according to
Rankin et al. (2016), multiple studies have reported the dominance of PFSAs such as
PFOS in unaffected soils from Uganda (Dalahmeh et al., 2018), Argentina (Llorca et al.,
2012), Canada (Cabrerizo et al., 2018), France (Gaspéri et al., 2018), Korea (Naile et al.,
2010) and Antarctica (Llorca et al., 2012). However, the dominance of PFCAs has been
confirmed by Naile et al. (2013) and Tan et al. (2014) who reported the dominance of
PFOA in soils collected in Korea and Nepal, respectively. Plassmann and Berger (2013)
examined only the PFCA concentrations in soil from a ski area in Sweden and reported
much higher concentrations than the geometric means reported by Rankin et al.

(2016).

Similarly, PFOS or PFSAs were also the dominant contributor to the total PFAS
concentrations in soils that were affected by AFFFs in Australia (Braunig et al., 2019;
Das et al., 2015), USA (Anderson et al., 2016; Houtz et al., 2013), Sweden (Filipovic et
al., 2015a) and Norway (Hale et al., 2017; Karrman et al., 2011). Nevertheless, Mejia-
Avendafio et al. (2017) observed a dominance of PFCAs in soils that were contaminated

with AFFFs during a train accident in Canada.

Inindustrially polluted sites, the PFCA concentrations in the soil were often higher than

those of PFSAs. This dominance of PFCAs has been reported in sites along a US highway
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(Xiao et al., 2015). In China, this dominance has also been observed in rural areas (Chen
et al,, 2016; Li et al., 2010; Lu et al., 2018), near fluorochemical parks (Chen H et al.,
2018; Shan et al., 2014; Wang P et al., 2013), around a heavily contaminated watershed
(Meng et al., 2013, 2018), at Guanting Reservoir (Wang T et al., 2011a), in natural
forest soils in the Hubei and Jiangxi provinces (Wang et al., 2018) and along estuarine
and coastal areas (Wang T et al., 2011b). The dominance of PFOS or PFOA varied
among sites in different coastal areas in North China (Meng et al., 2015). Contrary to
the previously reported studies on industrially contaminated soils, where PFCAs were
dominant, PFOS was dominant in soils from a highly contaminated industrialized area
in China (Pan et al., 2011; Wang T et al., 2012) and in soils near fluorochemical plants
in China (Wang et al., 2010). Although they did not analyze PFSAs, Zhu and Kannan
(2019) reported much higher ZPFCA concentrations in industrially polluted soils from
North America than those reported by Rankin et al. (2016). D’Hollander et al. (2014),
reported much higher PFOS concentrations than the geometric mean XPFSA

concentrations in soils close to a fluorochemical manufacturing facility in Belgium.

1.5.2 Effects of physicochemical soil properties on the sorption of PFAAs
The sorption behaviour and bioaccumulation of PFASs is strongly influenced by their

molecular structure. The hydrophobic perfluorinated carbon chain in combination
with the hydrophilic, usually anionic, functional group results in a different
environmental behaviour of PFASs compared to other POPs. The behaviour of PFASs is
therefore not only governed by hydrophobic interactions, but electrostatic
interactions also play a key role (Higgins and Luthy, 2007). As a result, the sorption of
PFASs cannot be predicted from a single sorbent bulk property such as organic carbon
(OC) content (Barzen-Hanson et al., 2017; Li YS et al., 2018). Consequently, there are
still many uncertainties on how various sorbent properties, such as e.g. pH, interact to

determine the binding of PFASs to soils (Li YS et al., 2018).

Organic carbon is one of the most important sorbents for PFASs in soils (e.g. Milinovic
et al., 2015). The sorption of PFASs to soil organic matter (SOM) describes a nearly

linear relation between sorption (described as the organic carbon-water partitioning
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coefficient (Koc)) and the chain-length of the compounds (Labadie and Chevreuil, 2011).
Besides chain-length, the functional group of the PFASs also affects the sorption
(Ahrens et al.,, 2010; Campos Pereira et al., 2018; Higgins and Luthy, 2006).
Nevertheless, chain-length is considered the dominating structural feature concerning
the adsorption (Ahrens et al., 2010; Higgins and Luthy, 2006). In general, the sorption
of PFASs increases with increasing chain length, which is attributed to an increase in
the hydrophobicity with each CF, moiety. The hydrophobic effect of the carbon chain
is stronger than the electrostatic negativity originating from the functional group,
causing long-chained PFASs to sorb more strongly than short-chained ones (Du et al.,

2014).

Despite the importance of SOM in the sorption of PFASs, it is still rather unclear what
fractions of the organic matter may be important for binding of PFASs (Campos Pereira
et al., 2018). Multiple studies reported that the humin fraction is the most important
factor for the sorption of long-chained PFASs (e.g. Campos Pereira et al., 2018;
Gunasekara and Xing, 2003; Zhang et al., 2015; Zhao et al., 2014), although the humic
and fulvic acid fractions might also be important for the sorption of shorter-chained
PFASs (Campos Pereira et al., 2018). The high sorption capacity of humin towards
PFASs results from its highly condensed aliphatic and aromatic domains (Gunasekara

and Xing, 2003; Chen et al., 2007).

Besides SOM, the sorption of PFASs is promoted by a decreased pH and increased
cation concentration (e.g. Higgins and Luthy, 2006; Chen et al., 2009; Wang F et al.,
2015; Zhang et al., 2013). The effects of pH on the adsorption of PFASs to soil are
typically described as due to protonation or deprotonation of the organic acids (Higgins
and Luthy, 2006). However, pH-dependent changes in the sorbent, such as surface
charge of SOM, may also explain the pH effects (Higgins and Luthy, 2006). The decrease
in adsorption with increasing pH is possibly caused by the decrease of electrostatic
interactions, rather than protonation or deprotonation of the sorbate (Chen et al.,

2009; Higgins and Luthy, 2006; Wang F et al., 2012). However, the influence of pH
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changes in the presence of a sufficient amount of divalent cations (Chen et al., 2009;
Du et al., 2014). Adsorbent surfaces develop more basic sites to bind these cations
when the pH increases, resulting in increased sorption of PFASs (Du et al., 2014; Wang

Fetal., 2012).

Additionally, soils consisting of mainly large particles will have less functional groups
(such as hydroxyl and carboxyl groups), which results in less binding sites to facilitate

the sorption of PFASs to the soil (Qi et al, 2014).

1.6 PFASs in terrestrial invertebrates
The accumulation of substances, such as PFASs, in organisms is called bioaccumulation.

It occurs when the uptake of a chemical goes at a faster rate than the loss of the
substance through catabolism and excretion. This means that chemicals with a longer
biological half-life will remain longer in the organism, potentially causing toxic effects
even if environmental concentrations are rather low. PFASs are bioaccumulative and
will mainly accumulate in protein-rich tissues (D’Eon and Mabury, 2011; Higgins et al.,
2007; Zhao et al., 2013). Furthermore, it is known that short-chain PFCAs and PFSAs
have lower bioaccumulation factors than long-chained ones (Buck et al., 2011; Lasier
et al., 2011). In this chapter, the toxicokinetics and —dynamics of PFASs on terrestrial

invertebrates will be discussed.

Invertebrates have been used in numerous field studies to test for bioaccumulation of
PFASs. Nevertheless, most of these studies target aquatic invertebrates (e.g. Babut et
al., 2017; Groffen et al., 2018; Lescord et al., 2015; Loi et al., 2011) and field data on
terrestrial invertebrates remain scarce. Although there are numerous studies
conducted on earthworms under laboratory conditions (e.g. Das et al., 2015; Zhao et
al.,, 2013; Zhao Y et al., 2017), data on toxicokinetics or toxicodynamics of PFAS in

terrestrial invertebrates is scarce (Zhao et al., 2013).

1.6.1 Toxicokinetics
Earthworms take up organic pollutants through pore water and ingestion of soil

through the gut (Hallgren et al., 2006; Sijm et al., 2000). The accumulation of pollutants
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consists mainly of three steps: 1) uptake from soil by ingestion, 2) desorption of the
contaminants within the gut and 3) adsorption to the gut wall and absorption across

the gut wall (Weston et al., 2000).

Exposure of earthworms to contaminated soils, showed that PFAS concentrations,
with exception of PFDoDA, PFHxS and PFOS, reached an equilibrium after 30 days. The
uptake coefficient (k,) increased with increasing carbon chain length and PFSAs tended
to have higher bioaccumulative potentials than PFCAs as PFSAs were taken up by
earthworms at greater extent than PFCAs with the same chain length (Zhao et al.,

2013).

Regarding the elimination, PFASs with longer chain length have been shown to display
a smaller elimination coefficient (ke) than short chained PFASs. As a result, biota-soil
accumulation factors (BSAFs) of longer chain PFASs were higher than those of shorter
ones (Zhao et al., 2013). In earthworms, the BSAFs were concentration-dependent and
decreased with increasing concentrations (Zhao et al., 2013). This is likely the result of
a saturation of binding sites in earthworms at higher concentrations (Liu et al., 2011).
Das et al. (2015), who also reported that bioaccumulation factors in earthworms were

highest from soils with the lowest PFOS concentrations, obtained similar results.

1.6.2 Toxicodynamics
Toxicodynamics describe the dynamic interactions of a pollutant within organisms and

its biological effects. These effects may occur at different biological targets, such as
binding proteins, ion channels or DNA. Pollutants may interact with these biological
receptors and produce structural or functional alterations, causing potential harm to

the organisms.

To assess the potential effects of pollutants, biomarkers are frequently used. These
biomarkers can be enzymatic, such as superoxide dismutase (SOD), catalase (CAT),
glutathione-S-transferase (GST) and other antioxidant enzymes, or nonenzymatic.
Antioxidant enzymes are often used to indicate the production of reactive oxygen

species (ROS) and are involved in the detoxification of these ROS (Wen et al., 2011).
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Oxidative stress (OS) is defined as the disturbance in the balance between the
production of ROS and antioxidant defenses and may lead to tissue damage. Free
radicals, which are highly reactive, can be formed as by-product of many biochemical
processes, in response to electromagnetic radiation from the environment, or as
oxidizing pollutants (Betteridge, 2000). Oxidative damage can occur in multiple tissues

if antioxidant defenses are insufficient.

Superoxide dismutase has an important role in the protection of cells against oxygen
free radicals by dismutation of a superoxide radical to hydrogen peroxide (H,0,) and
oxygen. Zhao Y et al. (2017) reported a SOD increase after 14 days of exposure to PFOA
in earthworms. From 21 to 28 days onwards, the SOD was inhibited again, indicating
that PFOA causes the production of active radicals in earthworms. The increased
activity of SOD prevented the organisms from experiencing oxidative damage.
Concentrations of SOD decreased with increasing PFOA concentrations, which
indicates that the antioxidant defense system could not tolerate high ROS
concentrations, consequently leading to cell dysfunction. Xu et al. (2013) also reported
that SOD activities were first activated and later inhibited in earthworms exposed to
PFOS. They also report that the SOD activity was induced with increasing PFOS

concentrations.

The main metabolite of the SOD process is H,0,, which is cytotoxic and further
removed by CAT and peroxidase (POD). Catalase protects cells from damage by
converting H,0, to water and oxidizing it to molecular oxygen (Zamocky et al., 2008),
whereas POD catalyzes the oxidation of H0,(Zhao Z et al., 2017). Both Xu et al. (2013)
and Zhao Y et al. (2017) report a similar trend for POD as for SOD, with increased POD
activity after 14 days, but a reduction after 28 days, due to increasing PFOA
concentrations. Both studies also report an increased CAT activity after 14 days,
indicating that earthworms could resist oxidative stress, as the increased H,0;

concentrations lead to a higher CAT activity. Catalase was inhibited after 28 days,
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indicating that after long-term exposure to PFOA, the excessive ROS concentrations

destroyed the antioxidant defense system of earthworms (Zhao Y et al. 2017).

Glutathione-S-transferase is a group of multifunctional enzymes involved in
transformation and excretion of exogenous substances (Zhao Y et al., 2017). Functions
of GST include e.g. the removal of ROS and the regeneration of S-thiolated protein
(Sheehanetal., 2011). Zhao Y et al. (2017) reported an inhibition of GST in earthworms
after 7 days exposure to PFOA, which might result from changes in enzyme synthesis
and inactivation of glutathione and reduced glutathione (GSH). The GST activity was
stimulated by PFOA from 14 to 28 days, but decreased hereafter, most likely due to
the high concentrations of PFOA. Similarly, Xu et al. (2013) found that GSH was
consumed in the PFOS-treated groups, suggesting that PFOS exposure might increase

the vulnerability for oxidative stress.

The ultimate lipid peroxidation product of oxidative damage is malondialdehyde
(MDA), which may cause a variety of cell damage. The MDA content in earthworms
rose significantly after exposure to PFOS (Xu et al., 2013) and PFOA (Zhao Y et al.,
2017), suggesting that treatment with these compounds led to an increase of ROS,

which stimulated, although insufficient, the response of antioxidant defenses.

Finally, Xu et al. (2013) reported DNA damage due to oxidative stress after PFOS
exposure. The ROS accumulation in tissues caused DNA damage by causing strand

breaks, removing nucleotides and modifying the nucleotide bases.

Some studies have also investigated the lethality of PFAAs to earthworms (e.g. Joung
et al., 2010; Xu et al., 2011). The lethality of xenobiotics is often reported in terms of
lethal doses (LD/LC;lethal concentration). The LDso is often used to describe the
lethality of a toxic compound. The LDso is the median lethal dose for 50% of the
individuals in a certain population/group. Earthworms exposed to PFOS and PFOA died
in a concentration dependent manner with 14-day LCsovalues of 365 and 1000 mg/kg

for PFOS and PFOA respectively (Joung et al., 2010). Xu et al. (2011) also reported the
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death of earthworms exposed to PFOS and calculated a 14-day LCso of 542.08 mg/kg

in natural soils.

Finally, there are a few studies that reported other endpoints such as growth and
behaviour. Although Joung et al. (2010) reported no behavioural changes or weight
loss after PFOS and PFOA exposure in earthworms, earthworms exposed to PFOS
showed a higher growth inhibition rate than those exposed to PFOA (Zheng et al.,
2016). In addition, earthworms exposed to soils containing 160 mg/kg PFOS showed
significant avoidance behaviour, proving that earthworms could perceive and avoid

soils contaminated with higher PFOS concentrations (Xu et al., 2011).

1.6.3 Global distribution of PFASs in terrestrial invertebrates
As was reported previously, field studies on terrestrial invertebrates are very scarce.

To the best of my knowledge, one study has been performed on isopods, millipedes,
slugs and worms in Belgium (D’Hollander et al., 2014), one on adult Odonata in South

Africa (Lesch et al., 2017) and one on earthworms in the US (Zhu and Kannan, 2019).

D’Hollander et al. (2014) reported PFOS concentrations in isopods, millipedes, slugs
and worms, collected at Blokkersdijk (a site approximately 0.5 km from a
fluorochemical plant in Belgium), of 497, 2570, 3090 and 2410 ng/g ww, respectively.
At Galgenweel, approximately 3 km from the fluorochemical plant, the concentrations
were 269, 280, 125 and 65 ng/g ww in these species. The highest median PFOS and
PFOA concentrations in adult Odonata from South Africa were 16 ng/g ww and 0.89
ng/g ww, respectively (Lesch et al., 2017). Finally, Zhu and Kannan (2019) reported
concentrations of multiple PFCAs in earthworms, collected at the Little Hocking well
field in Ohio, USA, a site with a known historical contamination with PFASs due to a
nearby fluorochemical manufacturing facility. The dominant PFCA was PFOA, with
mean concentrations of 270 ng/g dw, followed by PFDoDA (200 ng/g dw; Zhu and
Kannan, 2019).
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1.7 Birds

Birds can play important roles as bioindicators for environmental pollution. They are
relatively easy to observe, one of the best studied groups of organisms and in the focus
of public interest. It is known that birds accumulate toxic chemicals (e.g. Giesy and
Kannan, 2001; Holmstrom et al., 2005; Yoo et al., 2008), which affect parameters such
as physiology, reproduction (e.g. Custer et al., 2012, 2014) and may even cause death.
Environmental pollution has led to population declines and endangering of species.
The most important examples of the value of birds as biomonitors include their use as
accumulation indicators of pesticides and metals, based on non-destructive avian
matrices, such as eggs, feathers or blood (e.g. Jaspers et al.,2004, 2006, 2007a,b, 2009,
2011; Lgseth et al., 2019; Rattner et al., 2008; Svendsen et al., 2018; Van den Steen et
al., 2006). Avian biomonitors have therefore been included into current research
projects with the aims to indicate temporal and spatial trends in chemical pollution in

terrestrial and aquatic ecosystems.

1.7.1 Toxicokinetics
There are only a few studies on kinetics of PFASs in birds and most studies focus on

PFOS as a target analyte (Newsted et al., 2006; Tarazona et al., 2015; Yeung et al.,
2009; Yoo et al.,, 2009) due to its higher retention times in the body than other
perfluorinated anions such as PFOA (Yoo et al., 2009), which can be explained by a
slower urinary excretion (Harada et al., 2005; Kowalczyk et al., 2012) and the

recirculation of PFOS via the enterohepatic system (Lau et al., 2004).

Most studies on toxicokinetics in birds use the domestic chicken (Gallus gallus
domesticus) as a model species (Tarazona et al., 2015; Yeung et al., 2009; Yoo et al.,
2009). In all these studies, PFOS concentrations in serum and organs such as liver,
kidney and brain, increased during the exposure period. Tarazona et al. (2015)
described the daily uptake model in adult chickens, which were exposed to relatively
low PFOS concentrations through their diet, as a pseudo first-order kinetics model,
which means that the rate constant is only dependent on one reactant instead of

multiple reactants, which is usually the case in dynamic biochemical processes.
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The PFOS concentrations in serum and livers of juvenile mallard (Anas platyrhynchos)
and northern bobwhite quail (Colinus virginianus) increased after a 22-day dietary
exposure (Newsted et al., 2006). The accumulation of PFOS and PFDA occurred at a
much higher rate than the accumulation of PFOA in dietary exposed one-day-old male

chickens (Yeung et al., 2009).

The dissipation serum half-life and elimination rates in domestic chickens differ with
increasing doses (Newsted et al., 2006; Tarazona et al., 2015; Yeung et al., 2009; Yoo
et al., 2009). Tarazona et al. (2015) reported a first-order dissipation serum half-life of
230 days. A decreased PFOS concentration in serum and liver was also observed in
juvenile mallard and quail, with exception for the quail serum concentrations,
throughout the post-exposure recovery period (Newsted et al., 2006). The PFOS half-
lives in mallard blood serum and liver were estimated at 6.86 and 17.5 days. The half-
life in quail liver was estimated at 12.8 days (Newsted et al., 2006). Similarly, Yeung et
al. (2009) observed dose-dependent half-lives of 15 and 17 days for PFOS, 11 and 16
days for PFDA and 3.9 days for PFOA in both the low and high dose groups. The lower
half-lives of PFOA might be explained by the higher elimination rate constants of PFOA
compared to PFOS. Yoo et al. (2009) reported a much higher elimination rate for PFOA
than for PFOS in juvenile chickens that were exposed through subcutaneous
implantation. The depuration half-lives for PFOA and PFOS were 4.6 and 125 days and
the PFOS concentrations in organs (kidney, liver and brain) all decreased at a rate that
fits a first-order kinetic model. The decreased concentrations during the depuration
periods, are most likely the result of excretion, binding to non-exchangeable tissues

and growth dilution (Newsted et al., 2006; Tarazona et al., 2015; Yoo et al., 2009).

1.7.2 (Sub-)lethal effects of PFASs on birds
Many potential health effects of PFASs have been frequently studied in mammals (e.g.

Foresta et al., 2018; Hoff et al., 2004; Song et al., 2018). However, studies on birds are
often scarce and most studies target different endpoints. Therefore, there is a
relatively poor understanding of the toxicological effects of PFASs on birds. Below |

give a brief summary of most frequently studied groups of endpoints.
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1.7.2.1 Peroxisome proliferation and cytotoxicity
Some PFASs are known peroxisome proliferators. Peroxisome proliferator-activated

receptors (PPARs) are nuclear receptor proteins that play essential roles in the
regulation of multiple cellular processes such as development and metabolism of
carbohydrates, lipids and proteins. Both PFOS and PFOA are known to activate
peroxisome proliferator activated receptor alpha (PPARa), a ligand-dependent
transcription factor of major importance for the regulation of lipid metabolism in the
liver (Rakhshandehroo et al., 2007), in mammals (Ishibashi et al., 2008; Shipley et al.,
2004). The activation of PPARa, promotes e.g. the uptake and catabolism of fatty acids.
In birds, there are indications that PFOA and PFOS do not activate PPAR pathways in

chicken eggs and embryos (Mattsson et al., 2015; Stromqvist et al., 2012).

Peroxisome proliferation can affect the activity of the cytochrome P450 (CYP) system
(Hickey et al., 2009). These CYPs are mono-oxygenase enzymes that play a key role in
the transformation of lipophilic compounds to more soluble derivatives (Hickey et al.,
2009; Watanabe et al., 2009). Via a PPARa-independent action, PFOS increased
CYP1A4 mRNA expressions in a concentration-dependent manner in chicken embryo
hepatocytes (CEHs) (Watanabe et al., 2009). Hickey et al. (2009) observed an induction
of CYP1A4/5 mRNA by PFHxS, PFPeA and PFHxA in CEHs. The effects of PFHXA were
concentration-dependent. Long-chained PFASs with eight or more C atoms
upregulated liver fatty acid-binding protein (L-FABP), a transport protein, in CEHs
(Hickey et al., 2009). The induction of this CYP has been associated with various toxic
syndromes, such as tumor promotion and immune dysfunction (Rifkind et al., 1994).
Similarly, dietary exposure of cormorants to PFNA upregulated CYP1A4 mRNA levels
(Nakayama et al., 2008).

1.7.2.2 Neurotoxicity
Neurotoxic effects of PFOS have been frequently studied in mammals (mainly mice).

Neonatal PFOS exposure in mice resulted in a decreased habituation and hyperactivity
in adulthood (Johansson et al., 2008) and increased norepinephrine, a chemical that

functions as a hormone and neurotransmitter, concentrations have been reported in
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rats, suggesting that PFOS can modulate the neuroendocrine system of rats (Austin et
al., 2003). However, data on avian species is scarce. Peden-Adams et al. (2009)
reported a higher frequency of brain asymmetry after in ovo exposure to PFOS in white
leghorn chickens (G. gallus domesticus). Brain asymmetry has been associated with
neurological disorders, such as dyslexia and autism, in children (Herbert et al., 2005;
Leonard et al., 2008), showing the potential relation of PFASs exposure to altered

learning and other behavioural and neurotoxic endpoints.

1.7.2.3 Immune response
Studies on effects of PFASs on immune systems of birds are also scarce. The immune

system is often a target for xenobiotics and studies on other animals have shown that
the immune function may be affected by PFASs (e.g. Peden-Adams et al., 2008). The
PFOS concentrations significantly increased the plasma lysozyme activity, a marker of
pro-inflammatory responses which also has antibacterial functions (Burton et al.,
2002), in white leghorn chicks after in ovo exposure (Peden-Adams et al., 2009). The
total sheep red blood cell (SRBC)-specific immunoglobulin (IgM + IgY) was significantly
decreased at all treatment concentrations, indicating a decreased humoral immunity
(Peden-Adams et al., 2009). Nevertheless, Sletten et al. (2016) reported no significant
relationships between PFAS concentrations and plasma IgY levels in white-tailed eagle
(Haliaeetus albicilla) nestlings. Smits and Nain (2013) reported a reduced T-cell
mediated response in Japanese quails (Coturnix coturnix japonica) orally exposed to
PFOA. However, the PFOA exposure did not affect antibody mediated or innate

immunity and thus no increased morbidity or mortality after Escherichia coli infection.

1.7.2.4 Oxidative damage
Cells involved in the immune system are vulnerable targets to oxidative damage

produced by xenobiotics (Monaghan et al., 2009). Studying the oxidative status of
individuals is an important part of toxicological studies as organisms might need to use
dietary antioxidants to deal with oxidative stress OS. In humans, PFOA is considered to
be potentially carcinogenic as DNA damage secondary to OS could result in cancer

(Tsuda, 2016). However, little is known on effects of PFASs on OS in birds. A study on
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the transcriptional response of chicken hepatocytes exposed to PFOS pointed to OS as
a possible cause of gene alteration (O’Brien et al., 2011). High blood levels of protein
damage have been associated with high plasma concentrations of long-chained PFASs,
such as PFDoDA, PFTrDA and PFTeDA, in Arctic black-legged kittiwakes (Rissa
tridactyla) (Constantini et al.,, 2019). Additionally, the non-enzymatic antioxidant
capacity (vitamins and carotenoids) of these birds was negatively associated with
higher plasma concentrations of PFUnNDA, PFTeDA and PFOS. Similarly, an altered
transcriptional response of genes, involved in the antioxidant system, was observed in
wild common cormorants (Phalacrocorax carbo) livers (Nakayama et al., 2008).
However, not all studies have found relationships between PFAS concentrations and
the activity of the antioxidant defense system. For example, PFAS concentrations in
the liver of tree swallows (Tachycineta bicolor) were not associated with OS
parameters (Custer et al., 2017) and Sletten et al. (2016) did not observe any

relationship between PFAS concentrations and SOD in white-tailed eagle nestlings.

1.7.2.5 Reproduction and development
Only three field studies have studied the relationships between PFOS concentrations

and hatching success. All of these studies were conducted in tree swallows. Custer et
al. (2012) reported negative associations between PFOS concentrations starting at 150
ng/g ww in eggs and the hatching success of the remaining eggs. At PFOS
concentrations of 283 ng/g ww in eggs, a 20% reduction in hatching success was
observed (Custer et al., 2014). PFOS exposure was also significantly associated with
embryo death in tree swallows (Custer et al., 2014). On the contrary, Custer et al.
(2019) reported no demonstrable effects of PFASs exposure on reproduction in tree

swallows nesting at Clarks Marsh, USA.

In chicken, hatching rates were not affected after in ovo exposure to PFOS under
laboratory conditions (Peden-Adams et al.,, 2009). However, other studies have
observed reproductive dysfunction after in ovo exposure to PFHxS, PFOS and PFOA
(Cassone et al., 2012; Molina et al., 2006; Yanai et al., 2008). The hatching success was
reduced by 20% and 63% after injection of 5000 ng/g ww PFOA and 38,000 ng/g ww
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PFHxS (Cassone et al., 2012; Yanai et al, 2008). In addition, in ovo PFHxS, PFOS and
PFOA exposure has led to a reduction of body weight, tarsus length and wing length
(Cassone et al., 2012; Peden-Adams et al., 2009). Treatment-related mortalities or
effects on body weight and reproductive parameters were not observed in northern
bobwhite quail exposed to PFBS through diet (Newsted et al., 2008). Similarly, no
effects of PFOS on body weight and reproductive performance were reported in
mallard ducks (Newsted et al., 2007). Briels et al. (2018) recently reported that
exposure to PFOS and its alternative F-53B decreased the heart rate of avian embryos

before hatching. Additionally, F-53B significantly increased the liver mass of hatchlings.

1.7.2.6 Lethality
Lethality of PFASs in birds is still poorly understood and data is scarce. The LDsgs of

PFOS were calculated over a 5-day period in juvenile mallards and quail based on
average daily intake values and were 750 mg PFOS/kg body weight (bw) and 305 mg
PFOS/kg bw (Newsted et al., 2006). In white leghorn chicken eggs, the PFOS LDso was

determined in eggs and was 4.9 ug/g ww (Molina et al., 2006).

1.7.3 PFASs in bird tissues
The accumulation and distribution of PFASs have been studied in many bird tissues.

The majority of the studies has been performed on eggs (e.g. Ahrens et al., 2011c;
Bouwman et al., 2015; Braune and Letcher, 2013; Lopez-Antia et al., 2017; Vicente et
al., 2012), blood (e.g. Gebbink and Letcher, 2012; Rubarth et al., 2011) or liver (e.g.
Chu et al., 2015; Gebbink and Letcher, 2012; Olivero-Verbel et al., 2006; Rubarth et al.,
2011).

However, there are also studies that reported PFAS concentrations in the kidney (e.g.
Olivero-Verbel et al., 2006; Rubarth et al., 2011), adipose tissue (e.g. Chu et al., 2015;
Gebbink and Letcher, 2012;), brain (e.g. Gebbink and Letcher, 2012; Olivero-Verbel et
al., 2006; Rubarth et al., 2011), feathers (e.g. Gdmez-Ramirez et al., 2017; Herzke et
al., 2011; Jaspers et al., 2013; Li Y. et al., 2017; Lgseth et al., 2019; Meyer et al., 2009),
gall bladder (e.g. Rubarth et al., 2011), heart (e.g. Olivero-Verbel et al., 2006; Rubarth

et al., 2011), preen gland (Jaspers et al., 2013), lung (e.g. Olivero-Verbel et al., 2006;
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Rubarth et al., 2011), muscle tissue (e.g. Chu et al., 2015; Gebbink and Letcher, 2012;
Olivero-Verbel et al., 2006; Rubarth et al., 2011) and spleen (e.g. Olivero-Verbel et al.,
2006; Rubarth et al., 2011).

Studies that compare PFAS concentrations in different organs and tissues of birds are
rather scarce. In general, the highest PFAS concentrations have been observed in
protein-rich tissues, such as the liver, whereas the lowest are observed in muscle
tissue. This is most likely (partially) the result of the high affinity for protein binding of

PFASs (as will be discussed below).

Rubarth et al. (2011) reported the highest PFAS concentrations in the liver and the
lowest in the fatty and muscle tissue of red-throated divers (Gavia stellata). Similar
results were observed in pelicans (Pelecanus occidentalis), where PFOS concentrations
were the highest in the spleen and liver and the lowest in the muscle (Olivero-Verbel
et al., 2006). Liver PFOS concentrations were also higher than those in feathers of grey
heron (Ardea cinerea), Eurasian sparrowhawk (Accipiter nisus) and herring gulls (Larus
argentatus), whereas the opposite was the case for the Eurasian magpie (Pica pica)
and the Eurasian collared dove (Streptopelia decaocto) (Meyer et al., 2009). The liver
PFSA concentrations in herring gulls from the Great Lakes were lower than those in
adipose tissue, but still higher than all other tissues. The lowest PFSA concentrations
were detected in the red blood cells (RBCs) and the brain. The results for PFCAs were
different, as the highest PFCA concentrations were detected in the brain and plasma
and the lowest in the RBCs, adipose and muscle tissue (Gebbink and Letcher, 2012).
The higher concentrations in blood plasma compared to RBCs is most likely also the
result of the affinity for proteins, as blood plasma is known to contain several proteins
such as albumin and sex-hormone binding globulins (Chen and Guo, 2009; Jones et al.,
2003). In Belgian barn owls (Tyto alba), the PFOS concentrations were the highest in
the preen oil, followed by the liver, and the lowest in muscle tissue and tail feathers.
The PFOA concentrations were, although likely due to external contamination, the

highest in tail feathers, followed by liver and the lowest in the muscle tissue. The PFHxS
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concentrations were also the highest in the liver and preen oil (Jaspers et al., 2013).
The PFOS concentrations in glaucous gulls (Larus hyperboreus) were the highest in
plasma, followed by the liver and eggs and the lowest in the brain. This pattern was
also observed for the PFCAs (Verreault et al., 2005). Yoo et al. (2009) reported the
highest PFOA concentrations in kidney, then liver and then brain, of domestic chickens
after subcutaneous exposure. The PFOS concentrations were highest in liver, followed

by kidney and brain.

Bird eggs have been used in numerous biomonitoring studies on PFASs in birds on a
global scale (e.g. Gebbink and Letcher, 2012; Giesy and Kannan, 2001; Holmstrom et
al., 2005; Miller et al., 2015; Yoo et al., 2008). Nevertheless, most of these studies
target aquatic bird species, and only a very few of these studies have focused on
terrestrial birds (Ahrens et al., 2011c; Custer et al., 2012; Holmstrom et al., 2010;
Lopez-Antia et al., 2017; Ridel et al., 2011; Yoo et al., 2008). Similarly, the extent of
PFAS contamination in blood (plasma) of terrestrial bird species is poorly understood
(Custer et al., 2012; Dauwe et al., 2007). To the best of my knowledge, in total only
seven studies have been performed on PFASs in feathers (Gédmez-Ramirez et al., 2017,
Herzke et al., 2011; Jaspers et al., 2013; Li Y. et al., 2017; Lgseth et al., 2019; Meyer et
al., 2009; Sun et al., 2019). The majority of these studies have been performed on
raptors such as the white tailed eagle (Gomez-Ramirez et al., 2017; Herzke et al., 2011;
Lgseth et al., 2019; Sun et al., 2019), barn owl (Jaspers et al., 2013) and Accipiter sp. (Li
Y et al.,, 2017; Meyer et al., 2009), including the Eurasian sparrowhawk (Meyer et al.,
2009). In addition, Meyer et al. (2009) also studied feathers of grey heron, herring gull,
Eurasian magpie and Eurasian collared dove. This lack of knowledge on the terrestrial
environment shows that there is a high need to monitor PFASs in terrestrial bird

species.
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1.8 Legislation and regulation
The global distribution and potential effects of PFASs have resulted in a global concern

on these chemical since the late 1990s, especially after evidence had accumulated that
PFOS and PFOA were not only ubiquitous in various biological and environmental
matrices but also highly resistant and able to biomagnify (Giesy and Kannan, 2001). As
a result of their global presence, the 3M company, the major PFASs manufacturer,

phased-out the production of PFOS and related products (UNECE, 2006).

Within the European Union (EU) the main focus on legislation was on PFOS and its
derivatives. PFOS is classified under REACH (registration, evaluation, authorization and
restriction of chemicals) as a persistent, bioaccumulative and toxic (PBT) substance. In
2006, PFOS was banned in products. However, exemptions were made for certain
industrial applications until PFOS was added to Annex B of the Stockholm Convention
on POPs in 2009. This meant that measures had to be taken to restrict the production
and use of PFOS. Hereafter there are still some exemptions for applications, e.g. photo
imaging, aviation hydraulic fluids, fire fighting foam, etc., as sometimes no alternatives
are present (Stockholm Convention, 2008). Very recently (in May 2019), PFOA, its salts

and PFOA-related products were included in Annex A with specific excemptions.

Since 2013, PFUnDA, PFDoDA, PFTrDA and PFTeDA have been identified as chemicals
of high concern (ECHA, 2017). Furthermore, PFHxS has been proposed for listing under

the Stockholm Convention and is currently still under review.

OH

After the phase-out and regulatory O
measures, PFAA substitutes have been F F

developed and used as less F O
bioacumulative, but still persistent, F
alternatives. For example, PFOA was used F F F F F

in the production of Teflon until 2012. F F
Hereafter, PFOA has been replaced by the Figure 1.10 Chemical structure of HFPO-DA (GenX)

GenX technology (by Chemours/DuPont), using hexafluoropropylene oxide dimer acid
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(HFPO-DA; Fig. 1.10). Due to the similarities between HFPO-DA and PFOA, risk limits
have been determined by the Dutch National Institute for Public Health and the
Environment (RIVM) for groundwater and soil (Rutgers et al., 2019). Other important
alternatives, are dodecafluoro-3H-4,8-dioxanoate (ADONA; 3M) and a combination of
9-chlorohexadecafluoro-3-oxanonane-1-sulfonate and  11-chlororeicosafluoro-3-

oxaundecane-1-sulfonic acid (F-53B).

To the best of my knowledge, no regulation or legislation of PFASs is present in Belgium
specifically. The Belgian regulations are the same as the European ones and previous
projects from e.g. the European Food Safety Authority (EFSA) showed that there was
no exceedance of health risk guidelines for PFOS and PFOA in food items (EFSA 2012).
Recently, the European Food Safety Authority (EFSA) evaluated the risks to human
health related to the presence of PFOS and PFOA in food items. Based on this study,
the tolerable weakly intake values were revised at 13 ng/kg body weight (bw) per week

for PFOS and 6 ng/kg bw per week for PFOA (EFSA, 2018).

1.9 Aims and hypotheses
The lack of knowledge on the sorption of PFAAs to the soil (and how various sorbent

properties interact to determine the binding of PFAAs), the PFAA concentrations in
soils and the following bio-accumulation in terrestrial invertebrates and birds,
including their potentially harmful effects on reproduction and oxidative stress, have

led to the main objective of this research.

The main objective of this research was to study the exposure of PFAAs on terrestrial
invertebrates (isopods) and songbirds (great tits and blue tits) along a distance
gradient from a well-known fluorochemical hotspot and to determine their
accumulation and possible effects on reproduction and oxidative status. To prevent

the birds from being sacrificed, the focus was on eggs, blood plasma and feathers.

In order to understand the exposure pathways of PFAAs to invertebrates and songbirds
and to predict potential health effects, we investigated the transfer of PFAAs between

soil, invertebrates and songbirds. Furthermore, we looked at the influence of soil
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physicochemical properties on the sorption of PFAAs to the soil and thus
bioavailability. In addition, we examined the possibility of using an invertebrate species
as bio-indicator for PFAA concentrations in songbird eggs. As females potentially
deposit PFAA body burdens in their eggs, we examined the variation throughout the
laying-sequence of PFAA concentrations in entire clutches along the distance gradient

in great tits.

To realize the different aims of this research, four main hypotheses were formulated
(Table 1.5). These hypotheses were investigated in different chapters. Hypotheses 1,
2 and 3 are mainly focused on accumulation and factors that might affect this, whereas

hypothesis 4 is focused on the possible health effects for songbirds.

Table 1.5 The four main hypotheses of the current research, together with the chapter in which they
are investigated.

Nr. Hypothesis Studied in
1 PFAAs present in the environment along a pollution gradient Chapters 3
accumulate in the terrestrial foodchain and decrease with -9
increasing distance from a fluorochemical hotspot

2 Soil physicochemical properties play a key role in the sorption, = Chapters 3

distribution and bioavailability of PFAS and 4
3 Non-destructive sampling can be wused to monitor Chapters 5
environmental PFAA concentrations -9

4  Accumulated concentrations of PFAAs under field condition in = Chapters 8

songbirds are related to toxic effects and 9
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1.10 Study area and species

1.10.1 Study area
This research was conducted at multiple sites, along a distance gradient from an active

3M fluorochemical plant in Antwerp. The sampling sites are all illustrated in Figure

1.11.

The 3M site in Antwerp has been a focus area for the biomonitoring of PFASs in wildlife
(Dauwe et al., 2007; D’Hollander et al., 2014; Hoff et al., 2005; Lopez-Antia et al., 2017).
It is a known PFAS-hotspot and the concentrations detected in various biological
matrices are among the highest concentrations ever found in wildlife. The 3M site
contains the factory (mainly the western part of the site) and a small forest area with
some open sandy spaces to the east. To the south there is a small forest between the
3M company and the E34 highway. The vegetation is dominated by deciduous forest

but there are some conifers along the sides of the company terrain.

Starting at 3M, a distance gradient in the same direction was established, in order to
limit the influence of wind direction on the PFAAs distribution. The selected sites

included Vlietbos, Middenvijver-Rot, Burchtse Weel and Fort IV (Fort 4).

Vlietbos (approximately 1 km SE of 3M) is a sandy area that contains open spaces (two
small lakes or dry sandy areas) and forest areas, which are primarily dominated by
birch (Betula sp.) and willow (Salix sp.). The western part of Vlietbos is mainly
dominated by the Canadian poplar (Populus x canadensis). Vlietbos has been included
in previous studies on PFAA pollution in great tits (Dauwe et al., 2007; Lopez-Antia et

al., 2017).

Middenvijver-Rot (shortly Rot; 2.3 km ESE from 3M) is an area that is connected to
Vlietbos and is characterized by open pools, willows and a mixture of both deciduous
and coniferous forest. The soil is primarily sandy, however, some parts in the center of
Rot are more clayish. It is an important breeding site for birds, but also mammals and

ampbhibians.

56



[N101 ma
vels Rex
Kinepolis| / corse Turnhout arendonk' | |
{nis ) =57
/ 21]
Q J 15 ] Pol
‘ [N101 | Ret
Kasterlee Dessel
e
Mol
Geel Balen

m aande S ‘
@n ,NKEROEVER
Zwijndrecht _

119
LD Laakdal
Tessende

[ m—

(N116a)
(E19
= BERCHEM Borsbeek
KIEL A2 m
Hobokense [N148 |
[ N419 | Polder M
[E19)
R
Cruibeke 11
WILRIJK Mortsel Q
N
NEERLAND m LR
Edanam 1km L g

Figure 1.11 Overview of the study areas of this research. A = 3M; B = Vlietbos; C = Middenvijver-Rot
(Rot); D = Burchtse Weel; E = Fort IV (Fort 4); F = Westmalle; G = Tessenderlo. Map created with Google
Maps.

Burchtse Weel (3 km SE from 3M) was formed by a breach of a dyke. Hereafter the
pool got enlarged and deepened. Nowadays the pond is a recreational tidal marsh
area. The sides of this pond are characterized by deciduous forest dominated by
willow, oak (Quercus sp.) and alder (Alnus sp.) and both the forests as well as the pond
are of major importance for breeding birds. Burchtse Weel was included in a study on

PFAA pollution in great tit eggs (Lopez-Antia et al., 2017).

Fort IVin Mortsel (11 km SE from 3M) is one of the eight forts near Antwerp. It is almost
completely surrounded by water. The vegetation is dominated by deciduous forest or
open grassland (used for recreational purposes) and a small part is a restricted nature
conservation area. This site was selected as nestboxes, used in previous studies on

metal pollution (e.g. Geens et al., 2010; Vermeulen et al., 2015) were already present
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at the site. Fort IV was the site furthest away from both 3M as well as the main metal

pollution source (UMICORE).

An earlier study, already performed in 2011 (chapter 5 of this thesis) used Tessenderlo
as reference site as at that moment it was unclear how the PFAAs were spatially
distributed in Flanders. As PFAAs were detected in Tessenderlo, and hence it was no
reference site, we decided to restrict the gradient from 3M to Fort IV in most studies.
In chapter 3 we used an organic farm as reference site. Some measurements in chicken
eggs from this site (D’Hollander et al., 2011) showed very low PFAA contamination

and it was therefore expected that soil concentrations would also be low.

Tessenderlo (18000 inhabitants) and Westmalle (15000 inhabitants) are cities/towns
approximately 70 km (SE) and 25 km (NE), respectively, from Antwerp. The east part
of Tessenderlo is a highly industrialized area, containing multiple chemical factories,
such as Tessenderlo Chemie. Westmalle is surrounded by mainly agricultural lands,

including some organic farmlands.

Table 1.6 illustrated the locations used in each chapter of this thesis.

Table 1.6. Locations used in each chapter of this thesis.

Chapter 3M Vlietbos Rot Burchtse- Fort Tessenderlo Westmalle

Weel v

3 X X X X X
4 X X X X X

5 X X X X

6 X X X X X

7 X X X X X

8 X X X X X

9 X X X X X
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1.10.2 Study species
We used multiple species in our research on the toxicity of PFASs in the terrestrial

environment.

1.10.2.1 Invertebrates - isopods
As we wanted to investigate the accumulation of PFAAs in the terrestrial foodchain,

invertebrates were collected. In order to investigate the potential relationships
between PFAA concentrations in prey organisms and their predators, we were aiming
to collect invertebrates that were part of the natural diets of great tits (our main
species of interest for this thesis), such as caterpillars (see 1.10.2.2 for more details on
the diet of great tits). Unfortunately we could not collect enough caterpillars during
the breeding season in the close vicinity of the nestboxes of great tits and therefore
we selected isopods, which were commonly found on the ground and trees. Although
they are probably not part of the natural diet of great tits (1.10.2.2), we planned on
using isopods to give an indication of concentrations we could expect in invertebrates

in general and relate that to concentrations in great tits.

Terrestrial isopods mainly feed on plant litter from plants growing in the surrounding
habitat, so they should give a good representation of local PFAA contamination. In
addition, terrestrial isopods have been proven useful as biological indicators of
environmental pollution (e.g. Dallinger et al., 1992; Drobne et al., 1997; Stroomberg et

al., 2009; Van Brummelen et al., 1996).

1.10.2.2 Great tits
As a main species of interest, we selected great tits. The great tit is a passerine bird,

which has been used frequently in ecotoxicological studies (e.g. Brahmia et al., 2013;
Dauwe et al., 1999, 2002, 2004, 2005a; Eens et al., 1999, Eeva and Lehikoinen 1995,
1996; Eeva et al., 1998; Markowski et al., 2014; Rainio et al., 2013; Van den Steen et
al., 2006, 2009b).

Great tits are known to feed on the ground during February and March, but during the

breeding season they mainly feed in the canopy (e.g. Gibb, 1954; Betts, 1955; Royama,
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1970). They are generalists, which feed primarily on caterpillars during the breeding
season and warmer months (Grzedzicka, 2018; Naef-Daenzer and Keller, 1999;
Rytkonen et al., 2018). Additionally, the low proportion of caterpillars in their diet is a
characteristic for suboptimal habits (e.g. Blondel et al., 1991; Riddington and Gosler,
1995). However, individuals within a population may often specialize in the exploration
of specific food sources, indicating that their diet may be variable between years and
forests (Pagani-Nufiez et al., 2016). Besides caterpillars, great tits are known to feed
on spiders and to a small extent on Hymenoptera, Coleoptera and Gastropoda
(Grzedzicka, 2018). During the winter, there is a deficiency in arthropods, caused by
low air temperatures or snow covering (Robinson et al., 2007). In addition, they feed
on moths, beetles and dipterans (Vel'’ky et al., 2011). Great tits supplement the
invertebrate part of their diet by consuming plant materials such as seeds, nuts and

buds (Chamberlain et al., 2007).

Great tits are known to nest and sleep (during winter) in man-made nestboxes. As a
result, they can be easily caught to collect samples. In addition, their nest-building
process and reproduction can be studied relatively easily. Great tits are also abundant,
which makes it relatively easy to obtain sufficient samples. Finally, great tits are known
to lay remarkably large clutches, which can go up to 12 eggs. Therefore, the influence
of the collection of one egg on the reproductive success is rather limited compared to
species that lay fewer eggs. In addition, studying the PFAA concentrations in entire
clutches, gives a better overview of the variation of these concentrations among eggs

within a clutch, compared to clutches with fewer eggs.

1.11 Outline

In chapter 2, the development and validation of a novel extraction method using
negative ion electrospray (ES (-)) operating on a liquid chromatography tandem mass
spectrometer (LC-MS/MS) for the extraction of multiple PFCAs and PFSAs from both
environmental and biological matrices was studied. We evaluated the recovery,
sensitivity and reliability of the novel method with an existing and frequently used

method. Additionally, we validated the use of internal-standards (ISTDs) to improve
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the robustness and reliability by comparing different quantification methods. Finally,
we investigated which ISTD was most suitable for (and should thus be used in) the

guantification of analytes, for which no corresponding ISTD were available.

In chapter 3, we investigated the vertical distribution of multiple PFAAs in soils from
five sites, representing a distance gradient from 3M. More specifically, we examined
the associations between multiple physicochemical properties of the soil (TOC, clay
content, pH and temperature) and the PFAA concentrations to reveal important
factors in the sorption of PFAAs to the soil in these sites. Finally, we tested
relationships between PFAA concentrations in the top soil with soil respiration and soil

microbial parameters, such as microbial activity and microbial biomass.

The aim in chapter 4 was to determine the concentrations of multiple PFAAs in the soil
and isopods along a distance gradient from the 3M fluorochemical plant and to
investigate whether the concentrations in these matrices could be used as an indicator
for the PFAA concentrations in the eggs of great tits, which were collected at the same
time and locations. In addition, the role of physicochemical soil properties (total
organic carbon (TOC), and clay content) on the relationship between PFAA

concentrations in soils and isopods were investigated.

The PFAA concentrations and composition profile of 12 PFAAs were determined in the
eggs of great tits (Parus major), collected along a distance gradient (1 to 70 km) from

the 3M fluorochemical plant, and described in chapter 5.

The variation of different PFAAs within and among clutches of great tits, possible laying
sequence associations between egg parameters and PFAA concentrations and possible
relationships of PFAAs among eggs from the same clutch were investigated in chapter

6. In addition, potential implications for future biomonitoring studies were assessed.
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We investigated the PFAA concentrations and profile in great tit feathers in chapter 7.
Furthermore, we examined whether tail feathers from adult great tits present a good
matrix to monitor internal PFAA concentrations in blood plasma (reported in chapter

9).

The high PFAA concentrations reported in the study area gave rise to questions on
potential effects of PFAAs on songbirds along the same site. In chapter 8, the influence

of high PFAA concentrations on reproduction of great tits was examined.

In chapter 9 the plasma concentrations and composition profile of multiple PFAAs
were examined in nestling and adult great tits, settled along a distance gradient.
Potentially pernicious effects of PFAAs on the birds were assessed by examining the
associations between the measured PFAA concentrations and body condition and
oxidative stress status. Moreover, as we sampled adult birds, their eggs (reported in
chapter 8) and their nestlings, we could explore the maternal transfer of PFAAs to the

offspring.

Finally, the most essential results of the present thesis are discussed in chapter 10.
Additionally, some future perspectives and recommendations regarding future
research are provided. At last, the general conclusions based on the main hypotheses

of this PhD thesis are formulated in this chapter.
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2. Development and validation of
an extraction method for the
analysis of perfluoroalkyl
substances (PFASSs) in
environmental and biotic matrices

Based on:

Thimo Groffen, Robin Lasters, Filip Lemiere, Tim Willems, Marcel Eens, Lieven Bervoets and Els
Prinsen (2019a). Journal of Chromatography B 1116: 30 - 37.
https://doi.org/10.1016/j.jchromb.2019.03.034
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Abstract

Although long chained PFASs have been phased-out in several countries, their
persistence in the environment and bioaccumulative potential cause the
environmental and biotic concentrations to remain high, highlighting the need to
further monitor these pollutants. Currently several methods are used for the
quantification of perfluoroalkyl substances (PFASs) in biological matrices including
different ways to correct for recovery losses, each with its specific pros and contras.
With this paper we aim to re-evaluate current methodologies and to create an
updated new analytical guideline that is applicable for both abiotic and biotic
matrices. The developed LC/MS/MS method was validated and shown to be specific,
selective, linear, robust and sensitive. Reliable results could still be obtained 6 days
after extraction. The recoveries varied, depending on the matrix, between 1% and
100%, but nevertheless, a high accuracy was obtained even at the lowest recoveries.
A reduction of sample mass could significantly increase method recoveries and
therefore it is highly recommended to take less matrix. We confirmed that using the
ISTD closest in terms of functional group and carbon chain length is a suitable
method for the quantification of PFASs that lack a corresponding ISTD. The newly
described method was, depending on the matrix, similar in terms of sensitivity and
reliability compared to a frequently used method and could be used simultaneously
in future monitoring studies. Therefore, we recommend to select the purification

method based on the target analytes as well as the sample matrix.

64




2.1 Introduction
Perfluoroalkyl substances (PFASs) are chemical compounds, which have been

produced and used in multiple consumer products and industrial processes, such as
food packaging, firefighting foams, water and oil repellents, and waxes (Groffen et al.,
2017; Kim and Oh, 2017). As a result of the widespread use of PFASs, they may end up
in the environment through direct pollution or through environmental degradation of

precursor compounds (Buck et al., 2011; Prevedouros et al., 2006).

Over the past decades, regulatory agencies and researchers mainly focused on long
chain perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs),
because of their higher bio-accumulative potential (Buck et al., 2011). Although these
groups comprise numerous compounds, the main attention of researchers has been
on perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). As a result of
their potential toxicity to the environment and humans, the production and sale of
long-chained PFASs have been phased out or banned in several countries (Groffen et
al.,, 2017; Kim and Oh, 2017). In addition, some of these compounds have been
registered as persistent organic pollutants (POPs) in 2009 (Groffen et al., 2017).
Although environmental concentrations of these long-chained compounds appear to
be decreasing since these measures were taken, concentrations of other PFASs are still
rising (Ahrens et al., 2011c; Groffen et al., 2017; Miller et al., 2015), illustrating the

importance of environmental monitoring of PFASs.

Although numerous methodologies have been developed for the determination of
PFASs in different matrices, most of these studies target only one matrix (e.g. Holm et
al., 2004; Kim and Oh, 2017; Mazzoni et al., 2015; Zhang et al., 2010) or focus only on
either biotic or abiotic samples (e.g. Berger and Haukas, 2005; Lorenzo et al., 2015;
Powley et al., 2005). Nevertheless, some of these methodologies, for example the
method described by Powley et al. (2005), have been frequently used in monitoring
studies either as a modification or as a full guideline (e.g. Groffen et al., 2017; Lauritzen
et al., 2018; Loos et al., 2017). However, most environmental studies cover a wide

range of matrices, highlighting the need for a method that works on both biotic and
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abiotic samples. Nakayama et al. (in press) have also concluded this in a review on
analytical techniques in aqueous, solid and biological matrices. Extraction procedures
of aqueous matrices have been miniaturized by procedures such as dispersive liquid-
liguid microextraction (DLLME), vortex-assisted liquid-liquid extraction (VALLE) and
micro-solid phase extraction (micro-SPE), which have decreased sample volumes and
amounts of extraction solvents needed. Nevertheless, the recoveries of these
techniques, particularly for short-chain PFASs, is low due to ionization suppression
(Nakayama et al., in press). In addition, Nakayama et al. (in press) reported that
method development is needed to facilitate the analysis of PFASs exposure of wildlife
and humans, including non- or less-invasive biological samples such as blood and eggs.
Additionally, there are different methodologies to quantify the PFAA concentrations.
Multiple studies use a linear fitted external calibration curve to quantify PFAA
concentrations (e.g. Dauwe et al., 2007; Lopez-Antia et al., 2017; Meyer et al., 2009;
Tao et al., 2006), whereas others use the ratio between the areas of the diagnostic ions
of the labeled and unlabeled compounds (e.g. Groffen et al., 2017, 2018; Kim and Oh,
2017; Vicente et al., 2012, 2015). Therefore it should be investigated which method of
guantification is most accurate and reliable and should thus be used in further

monitoring studies.

Therefore, the aim of this study was to develop and validate an analytical method for
measuring PFASs in both biotic and abiotic matrices, using negative ion electrospray
(ES (-)) operating on a liquid chromatography tandem mass spectrometer (LC-MS/MS).
The recovery, sensitivity and reliability of the newly described method were evaluated
with an existing frequently used method. Additionally, the use of internal standards to
improve robustness and reliability was investigated by comparing different ways of

guantification.
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2.2 Materials and Method

2.2.1 Chemicals and reagents
PFASs abbreviations were adapted from Buck et al. (2011). A PFASs solution (chemical

purity >98% for all PFASs), containing perfluorobutanoic acid (PFBA),
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic
acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA),
perfluordecanoic acid (PFDA), perfluoroundecanoic acid (PFUNDA),
perfluorododecanoic acid (PFDoDA), perfluorotridecanoic acid (PFTrDA),
perfluorotetradecanoic acid (PFTeDA), perfluorobutane sulfonate (PFBS),
perfluorohexane sulfonate (PFHxS), perfluorooctane sulfonate (PFOS) and
perfluorodecane sulfonate (PFDS) was purchased from Wellington Laboratories
(Guelph, Canada). A mixture of isotopically mass-labeled PFASs (ISTD; Wellington
Laboratories), with a chemical purity of >98% and isotopic purities of 299% or >94%
per 13C or 180 respectively, was used as internal standards (Table 2.1). All solvents,
including acetonitrile (ACN; LiChrosolv, Merck Chemicals, Belgium), ammonium
acetate (VWR International, Belgium), ammonium hydroxide (Filter Service N.V.,
Belgium), and Milli-Q (18.2 mQ; TOC: 2.0 ppb; Merck Millipore, Belgium) were HPLC

grade.

2.2.2 Chemical extraction
Nine different matrices were used in this study. These samples were collected from

different locations in Belgium and the Netherlands. Soil samples were collected at
Vlietbos, approximately 1km from a fluorochemical plant in Antwerp, Belgium.
Additionally, at this location blood plasma and eggs of great tits (Parus major) and
isopods were collected. Sediment was sampled in the Groot Schijn, a river in Antwerp,
belonging to the Scheldt basin. Tapwater from the University of Antwerp was used in
the analysis of the water samples. Chicken eggs were home-produced in the
Netherlands. The chicken liver was sampled from a home raised chicken in Oud

Turnhout (North of Flanders, Belgium). Finally, fish muscle tissue was taken from perch
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(Perca fluviatilis), collected among multiple rivers in Flanders during a project of the

Flemish Environment Agency (VMM) in 2017 (Teunen et al., 2018).

Homogenized samples (N =5 for each matrix; 10 pL for blood plasma of great tits
(collected at Vlietbos; approximately 1 km from a fluorochemical-plant in Antwerp,
Belgium), 10 mL for tapwater and approximately 0.3 g for all other matrices (soil,
sediment, chicken egg and liver, great tit egg and isopods)) were placed in 50 mL
polypropylene (PP) tubes. Hereafter, the samples were spiked with 80 pL of an ISTD
mixture, containing 125 pg/uL of each ISTD, and mixed thoroughly. After adding 10 mL
of ACN, the samples were vortex-mixed, sonicated (3 x 10 min) and extracted
overnight on a shaking plate (135 rpm) at room temperature. Subsequently, the
samples were centrifuged (4 °C, 10 min, 2400 rpm, Eppendorf centrifuge 5804R) and

the supernatant was transferred to a 14 mL PP tube.

Chromabond HR-XAW Solid Phase Extraction (SPE) cartridges (Application No 305200,
SPE department, Macherey-Nagel, Germany, 2009) were conditioned and equilibrated
with 5 mL of ACN and 5 mL of MQ water before the samples were loaded onto the
columns. The cartridges were washed with 5 mL of a 25 mM ammonium acetate
solution in MQ and 2 mL of ACN. PFASs were eluted with 2 x 1 mL of 2% ammonium
hydroxide in ACN, stored in a 6 mL PP tube and dried completely using a rotational-
vacuum-concentrator (Eppendorf concentrator 5301, Hamburg, Germany). The dried
eluent was reconstituted with 200 pL of 2% ammonium hydroxide in ACN and vortex-
mixed for at least 1 min. Hereafter, samples were filtrated through an lon
Chromatography Acrodisc 13 mm Syringe Filter with 0.2 um Supor (polyethersulfone;
PES) Membrane (VWR International, Leuven, Belgium) attached to a PP auto-injector

vial.

2.2.3 UPLC-TQD analysis and quantification
Ultra-performance liquid chromatography-tandem ES (-) mass spectrometry (UPLC-

MS/MS, ACQUITY, TQD, Waters, Milford, MA, USA) was used to analyze the PFASs. An
ACQUITY BEH C18 column (2.1 x 50 mm; 1.7 um, Waters, USA) was used to separate
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the analytes. To retain any PFASs contamination originating from the system, an
ACQUITY BEH C18 pre-column (2.1 x 30 mm; 1.7 um, Waters, USA) was inserted
between the solvent mixer and the injector. The mobile phase solvents were 0.1%
formic acid in water (A) and 0.1% formic acid in ACN (B), with a flow rate of 450 uL/min
and an injection volume of 10 uL. The gradient started at 65% A, decreased to 0% A in
3.4 min and returned to 65% A at 4.7 min. PFASs were identified and quantified using
multiple reaction monitoring (MRM) of two diagnostic transitions per target analyte.
Diagnostic transitions, cone voltages and collision energy are shown in Table 2.1. The
first product ions of PFCAs were the result of decarboxylation (-CO3), whereas the
second product ion was the result of a removal of the fluorinated carbon atoms (-
n*CF,), where n was selected based on the most optimal product ion spectrum. For
the PFSAs, the first product ion (m/z = 80) was sulfur trioxide (SOs-), whereas the
second product ion was fluorosulfuric acid (SO3F-).To validate the MRM transition for

PFBA and PFPeA we used a

higher collision energy, as no second MRM transition was detected. The use of a higher
collision energy resulted in no loss of stable fragment peaks at transitions 213 > 169
(PFBA) and 263 >219 (PFPeA), a characteristic which was selected as additional

evidence for the identification of the latter compounds.

2.2.4 Method validation
Calibration curves were prepared by adding a constant amount of the ISTD

(concentration;,, hereafter Cy) to different concentrations of an unlabeled PFASs
mixture (concentrationy, hereafter Cy). Dilutions of the unlabeled PFASs mixture were
performed in ACN. After logarithmic transformation, the ratio of the concentrations
(C«/Cix) was plotted against the ratio of the areas of the unlabeled (Area,) and labeled
(Areaix) compounds. Linearity was assessed by observing the correlation coefficient

values (R?) of these linearity plots.

The robustness of the method was analyzed by repeatedly measuring an 1:1 non-

extracted solution of native and heavy-labeled standards (125 pg/uL; 5000 pg of each
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PFAS) for a period of six days. The variation in area units of the peak signals was
determined, for each PFAS individually, with and without correction with internal
standards. As no corresponding heavy labeled internal standard was available for PFBS,
PFDS, PFPeA, PFHpA, PFTrDA and PFTeDA, the area of these compounds was corrected
with each of the ISTDs available for the other PFASs. We determined which ISTD
resulted in the smallest variation in area units and which should therefore be used for
the quantification of these PFASs. As the synthetic standard solution only takes into
account the ionization efficiency, we also determined which ISTD resulted in the
smallest variation in area units when considering both the ionization and the
extraction efficiency, by using procedural blanks (10 mL ACN) that were also 1:1 spiked
with a solution of native and heavy-labeled standards (125 pg/uL; 5000 pg of each
PFAS).

To validate the quality of the extraction method, we compared the recoveries of
multiple matrices obtained after using the method reported here or the method by
Powley et al. (2005), which is widely accepted. Five samples of each matrix were
divided into three equal parts (0.3 g per part for solid matrices, 10 uL for blood plasma
and 10 mL for water); one part to test for background contamination and one part for
each of the extraction methods. Samples used in the comparison of the extraction
methods were spiked with 40 uL of a 1:1 (125 pg/uL; 5000 pg of each PFAS) solution
of native and heavy-labeled standards. To calculate the extraction recoveries for both
methods, the Areai of the extracted samples were compared with the Areai of a non-

extracted 1:1 native:labeled solution.

To validate the importance of internal standards in the quantitation of PFASs, two
common quantitation methods were compared. On the one hand, we calculated
concentrations based on the ratio between the areas of the diagnostic ions of the
labeled and unlabeled compounds (Groffen et al., 2017, 2018; Kim and Oh, 2017,
Vicente et al., 2012, 2015) (Formula (2.1)). On the other hand, these results were

compared with a calculation using a linear fitted external calibration curve (Dauwe et
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al., 2007; Lopez-Antia et al., 2017; Meyer et al. 2009; Tao et al., 2006) (Formula (2.2)).
Ten chicken egg samples were spiked with a 1:1 10,000 pg non-extracted solution of

native and heavy-labeled standards and extracted with the method described above.

C. = (o)« (%) 21)
C, = (Ccaz*i::lxtmct) " (meaz(:;zjicaz)) (2.2)

With Cx (pg/g) and Areax the concentration and peak area of native PFASs in the
sample, Ci (pg) and Areai the concentration and peak area of the heavy-labeled
standards, C.a the concentration in the extract calculated by the external calibration
curve (ug/pL), Vexract the volume of the extract (uL), Areaical the peak area of the
calibration points from the linear fitted external calibration curve, and m the mass of

the sample (g).

For both quantification methods we multiplied the Ci with the mass of the sample to
obtain PFASs quantities to prevent possible variations due to slightly varying sample
masses. The limits of quantification (LOQ) for the different matrices were defined as a
signal-to-noise (S/N) ratio of 10. Individual LOQs are displayed in Table S2.1 for each
matrix, for both the method described in this study and the method described by
Powley et al. (2005).

2.2.5 Statistical analysis
Statistical analyses were performed using R 3.1.3. The level of significance was set at

p <.05. All data were tested for normality and homogeneity of variances prior to
further analysis. Simple linear regression functions were used to test the linearity of
the calibration curves. In the comparison of calculation methods, we used t-tests to

test for deviations from the spiked concentrations.
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Table 2.1. MRM transitions, internal standards (ISTDs), cone voltages (V) and collision energy (eV) for the target perfluoroalkyl substances and their internal
standards.

Compound Precursor Product ion (m/z) Cone Collision Collision Internal standard

ion (m/z) m Voltage energy (eV) | energy (eV) | (ISTD) used for
product lon 1 | product lon 2 \ for diagnostic | for diagnostic | quantification
transitionl transition 2

PFBA 213 169 169 19 19 50 13C,-PFBA

PFPeA 263 219 219 15 10 45 13C,4-PFBA

PFHxA 313 269 119 19 21 65 [1,2-13C,]PFHXA

PFHpA 363 319 169 24 40 30 [1,2-13C,]PFHXA

PFOA 413 369 169 22 13 60 [1,2,3,4-3C4]PFOA

PFNA 463 419 169 28 17 20 [1,2,3,4,5-

13C5]PENA

PFDA 513 469 219 25 29 29 [1,2-13C,]PFDA

PFUnDA 563 519 169 18 30 35 [1,2-3C,]PFUNDA

PFDoDA 613 569 319 22 21 30 [1,2-3C,]PFDoDA

PFTrDA 663 619 319 26 21 30 [1,2-3C,]PFDoDA

PFTeDA 713 669 169 28 21 21 [1,2-3C,]PFDoDA

PFBS 299 80 99 40 65 45 180,-PFHxS

PFHxS 399 80 99 22 30 60 180,-PFHxS

PFOS 499 80 99 60 58 58 [1,2,3,4-13C4]PFOS

PFDS 599 80 99 29 63 63 [1,2,3,4-13C4]PFOS




Table 2.1 (continued). MRM transitions, internal standards (ISTDs), cone voltages (V) and collision energy (eV) for the target perfluoroalkyl substances and their
internal standards.

Compound Precursor Production (m/z) Cone Collision Collision Internal standard
ion (m/z) | Diagnostic Diagnostic | Voltage energy (eV) for | energy (eV) for | (ISTD) used for
product lon 1 | productlon2 | (V) diagnostic diagnostic quantification
transitionl transition 2
13C,-PFBA 217 172 172 19 19 50
[1,2-3C,]JPFHXA | 315 269 119 19 21 65
[1,2,3,4- 417 372 172 22 13 60
13C4]PFOA
[1,2,3,4,5- 468 423 172 28 17 20
13Cs]PFNA
[1,2-3C,)PFDA 515 470 220 25 29 29
[1,2- 565 520 170 18 32 35
13C,]PFUNDA
[1,2- 615 570 320 22 21 30
13¢,]PFDoDA
180,-PFHxXS 403 84 103 22 30 60
[1,2,3,4- 503 80 99 60 58 58
13¢,]PFOS
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2.3 Results and discussion

2.3.1 Linearity
A linear regression function (Fig. 2.1) described the relationship between C/Cix and

Area,/Areax of the compounds: PFBA (R?>=0.999), PFPeA (R?=0.992), PFHxA
(R2=0.989), PFHpA (R?=0.988), PFOA (R?*=0.997), PFNA (R?=0.998), PFDA
(R?=0.985), PFUNDA (R?=0.984), PFDoDA (R?=0.985), PFTrDA (R? = 0.985), PFTeDA
(R?=0.986), PFBS (R = 0.996), PFHxXS (R? = 0.999), PFOS (R? = 0.998), PFDS (R = 0.997).
All compounds showed a highly significant linear fit (all p < 0.001).

Although calibration graphs for most PFASs remained linear in a range from a C,/Cix
ratio of 1:1000 to 1000:1, this was not the case for PFHpA, PFDA, PFUnDA, PFBS, PFHxS
and PFDS, which all showed a smaller linear range. In cases where PFBS concentrations
exceeded the internal standard with a factor >10x, or <100x, the linear fit was not
guaranteed. In the latter case, samples need to be diluted to fit within the linear range
of the calibration graph. For PFHXS, the linear range is even narrower, as Cy/Ci ratios
should be in the range 1:10-10:1. Concentrations of PFHpA, PFDA, PFUnDA and PFDS
should not be lower than 100x the concentrations of their corresponding ISTDs (Fig.

2.1).

2.3.2 Robustness
In previous studies (e.g. Groffen et al., 2017, 2018; Leat et al., 2012; Verreault et al.,

2005) the PFASs that have no corresponding ISTD were quantified by using the ISTD of
the compound closest in terms of functional group and carbon-chain length (i.e. PFBS
and PFDS were quantified by using PFHxS and PFOS, PFPeA and PFHpA by using PFHxA
and PFTrDA and PFTeDA by using the ISTD of PFDoDA).

To investigate whether these ISTDs are indeed the most optimal standards in the
quantification of these compounds, we determined the variation in area units of these
compounds corrected with each of the ISTDs in the previously described mixture. The
results of the PFSAs and PFCAs of which no ISTD is commercially available, are
displayed in Figs. S2.1 and S2.2 respectively. As these figures are based on synthetic

standard solutions, they only take the ionization efficiency and not the extraction
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efficiency into account. In case the extraction efficiency was taken into account (Figs.
S2.3 and S2.4 for PFSAs and PFCAs respectively), we recommend to use the compounds
closest in terms of functional group and carbon-chain length. This means that the most
suitable standard to quantify the PFSAs PFBS and PFDS would be PFHxS and PFOS.
PFPeA should be quantified with PFBA, PFHpA with PFHxA and PFTrDA, PFTeDA should
be quantified using the standard of PFDoDA.

The robustness of the method is illustrated in Fig. 2.2 for all target analytes, using the
most suitable ISTD based on both ionization and extraction efficiency. The inter-day
variation in area units was reduced drastically after correcting with ISTDs,

demonstrating that reliable results can still be obtained six days after extraction.

2.3.3 Extraction recovery
Concentrations (pg * SE), LOQs, S/N ratios (mean + SE) and recovery ranges for each

PFAS were determined for different matrices with both quantification methods and
the results are displayed in Table S2.1. The two methods did not differ much in terms
of concentrations, with the exception of a few matrices. Differences in recoveries, S/N
ratios and LOQs were, however, striking. Recoveries of the new method varied,
depending on the matrix and target analyte between 1 and 133% and were generally
higher for PFCAs and abiotic matrices. Nevertheless, despite the lower recoveries, the
concentrations for most compounds and matrices did not differ from the spiked
amount of 5000 pg showing the accuracy and quality of the new method even at low
recoveries. Calculated concentrations only exceeded the spiked value in case the LOQ
of that specific compound was high and did not exceed the LOQ in the blank.
Background concentrations that were <LOQ would add up with the spiked
concentrations, resulting in significantly higher concentrations in the samples.
Concentrations that were significantly lower than the spiked concentration, could be

explained by a loss of these compounds during the extraction procedure.
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Fig. 2.1. Calibration graphs (+SE) of the 15 target analytes; 4 PFSAs (PFBS, PFHxS, PFOS and PFDS) and
11 PFCAs (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUNDA, PFDoDA, PFTrDA and PFTeDA).
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Fig. 2.2. Method robustness of all target analytes with and without correction (corr.) with the most suitable internal standards (N = 5). The variability displays
the inter-day variation.



Despite the similarity in concentrations, there was a clear distinction between abiotic
and biotic samples in terms of recoveries, S/N ratio, and LOQs. We observed that the
method described in the present study had better recoveries in abiotic samples
compared to the method described by Powley et al. (2005), whereas recoveries in
biotic samples, with exception of blood plasma, were higher when using the Powley
method (Table S2.1). Similar patterns were observed for S/N ratios and LOQs. In
addition, recoveries of PFSAs were generally lower than those of PFCAs in the new
method, whereas this was not necessarily true for the method by Powley et al. (2005).
Spiked concentrations, especially for the PFSAs, were often around the LOQ. This
indicates that a minor variation, due to matrix effects, could result in concentrations
below the LOQ. Additionally, the recoveries of PFCAs might be better, as individual
PFCA molecules might form hydrogen bonds. These bonds result in larger non-polar
molecules, which dissolve better in a non-polar medium than the less non-polar PFSAs,
which are present as their salts. Another factor that might cause the relatively low
recoveries for biotic samples with the XAW method is the amount of sample used in
the extraction. We tested the method using 0.3 g of each matrix, but higher sample

mass could result in a higher matrix effect and thus lower recoveries.

Fig. 2.3 illustrates the recoveries in samples of chicken eggs in function of the mass of
the sample. These results illustrate that using a lower sample mass would increase the
recovery by 10-20%, depending on the compound. An increased sample mass would
significantly reduce the recoveries of PFBA (p <0.001), PFPeA (p =0.008), PFHxA
(p = 0.005), PFHPA (p = 0.005), PFHpA (p = 0.005), PFOA (p = 0.015), PFNA (p = 0.002),
PFDA (p < 0.001), PFUndA (p < 0.001), PFDoDA (p < 0.001), PFTrDA (p < 0.001), PFTeDA
(p <0.001), PFOS (p =0.002) and PFDS (p =0.002) when using the method with the
XAW-SPE cartridges. Therefore, it is recommended to take as less sample as possible

in order to improve recoveries.



2.3.4 Comparison with other extraction methods
Compared to other PFASs extraction methods, the recoveries of the described method

are generally lower. For example, Lorenzo et al. (2015) reported recoveries varying
between 34 and 116% in soil and 44-125% in sediment using multiple methods with
methanol (only methanol or in combination with acetic acid), whereas the recoveries
in our method for matrices reached a maximum of 76% and 48% for soil and sediment,
respectively. Increasing the sample size resulted in a clear reduction in recovery,
reaching minima as low as 8% for soil and 1% for sediment. PFOS and PFOA extraction
from blood plasma, using a C18 capillary column, resulted in recoveries of
approximately 75% (Holm et al., 2004) and a method using solvent precipitation-
isotope dilution-direct injection LC/MS/MS on serum and plasma samples obtained
recoveries between 80 and 100% (Harrington, 2017). A highly selective MS-technique
for the detection of PFASs in agueous matrices resulted in recoveries between 92 and

134% (Wille et al., 2010).

The lower recoveries in the current method are likely the result of targeting both
abiotic and biotic matrices, as well as both long and short chained PFASs. Problems
with the use of a method developed for biological matrices on soil and sediment
samples have been reported previously (Lorenzo et al., 2015). Furthermore, the range
of compounds that can be extracted from e.g. water depends on the choice of the
extraction method (Van Leeuwen and De Boer, 2007). Similarly, extraction techniques
for soil and sediment give different outcomes, depending on how much they account
for electrostatic and hydrophobic interactions (Van Leeuwen and De Boer, 2007).
Finally, in the current method we have used the same solvent for both long and short-
chained PFASs. Water soluble short chain PFASs might be better extracted with polar
to medium solvents, whereas longer chained compounds require less polar solvents
(Van Leeuwen and De Boer, 2007). Therefore, it is highly likely that recoveries of the
currently described method will increase significantly when it targets individual

matrices, as differences in matrix properties (e.g. fat content, electrostatic
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interactions, etc.) can be accounted for. This has been confirmed in a field study which

reports recoveries between 16% and 100% (Groffen et al., 2019b).

2.3.5 Comparison of calculation methods
The quantities of each compound in the spiked chicken eggs, calculated either using

the ratio between the areas of the diagnostic ions of the labeled and unlabeled

compounds (int.) or using an external calibration curve (ext.), are displayed in Fig. 2.4.

PFAS quantities were less variable when they were quantified using the internal
standards. Secondly, PFAS quantities deviate more from the spiked 10,000 pg when
quantifying the quantities using the external calibration curve (Formula (2.2))
compared to using the ratio of labeled and unlabeled compounds (Formula (2.1)).
Quantities of PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFTeDA and PFOS, quantified using
the external calibration curve, were all significantly higher (all p < 0.05) than 10,000 pg.
When the internal standards were used, only PFHpA, PFOA, PFTrDA and PFTeDA
deviated significantly from the spiked 10,000 pg (all p < 0.05). These results show the
validity and effectivity of using internal standards for the quantification of PFASs

concentrations in environmental matrices.
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Fig. 2.3. Effect of sample mass (g) on recoveries (%) determined in chicken eggs. Compounds that were quantified using the same ISTD were grouped as the
recoveries of the ISTD were the same.
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Fig. 2.4. Quantity (pg) of the spiked chicken egg samples calculated with two different quantitation methods: using internal standards (int.; N = 10; green), using
an external calibration curve (ext.; N = 10; orange). To each sample 10000 pg was added. Quantities of PFBS, PFHxS and PFDS were <LOQ and were therefore
excluded from the figure.
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2.3.6 Application in real samples
We have successfully applied the method described here on eggs (n = 158) and blood

plasma (n = 258) from a terrestrial songbird model species, the great tit, collected at a
fluorochemical plant site and four other sites representing a distance gradient.
Simultaneously we analyzed soil samples (n = 57) from the same study area using the
described method. For more details regarding the PFASs concentrations in these
samples, we refer to the corresponding publications (Groffen et al., 2019b,c; Lasters
et al., 2019; Lopez-Antia et al., 2019). In several of these papers, associations between

pollutant concentrations of PFAS and biological effects have been reported.

2.4 Conclusion
The developed LC/MS/MS method was validated and showed to be specific, selective,

linear, robust and sensitive, even at low recoveries. Recoveries varied, depending on
the matrix and target analyte between 1 and 100%, but could be significantly improved
by using lower sample masses. We therefore recommend using low amounts of matrix,
within the range of 30—100 mg as a compromise between the negative matrix effect in
combination with the LOQ of the different analytes. We confirmed that using the ISTD
closest in terms of functional group and carbon chain length is a suitable method for
the quantification of PFASs that lack a corresponding ISTD. The newly developed
method has been successfully used on numerous environmental and biotic matrices
and can be applied for other matrices in the future. In addition, it should be examined
in future studies whether this method could also be applied on other analytes,

including precursor compounds and PFASs alternatives such as GenX or ADONA.
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2.6 Supplementary data
PFBS
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Fig. S2.1. Robustness of the method for the PFSAs that do not have a corresponding ISTD. PFSAs were
quantified with all ISTDs from the mixture to determine the best suitable ISTD for the quantification
and correction of the area units based on ionization efficiency.
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Fig. S2.2. Robustness of the method for the PFCAs that do not have a corresponding ISTD. PFCAs were
quantified with all ISTDs from the mixture to determine the best suitable ISTD for the quantification
and correction of the area units based on ionization efficiency.
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Fig. S2.3. Selection of the best suitable ISTD based on both ionization and extraction efficiency of the
PFSAs that do not have a corresponding ISTD. Correction with PFOA resulted in an underestimation of
the area units and is therefore removed from both figures. Correction with PFHxA, PFNA, PFDA and
PFUdA resulted in an overestimation of the area units for both PFBS and PFDS. In addition, correction
with PFHxS resulted in an overestimation for PFDS. These compounds are therefore removed from both
figures.
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Fig. $2.4. Selection of the best suitable ISTD based on both ionization and extraction efficiency of the
PFCAs that do not have a corresponding ISTD. Correction with PFOA resulted in an underestimation of
the area units and is therefore removed from all figures. Correction with PFHxS, PFUnDA, PFDA and
PFNA resulted in an overestimation for all compounds. In addition, correction with PFHxA resulted in
an overestimation for PFTrDA and PFTeDA and a correction with PFOS resulted in an overestimation for
PFTrDA. Therefore, all these compounds are removed from the corresponding figures.



Table S2.1. Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (£ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks and different
environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described by Powley et
al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and recoveries of these
compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000 pg; A indicates
significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

LOQ Mean Mean S/N Recovery | LOQ Mean Mean S/N Recovery
(pg) quantity (pg) ratioxSE (%) (pg) quantity (pg) ratioxSE (%)
+ SE + SE
Procedural PFBA 60 4800 = 100 900 +£200 82-100 230 4800 £ 60 200 £ 50 13-21
blank (ACN) PFPeA 90 5700 £200A 600 50 88 —-100 480 7000 £300A 160+ 20 12 -28
PFHxA 350 4900 £ 200 200 £ 50 88 -100 870 5700 £ 400 8020 12-28
PFHpA 210 5400 £ 80 A 300 £ 20 88 —-100 960 4200 £ 300 50+ 10 12 -28
PFOA 90 5000 £ 50 700£200 99-100 320 5700+ 200A 190+30 9-27
PFNA 90 4800 * 300 600 £ 90 89-100 440 5300 £ 100 170 £ 50 9-22
PFDA 230 4700 £ 300 300 £ 60 84 -100 1300 | 5500+ 700 40+ 10 5-20

PFUNDA 200 5800 + 400 300 £ 20 53-100 1800 6600+1100 3010 1-12
PFDoDA 70 4800 £ 200 700 £ 90 88 -100 700 4600 £ 300 80+ 20 4-15
PFTrDA 90 5700+ 50 A 1200 * 88 —-100 820 4700 £ 200 130+ 30 4-15

200
PFTeDA 80 5000 + 200 600 £ 70 88 -100 760 3700+£200B 8020 4-15
PFBS 190 5500+ 80 A 300 £ 40 75-100 1100 5700+1100 6010 12-29
PFHxS 720 4800 * 400 90 + 10 75-100 2400 4100 £ 800 20+ 10 12-29
PFOS 50 4800 +90 160040 97-100 300 4500 * 300 310 £ 60 6-23

PFDS 830 4800 + 200 300 £ 20 97 -100 4300 <LOQ <L0Q 6-23




Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000

pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxS
PFOS
PFDS

Water
(tapwater)

LoQ
(pg)

140
240
850
720
150
350
680
2200
1900
3000
1900
770
2600
290
5400

Mean

quantity (pg)
+ SE

5300 + 100
3800 + 200 B
4900 * 200
4500 + 200 B
5700 + 300
5000 + 200
4400 + 400
6700 + 500 A
5100 + 1800
4400 + 1400
<LOQ

3600 + 800
3100 + 500 B
5000 + 700
<LOQ

Mean S/N

ratio £ SE

400 £ 30
170 £ 30
80+ 20
90 + 20
420 £ 60
300+ 90
70+ 20
30+£10
30+10
20+ 10
<LOQ
60 + 20
20+ 10
220+ 60
<LOQ

Recovery
(%)

34-48
37-68
37-68
37-68
42-71
28 -53
14-28
3-11
2-4

1-2

1-4

16 -56
16-56
6-—28
6—-28

LoQ
(pg)

1400
1500
3600
3100
2000
2100
2900
6000
5400
5500
2600
3000
6100
1500
3800

Mean

quantity (pg)
* SE

5300 + 200
<LOQ

<LOQ

<LOQ

6900 + 100 A
<LOQ

<LOQ

<LOQ

<LOQ

<LOQ

<LOQ

<LOQ

<LOQ

6300 = 900
<LOQ

Mean S/N
ratio £ SE

40+ 10
<LOQ
<LOQ
<LOQ
30+10
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
70+ 20
<LOQ

Recovery
(%)

4-6
<LOQ
<LOQ
<LOQ
1-2
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
1-6
1-6
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

Soil | PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxS
PFOS
PFDS

LoQ
(pg)
900
780
1500
1600
330
310
1100
1000
220
150
640
310
950
100
280

Mean quantity
(pg) £ SE
5400 £ 200
5300 £ 500
6200 £ 900
5300 £ 500
4900 + 300
5100 £ 300
5100 + 200
5700 £ 400
5400 + 700
5300 £ 500
7700+ 700 A
5500 + 700
4700 = 500
5600 + 800
5500 + 200 A

Mean S/N
ratio + SE
60+ 10
70+ 10
40+10
40+ 10
180 + 20
170 £ 10
70+ 20
60 + 10
25030
360 + 40
130+ 20
190 + 30
50+ 10
1720 £ 320
20+ 10

Recovery
(%)
8-14
10-19
10-19
10-19
18 -27
17-29
18-29
13-29
19-43
19-43
19-43
49-74
49-74
31-76
31-76

LoQ
(rg)

1600
2000
3200
3800
1600
1200
3500
6100
1800
1000
3800
740

2000
270

970

Mean quantity
(pg) + SE

5400 £ 200
5400 = 600
5800 + 1000
5900 + 1400
5000 £ 700
4800 + 700
6200 + 2000
<LOQ

5000 + 700
5400 + 500
10000 + 1600 A
4700 + 600
5100 £+ 1000
5500 + 1000
4300 + 600

Mean S/N
ratio + SE
40+3
303
20+4
20+1

60 £ 20
405
202
<LOQ
40+ 20
60 £ 10
30+4
70110
30+4
690 + 100
50 £ 20

Recovery
(%)

17-40
17-40
17-33
17-33
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000

pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

Sediment

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxS
PFOS
PFDS

LoQ
(pg)
280
830
1800
1600
440
1200
2200
1300
1000
640
920
5200
5400
1600
720

Mean quantity Mean S/N

(pg) £ SE
2700 + 50 B

4200 + 700
5000 = 700
4600 + 600
4300 + 300
4500 + 500
4700 + 300
5000 + 1300
4400 + 700
3800 + 300 B
6500 = 1500
<LOQ

<LOQ

4500 + 1000
3800 + 500

ratio + SE
120+ 30
70 £ 20
40+ 10
30+£10
140 £ 50
50+ 10
50+ 20
50+ 10
80+ 30
120+ 50
100 £ 60
<LOQ
<LOQ
150+ 120
60 £ 10

Recovery
(%)

26 -48
5-31
5-31
5-31
4-27
2-26
2-25
8-29
2-24
2-24
2-24
<LOQ
<LOQ
1-43
1-43

LoQ
(pg)
730
1800
2900
4100
900
950
1800
6200
890
600
1500
930
1900
150
760

Mean quantity

(pg) £ SE
2700 + 100 B

4800 + 700
5600 + 200
7700 = 800 A
6100 + 200 A
5900 £ 600
5800 £ 900
9000 + 2400
4300 £ 600
2600 £ 300 B
5700 £ 1100
3400 £ 500 B
3300 +£5008B
5000 + 200
1200 + 200 B

Mean S/N
ratio + SE
50+ 10
40+ 10
204
30+£10
90 + 20
90 £ 20
40+ 10
20+ 10
60 £ 20
50+ 10
40+ 10
50+ 10
203
380 + 50
201

Recovery
(%)
3-17
4-13
4-13
4-13
5-13
5-18
4-15
1-15
6-13
6-13
6-13
12 -36
12-36
10-32
10-32
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

Chicken = PFBA

egg PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxXS
PFOS
PFDS

LoQ
(pg)

550

1300
2800
3700
480

1200
3300
4300
2300
1300
5500
4900
5200
3500
5600

Mean quantity Mean S/N

(pg) £ SE
5000 + 200

6100 + 300 A
5600 + 1300
4900 + 1400
6000 + 400 A
5500 + 800
5400 + 900
4700 + 2100
5500 + 600
4000 + 500
6300 + 2100
<LOQ

<LOQ

6800 + 1300
<LOQ

ratio + SE
9010
50+ 10
203
202
140+ 20
50+ 10
20+10
20+ 10
3010
40+ 10
203
<LOQ
<LOQ
30+£10
<LOQ

Recovery
(%)
7-13
6-14
3-14
3-14
7-17
2-14
3-8
2-13
2-10
2-10
2-10
<LOQ
<LOQ
2-4
1-4

LoqQ
(pg)
420
690
1600
1800
850
800
1200
1400
730
450
1600
5800
4300
220
1500

Mean quantity Mean S/N

(pg) + SE
5000 + 100

6500 + 500 A
5000 + 500
4400 + 700
5800 + 300 A
5100 £ 200
4400 £ 1600
4400 £ 1200
6200 + 800
4900 £ 700
7800 + 1200
<LOQ

7500 + 1600
5300 + 200
4300 + 500

ratio + SE
150 £ 30
100 £ 20
5010
305
170+ 40
90 + 30
50+10
50+ 20
120+ 30
140 + 30
60 £ 10
<LOQ
202
280 £ 60
40+7

Recovery
(%)
10-19
9-20
9-20
9-20
9-28
8-123
3-25
8-28
6—-22
6—22
6—-22
<LOQ
7-25
8-21
8-21
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

Blood
plasma PFPeA
(Great PFHXA
tit) PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxS
PFOS
PFDS

PFBA

LoQ
(pg)
250
200
410
490
130
140
480
1100
100
60
240
3400
6000
470
3000

Mean quantity

(pg) £ SE
2900 + 40 B

6400 + 200 A
6300 + 200 A
4600 £ 200
6500 + 200 A
5400 + 200
5500 + 300
6700 + 700
5400 + 200
4500 £ 200
7000 £ 900
4600 £ 500
<LOQ

6900 + 800
4800 + 700

Mean S/N
ratio + SE
200+ 70
300 £ 20
200+ 50
100 + 20
600 + 100
420 £ 60
170+ 50
140 £ 40
580 £+ 90
800 £ 100
320+ 60
205
<LOQ
360 + 150
30+£10

Recovery
(%)

93 -100
40-76
40-76
40-76
41-81
35-81
25-73
19-72
42 -100
42 -100
42 -100
6-10
<LOQ
5-13
5-13

LoqQ
(pg)
130
550
750
1400
270
600
930
2100
630
330
1300
1300
1800
190
960

Mean quantity

(pg) + SE
2900 + 90 B

8000 + 300 A
6200 £ 300 A
5300 + 500
6100 +£ 300 A
5300 + 400
5800 + 400
7200 £ 700 A
5600 + 400
4400 + 500
6100 + 600
6900 + 800
6100 + 1200
7200 £ 700 A
3900+ 300 B

Mean S/N
ratio + SE
490 + 100
290 + 100
140 + 40
80+ 20
450 + 100
240 £ 100
120+ 30
80+ 30
240 £ 100
460 + 200
190+ 90
100 £ 20
40+10
590 + 140
90 + 30

Recovery
(%)
14-100
5-60
5-60
5-60
6—-68
6—68
4-51
2-49
6-78
6—-78
6-78
4 - 66
4 -66
5-73
5-73
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

LOQ Mean quantity Mean S/N Recovery | LOQ Mean quantity Mean S/N Recovery
(pg)  (pg) £ SE ratio + SE (%) (pg) (pg) + SE ratio + SE (%)
Chicken = PFBA 1200 2600 +2008B 20£3 3-8 1000 2600 +2008B 305 3-7
liver PFPeA 3200 5400 400 20t5 2-5 6200 9000 + 2600 206 1-3
PFHxA 4300 5300+ 1400 204 2-5 5400 <LOQ <LOQ <LOQ
PFHpA 6200 <LOQ <LOoQ <LOQ 6100 <LOQ <LOQ <L0Q
PFOA 1700 3800+ 1100 40+ 10 2-5 4000 @ 6800 £ 1800 40+ 10 1-5
PFNA 3500 5800 + 600 20+4 1-3 3400 3700+ 500 10+3 1-3
PFDA 1100 <LOQ <LOQ <LOQ 1800 <LOQ <LOQ <LOQ
PFUNDA 6200 <LOQ <L0Q <L0Q 5900 <LOQ <LOQ <LOQ
PFDoDA 6500 <LOQ <LOQ 1-2 2500 5500+ 700 20+5 1-3
PFTrDA 2300 5400 £ 3100 20+ 10 <LlOQ-1 | 1700 6300 + 800 40+ 10 1-3
PFTeDA 6300 <LOQ <L0Q <LOQ 5800 9600+1300A 20+3 1-3
PFBS 5800 <LOQ <LoQ <LoQ 5500 <LOQ <LoQ <L0Q
PFHxXS 5400 <LOQ <LOQ <L0Q 6100 <LOQ <L0Q <LOQ
PFOS 3900 <LOQ <L0Q <L0Q 1500 7300700 A 507 1-4
PFDS 4500 <LOQ <LOQ <L0Q 5000 7400+1300A 201 1-4
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxS
PFOS
PFDS

Isopoda

LoQ
(pg)

1100
1500
1600
3300
600

630

1200
2200
640

390

1500
6400
6200
2900
4800

Mean quantity Mean S/N

(pg) £ SE
3000 + 200 B

6300 = 1500
7400 = 1000
5500 + 800

7500 =300 A

5600 + 500
6000 + 700
5800 + 1000
5600 + 600
5200+ 1100
4800 + 800
<LOQ

<LOQ

6400 + 1500
<LOQ

ratio + SE
307
50+ 10
50+ 20
206
150 £ 30
100 £ 20
50+ 10
305
110+ 30
150 £ 20
40+ 10
<LOQ
<LOQ
60 =40
<LOQ

Recovery
(%)
4-16
4-11
4-11
4-11
8-22
9-16
5-17
5-13
4-17
4-17
4-17
<LOQ
<LOQ
1-2
1-2

LoqQ
(pg)
60
360
1800
1600
370
100
200
290
80
80
190
270
2500
100
300

Mean quantity
(pg) + SE
2900 £ 100 B
14000 + 4700
6200 £ 400
8900 + 3000
5900 + 200 A
5500 + 200 A
5500 £ 300
5600 + 600
5500 £ 200 A
5100 + 400
6200 £ 300 A
3300 £ 700
5700 £ 600
5700 + 500
4000+ 200 B

Mean S/N
ratio + SE
52070
350 + 30
60 + 30
80 £ 50
400 + 100
600 + 80
310+ 60
240 £ 60
700 + 50
850 + 230
340+ 40
130+ 10
30+ 10
1100 £ 360
160 + 30

Recovery
(%)
59-93
<LOQ -32
<LOQ -32
<LOQ -32
61-100
67 —100
46-91
53-76
55-100
55-100
55-100
27 —58
27 —-58
40 -85
40 -85
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

Fish PFBA

muscle PFPeA

tissue PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxS
PFOS
PFDS

LoQ
(pg)
240
690
1500
1600
470
930
2700
1100
840
690
1400
5100
5000
2800
5600

Mean quantity

(pg) £ SE
3100+ 10 B

6500 + 500 A
7800 + 400 A
6700 £ 400 A
6600 + 400 A
5800 + 400
6200 + 1200
7600 + 1000
6900 + 700
3100+ 200 B
4300 + 800
<LOQ

<LOQ

5600 + 1200
<LOQ

Mean S/N
ratio + SE
160 + 30
110+ 10
60 £ 10
40+ 3
220+ 70
100 + 20
40+ 20
8020
130+ 50
8030
30+£10
<LOQ
<LOQ
30+ 10
<LOQ

Recovery
(%)
23-49
10-25
10-25
10-25
6-31
5-30
5-31
2-23
4-25
4-25
4-25
<LOQ
<LOQ
1-4
<LOQ

LoqQ
(pg)
120
260
670
630
100
470
390
520
140
90
460
600
3200
90
740

Mean quantity

(pg) + SE
3100 + 40 B

6700 £ 600 A
7400 £ 300 A
6400 +£ 100 A
6900 + 300 A
6200 + 200 A
6700 + 500 A
7000 £ 700 A
6900 + 300 A
4200 + 300

6300 + 300

5400 + 400

5300 + 900

7600 £ 500 A
2200+ 200 B

Mean S/N
ratio + SE
440 + 100
290 + 50
160 * 40
130 + 30
760+ 70
330+ 90
190 £ 20
200 + 50
540 + 100
500 + 70
180+ 50
100 £ 20
40+10
890 + 130
306

Recovery
(%)
38-94
28-76
28-76
28-76
34-72
40-78
33-85
33-76
38-95
38-95
38-95
20-53
20-53
27 -51
27-51
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Table S2.1. (continued) Mean quantities (+ SE), mean signal-to-noise (S/N) ratios (+ SE), recovery (range, %) and LOQs of all target analytes in procedural blanks
and different environmental and biotic matrices. Two different extraction methodologies were used; the newly described procedure and a procedure described
by Powley et al. (2005). Quantities are in pg for all samples. In cases where the internal standards where not quantifiable, the quantities, S/N-ratios and
recoveries of these compounds are displayed as <LOQ. Letters behind the quantities indicate whether these quantities differ significantly from the spiked 5000
pg; A indicates significantly higher (p < 0.05), whereas a B indicates significantly lower (p < 0.05).

Great tit PFBA

egg PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDoDA
PFTrDA
PFTeDA
PFBS
PFHxXS
PFOS
PFDS

LoQ
(pg)
230
690
970
1500
380
840
2400
2100
520
330
1400
4500
5200
2800
5300

Mean quantity

(pg) £ SE
3000 + 50 B

6700 £ 500 A
6600 + 300 A
4700 + 800
7200 £ 600 A
6400 + 400 A
6400 + 1200
7700 £ 700 A
7100+ 700 A
5300 + 600
5900 + 600
<LOQ

<LOQ

6600 + 1800
<LOQ

Mean S/N
ratio + SE
200+ 50
100+ 10
707
306
220+40
120+ 30
40+ 20
40+ 3
170+ 40
190+ 40
60 £ 10
<LOQ
<LOQ
350 £ 40
<LOQ

Recovery
(%)
31-47
13-23
13-23
13-23
12-23
9-20
6-20
3-14
6—27
6—27
6—27
<LOQ
<LOQ
3-23
<LOQ

LoqQ
(pg)
160
650
980
1700
1100
600
1700
3400
900
310
1700
770
1900
1400
2500

Mean quantity

(pg) + SE
3000 + 40 B

7300 £ 500 A
5400 + 300
4600 + 400
7400 + 900
6300 + 700
7500 + 1100
9900 + 4800
6000 + 200 A
4800 + 200
5000 + 500
4400 + 800
5400 + 1000
6700 + 1800
9900 + 4000

Mean S/N
ratio + SE
230+ 50
150 + 40
70+ 10
40+ 10
140 + 40
150 + 30
90 +40
30+ 10
160+ 70
250+ 90
50+ 10
50+ 10
206
210+ 60
50+ 10

Recovery
(%)
20-73
7-29
13-23
13-23
4-27
5-31
3-36
1-20
5-35
5-35
5-35
18-33
18-33
15-43
3-30

97






3. Influence of soil physicochemical properties
on the depth profiles of perfluoroalkylated acids
(PFAAS) in soil along a distance gradient from a
fluorochemical plant and associations with soil
microbial parameters

Published in Chemosphere:

Thimo Groffen, Jet Rijnders, Niel Verbrigghe, Erik Verbruggen, Els Prinsen, Marcel Eens and Lieven Bervoets (2019).
Influence of soil physicochemical properties on the depth profiles of perfluoroalkylated acids (PFAAs) in soil along a
distance gradient from a fluorochemical plant and associations with soil microbial parameters. Chemosphere: doi:
https://doi.org/10.1016/j.chemosphere.2019.124407.

Tables were modified to fit the size of the paper. No further alterations were made

Microbial activity
Microbial biomass
Soil Respiration

.

Temperature
Organic carbon
Clay content

99


https://doi.org/10.1016/j.chemosphere.2019.124407

Abstract

The widespread use of perfluoroalkylated acids (PFAAs) has led to a global presence
in the environment, in which they accumulate and may cause detrimental effects.
Although soils are known sinks for many persistent organic pollutants, still little is
known on the behaviour of PFAAs in soils. Furthermore, studies that examine the
relationships between PFAA concentrations and soil microbial parameters are
scarce.

The 3 M fluorochemical plant near Antwerp has been characterized as a PFAAs
hotspot. In the present study, we examined the vertical distribution of 15 PFAAs and
their associations with multiple physicochemical soil properties along a distance
gradient from this hotspot. Additionally, we tested the relationships between PFAA
concentrations in the top soil with soil respiration, microbial activity and microbial
biomass.

Our results show that both perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS) concentrations were elevated in the subsurface layer (up to
50 cm), after which concentrations decreased again, suggesting a downward
migration of both analytes in the soil. This downward movement might pose a
potential threat for the contamination of the groundwater and, consequently,
organisms that rely on this water for consumption. The soil concentrations were
influenced by multiple physicochemical properties of the soil, which suggests
differences in bioavailability and sorption/desorption capacities between different
soil types. We did not observe any influence of PFAA contamination in the top soil

on microbial activity and biomass nor soil respiration.
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3.1 Introduction
Perfluoroalkylated acids (PFAAs) have been produced for almost seven decades, for

use in a wide range of consumer products and industrial applications (Cousins et al.,
2016). However, during the past decades, there has been a growing scientific attention
and public concern towards these chemicals as a result of their toxicity in combination
with their persistence and bioaccumulative potential (e.g. Conder et al., 2008; Giesy et
al., 2010; Houtz et al., 2013). As a consequence, PFAAs have been detected globally in
the environment, wildlife and even humans (e.g. Butt et al., 2010; Giesy and Kannan,
2001, 2002; Groffen et al., 2017, 2018, 2019b, 2019¢, Houde et al., 2006; Lasters et al.,
2019; Lopez-Antia et al., 2019; Miller et al., 2015).

Soils are known sinks for many persistent organic pollutants (POPs), including
polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs) and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) (Cetin et al., 2017;
Magsood and Murugan, 2017; Mueller et al., 2006; Rankin et al., 2016; Xiao et al.,
2016). However, the behaviour of PFAAs in the environment differs from other POPs
due to their extreme surface-active properties (Goss and Bronner, 2006). PFAAs
consist of a hydrophobic (oleophobic) perfluorinated carbon chain in combination with
a hydrophilic functional group. This means that the behaviour of PFAAs, in contrast to
other non-ionic POPs, is governed not only by hydrophobic interactions, but also by
electrostatic interactions (Higgins and Luthy, 2007). Hence, the sorption of PFAAs
cannot be predicted from a single soil property such as organic carbon (OC) content
due to the complexity of the PFAAs chemistry and therefore there are still many
uncertainties on how various physicochemical properties, such as pH, interact to

determine the binding of PFAAs to soils (Li YS et al., 2018).

While it is not a sole linear predictor, organic carbon is one of the most important
sorbents for PFAAs in soils (e.g. Milinovic et al., 2015). The sorption of PFAAs to soil
organic matter (SOM) describes a nearly linear relation between sorption (described
as the organic carbon-water partitioning coefficient (Koc)) and the chain-length of the

compounds (Labadie and Chevreuil, 2011), which is attributed to an increase in the
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hydrophobicity with each CF, moiety. Although the functional group of the PFAAs also
affects the sorption (Ahrens et al., 2010; Campos Pereira et al., 2018; Higgins and
Luthy, 2006), due to its electrostatic negativity (Du et al.,, 2014), chain-length is
considered the dominating structural feature concerning the adsorption (Ahrens et al.,
2010; Higgins and Luthy, 2006). Multiple studies have reported differences in PFAAs
sorption between fractions of soil organic matter. For example, it has been reported
that the humin fraction is the most important factor for the sorption of long-chained
PFAAs (e.g. Campos Pereira et al., 2018; Zhang et al., 2015; Zhao et al., 2014), although
the humic and fulvic acid fractions might also be important for the sorption of shorter-

chained PFAAs (Campos Pereira et al., 2018).

Besides SOM, the sorption of PFAAs is promoted by a decreased pH and increased
cation concentration (e.g. Higgins and Luthy, 2006; Chen et al., 2009; Wang F et al.,
2015; Zhang et al., 2013). The effects of pH on the adsorption of PFAAs to soil are
typically described as due to protonation or deprotonation of the organic acids (Higgins
and Luthy, 2006). However, pH-dependent changes in the sorbent, such as surface
charge of SOM, may also explain the pH effects (Higgins and Luthy, 2006). The decrease
in adsorption with increasing pH is possibly caused by the decrease of electrostatic
interactions, rather than protonation or deprotonation of the sorbate (Chen et al.,
2009; Higgins and Luthy, 2006; Wang F et al., 2012). However, the influence of pH
changes in the presence of a sufficient amount of divalent cations (Chen et al., 2009;
Du et al., 2014). Adsorbent surfaces develop more basic sites to bind these cations
when the pH increases, resulting in increased sorption of PFAAs (Du et al., 2014; Wang

F etal., 2012).

The clay content, although poorly studied, might also play a role in the sorption of
PFAAs as soils with smaller particles, such as clay, will have more functional groups
(e.g. hydroxyl and carboxyl groups) and thus more binding sites to facilitate the

sorption of contaminants (Qi et al., 2014).
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The environmental threats posed by PFAAs have received an increasing attention in
recent years. The composition and activity of the soil microbial community, important
attributes of the soil ecosystems, are of great significance to the maintenance of soil
fertility and can indicate changes in environmental quality of the soil (Qiao et al., 2018).
Therefore, the assessment of the ecological toxicity of soil pollutants, such as PFAAs,
is of great importance. However, studies that examine the effects of PFAAs on
microbial communities in the environment are scarce. Pasquini et al. (2013)
investigated the impact of PFOA and PFOS on a laboratory strain of E. coli and on
activated sludge from an urban wastewater treatment plant. They observed a total
absence of toxicity at high PFOA and PFOS concentrations (up to 10? pg/L). In addition,
they observed that both PFOS and PFOA significantly induced an increase of bound
extracellular polymeric substances (EPS), a polymeric network that enables
microorganisms to live at high cell densities under adverse conditions and thus ensure
their survival, adsorbing pollutants, nutrients and minerals (Finlayson et al., 1998;
Flemming and Wingender, 2001), in the activated sludge at PFOS and PFOA
concentrations > 0.1 ug/L. This indicated that the biomass in the sludge had to cope
with new conditions and that the microbial biomass was sensitive to these pollutants.
Contradictory results were reported by Ochoa-Herrera et al. (2016), who observed no
toxic effects of PFOS and short-chained PFAAs to the methanogenic activity of

anaerobic wastewater sludge.

The main objective of this study was to assess the influence of multiple soil
physicochemical properties (pH, temperature, total organic carbon (TOC) and clay
content) on the vertical distribution of PFAAs in soils along a distance gradient from a
fluorochemical plant. In addition, we examined the relationship between surface-layer

PFAA pollution and soil respiration, microbial activity and biomass.

3.2 Materials and method

3.2.1 Study area and sample collection
Soil samples were collected during autumn 2018 at five sampling sites with increasing

distance from a 3M fluorochemical plant in Antwerp. Based on prior monitoring
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studies (e.g. Dauwe et al., 2007; Groffen et al., 2017, 2019b, 2019c, Lopez-Antia et al.,
2019) we selected Vlietbos (1 km SE from 3M), Middenvijver-Rot (hereafter Rot; 2.3
km ESE from 3M) and Burchtse Weel (3 km SE from 3M) as sampling sites. As a

reference site, Westmalle (25 km NE from 3M) was selected (Figure 3.1).

(4]
©
A

2]

Figure 3.1. Overview of the study areas of this research. 1 = Westmalle (+ 25 km from 3M), 2 = Burchtse
Weel (1 3 km from 3M), 3 = Vlietbos (+ 1 km from 3M), 4 = Middenvijver-Rot (+ 2 km from 3M) and 1 =
3M. Produced with Google Maps.

At each site, five soil samples were collected at varying depths (0 — 5 cm, 25 — 30 cm,
50 —55cm, 75—-80 cm and 100 — 105 cm) using an Edelman auger and a stainless steel
shovel. Due to a rocky sublayer, at Rot and Burchtse Weel only the top layer could be
collected and at 3M only four layers could be sampled. Of each sample the
temperature and pH were recorded using a portable multimeter (HI9125, Hanna
Instruments) prior to storing them into 50 mL polypropylene (PP) tubes. Additionally,
we filled two 10 L plastic buckets, using a stainless steel shovel, with top soil (0 -5
cm) from each site to use in further analyses on microbial biomass, activity and soil
respiration. The 50 mL PP tubes were stored at -20 °C prior to PFAA analysis and
determination of TOC and clay content. The buckets were stored, at a similar length of

time, in a dark room at room temperature.
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3.2.2 Chemical extraction and analysis
The used abbreviations are all according to Buck et al. (2011). Target analytes included

four perfluorosulfonic acids (PFSAs) and eleven perfluorocarboxylic acids (PFCAs). The
target analytes and the isotopically mass-labeled internal standards (ISTDs; Wellington
Laboratories, Guelph, Canada) are displayed in Table 3.1. During the extraction HPLC
grade acetonitrile (ACN; LiChrosolv, Merck Chemicals, Belgium), ammonium acetate
(VWR International, Belgium), ammonium hydroxide (Filter Service N.V., Belgium) and

Milli-Q water (MQ; 18.2 mQ; TOC: 2.0 ppb; Merck Millipore, Belgium) were used.

Table 3.1. Target analytes, isotopically mass-labelled internal standards (ISTDs) used for quantification
and MRM transitions. Table adapted from Groffen et al. (2019b).

Compound Internal standard Precursor Product ion (m/z)
(ISTD) used for ion (m/z) Diagnostic Diagnostic
guantification production 1 | production 2
PFBS 80,-PFHxS 299 80 99
PFHxS 180,-PFHxS 399 80 99
PFOS [1,2,3,4-13C4]PFOS 499 80 99
PFDS [1,2,3,4-13C4]PFOS 599 80 99
PFBA 13C,-PFBA 213 169 169
PFPeA 13C,-PFBA 263 219 219
PFHxA [1,2-3C,]PFHXA 313 269 119
PFHpA [1,2-1*C,]PFHXA 363 319 169
PFOA [1,2,3,4-13C4]PFOA 413 369 169
PFNA [1,2,3,4,5-3Cs]PFNA 463 419 169
PFDA [1,2-13C,]PFDA 513 469 219
PFUNDA [1,2-3C,]PFUNDA 563 519 169
PFDoDA [1,2-13C,]PFDoDA 613 569 319
PFTrDA [1,2-13C,]PFDoDA 663 619 319
PFTeDA [1,2-13C,]PFDoDA 713 669 169

The extraction procedure described and validated by Groffen et al. (2019a) was used.
Soil samples were oven-dried at 60 °C prior to the analysis. To each sample (+0.3 g dw)
10 ng (80 pL, 125 pg/uL) of each ISTD and 10 mL of ACN was added. After vortex-
mixing, the samples were sonicated for 3 x 10 min (Branson 2510) and left overnight
on a shaking plate (135 rpm, room temperature, GFL 3020, VWR International, Leuven,

Belgium). After centrifugation (4 °C, 2400 rpm, 10 min, Eppendorf centrifuge 5804R,
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rotor A-4-44), the supernatant was transferred into a new PP tube. For the extraction
we used Chromabond HR-XAW Solid Phase Extraction (SPE) cartridges, which are
weakly basic secondary and tertiary ammonium polymeric anion exchangers. The
cartridges (3mL, adsorbent weight 200 mg) were preconditioned and equilibrated with
5 mL of ACN and 5 mL of MQ, respectively, before loading the sample onto the
cartridges. Hereafter, the SPE cartridges were washed with 5 mL of 25 mM ammonium
acetate in MQ and 2 mL of ACN and eluted with 2 x 1 mL of 2% ammonium hydroxide
in ACN. The eluent was completely dried using a rotational-vacuum-concentrator at 37
°C (Martin Christ, RVC-2-25, Osterode am Harz, Germany) and reconstituted with 200
pL of 2% ammonium hydroxide in ACN. Finally, the samples were vortex-mixed for at
least 1 minute and filtrated through an lon Chromatography Acrodisc 13 mm Syringe
filter with 0.2 um Super (PES) membrane (VWR International, Leuven, Belgium) into a

PP auto-injector vial prior to the UPLC analysis.

3.2.3 UPLC-TQD analysis
We used ultra-performance liquid chromatography coupled tandem ES(-) mass

spectrometry (ACQUITY, TQD, Waters, Milford, MA, USA) to analyze the target
analytes. Individual PFAAs were separated using an ACQUITY BEH C18 column (2.1 x
50 mm; 1.7 um, Waters, USA) and an ACQUITY BEH C18 pre-column (2.1 x 30 mm; 1.7
um, Waters, USA) was inserted between the solvent mixer and injector to retain PFAA
contamination from the system. As mobile phase solvents we used A) 0.1% formic acid
in water and B) 0.1% formic acid in ACN. The injection volume was 10 ulL at a flow rate
of 450 uL/min. The gradient started at 65% A, decreased to 0% A in 3.4 min and
returned to 65% A at 4.7 min. To identify and quantify the target PFAAs, multiple
reaction monitoring (MRM) of two diagnostic transitions per target analyte (Table 3.1)

was used.

3.2.4 Total organic carbon (TOC) and clay content
The loss on ignition method, as described by Heiri et al. (2001), was used to determine

the organic carbon content of the soil. Approximately 10 g of the soil was oven-dried

at 60 °C. Empty aluminum-foil bags were folded and dried at 105 °C for at least 2h after
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which they were cooled down to room temperature in a desiccator and weighed. The
bags where then filled with the dried soil, weighed and oven-dried in a muffle furnace
at 105 °Cfor at least 24 h. Again, the samples were cooled down to room temperature
in a desiccator, weighed and incinerated in the muffle furnace at 550 °C for at least 5
h. After cooling down in a desiccator, the weight loss was determined and the TOC was

calculated using Formula 3.1.

((DW105—DW550)*100)

TOC (%) = s (3.1)

With DW the dry weight of the sample after heating at 105 °C or 550 °C.

A Malvern Mastersizer 2000 and Hydro 2000G were used to determine the clay
content (particles with a size <2 um) of the soil. The samples were pretreated with 40
mL 33% hydrogen peroxide (VWR Chemicals, Leuven, Belgium) and 9 mL 30%
hydrochloric acid (VWR Chemicals, Leuven, Belgium) to destruct iron conglomerates
and organic material in the samples. Additionally, the samples were boiled to speed

up the destruction process and sieved over a 2.0 mm test sieve prior to the analysis.

3.2.5 Soil respiration, microbial biomass and microbial activity
Approximately 50 g of fresh soil was weighed, transferred into a glass jar (closed) and

oven dried at 70 °C for 48 h to determine the dry mass. Hereafter the lid was replaced
by a lid that was attached to an Environmental Gas Monitor (EGM-4). As CO, can be
released from soil disturbance, the samples were rested for 5 min to return to their
normal respiration rates. The CO, concentration (ppm) outside of the jars (reference
concentration) was determined. The soil respiration was then determined by purging
the reference air through the glass jar into the EGM at 350 mL/min (Pumpanen et al.,

2004).

The soil microbial biomass was determined by fumigation of soil samples according to
Brookes et al. (1985). Fumigation of the soil will kill and lyse microbial cells and thus a
subtraction of the carbon content measured with fumigation from the total carbon

content will give a measure for the microbial biomass in each sample. To determine
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the carbon content approximately 2 g of each sample was transported to marked
scintillation vials. After adding 250 mL of a 0.5 M potassium sulfate (K2S04), the vials
were placed on a shaking plate for 1 h. After the soil settled, the supernatant was
filtered using a Whatmann no. 41 filter. Per 10 soil samples, one control sample (20 mL
K2S0,) was added. Vials were closed and stored at -20 °C until further analysis. Another
sample of approximately 2g was fumigated in a desiccator. Approximately 50 mL of
chloroform was added to a measuring cup and placed in the desiccator, after which
the desiccator was closed and vacuumed for 3 x 10 min. Hereafter, samples were
rested in the dark for 24 — 48 h under vacuum. After removal of the chloroform, the
samples were transferred into scintillation vials and the previously described K;SO4
extraction was performed. Each sample (10 mL) was diluted with 10 mL MQ prior to

analysis with a Total Organic Carbon Analyzer (TOC-Vcpr/cpn, Shimadzu Corporation).

The soil microbial activity was assessed using the bait-lamina tests. This is an
integrative method that consists of perforated PVC-strips (16 holes) filled with a
standard substrate mixture and allows us to compare the feeding activity of soil
organisms in soils from different sites, containing different PFAA concentrations. The
disappearance of the bait material is directly associated with the activity of soil
microorganisms living on the substrate (Bart et al., 2018; Hamel et al., 2007; Kratz,
1998). In each 10 mL bucket, five bait-lamina test strips (Terra Protecta GmbH, Berlin,
Germany) were placed (in total 10 strips per site) and checked regularly to determine
the feeding activity. In case the strip was fully consumed, a new strip was placed
directly next to it. After four weeks, the number of consumed holes were counted and

used as a measure of microbial activity (Kratz, 1998).

3.2.6 Quality assurance
Per batch of 20 samples, one procedural blank (10 mL of ACN) was analyzed as quality

control for the PFAAs analysis. The concentrations in the blanks were all < limit of
guantification (LOQ). The method recoveries for the target analytes ranged between
3% and 100% in the soil samples. Despite the low recoveries in some samples (Table

S3.1), the previously described method was shown to be highly accurate even at low
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recoveries of 1% (Groffen et al., 2019a). Therefore, we argue that the low detection
frequencies for some analytes are not the result of the low recovery in these samples.
Individual LOQs were determined based on a signal-to-noise (S/N) ratio of 10 and are
displayed in Table 3.2, for the analytes with a detection frequency of at least 50% in at

least one soil layer at a site (i.e. PFBA, PFOA, PFUnDA and PFQS).

3.2.7 Statistical analysis
Statistical analyses were performed using R Studio. We used the Shapiro-Wilk test to

examine the validity of the models’ assumptions and data were log-transformed when
needed to fulfil the normality assumptions. The level of significance for all tests was
set at p < 0.05. Concentrations that were below the LOQ were given a concentration
of the LOQ/2 (Bervoets et al., 2004; Groffen et al., 2017; Lasters et al., 2019).
Whenever the quantified concentrations of an analyte were below the LOQ in more
than 50% of the samples at a certain layer or at a location, these data were excluded

from the analyses.

Differences in concentrations between soil layers and between locations were
examined using ANOVAs (in cases where comparisons could be made between
multiple sites or layers) or t-tests (in cases where a comparison could only be made
between two sites or layers). When significant differences were obtained, Tukey’s
post-hoc tests were used to compare mean PFAA concentrations among layers and
sites. We used multiple linear regression to assess the relationships between soil
physicochemical properties and PFAA concentrations in the soil and to assess
relationships between PFAA concentrations and microbial parameters. We selected
the best fitting model based on the Akaike Information Criterion (AIC). These models

were only used as explanatory models and not predictive models.

3.3 Results

3.3.1 PFAA concentrations and vertical distribution
Only PFBA, PFOA, PFUNDA and PFOS were detected in more than 50% of the samples

in at least one soil layer from at least one sampling site. Table 3.2 shows the

concentrations and detection frequencies of these analytes.
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PFBA was detected in the top soil (0 — 5 cm) at Vlietbos, Rot and Burchtse Weel with
mean concentrations of 0.82, 2.78 and 1.11 ng/g dw respectively. In addition, PFBA
was detected in the 25 — 30 cm layer at Vlietbos (0.38 ng/g dw). PFOA was detected in
all layers at 3M, with concentrations up to 3.19 ng/g dw. At Vlietbos, PFOA was
detected up to 80 cm deep at concentrations ranging from <LOQ to 1.52 ng/g dw.
Mean PFOA concentrations in the top layer at Rot and Burchtse Weel were 1.53 and
0.99 ng/g dw, respectively. At Westmalle, PFOA was detected at low detection
frequencies in all layers (<LOQ — 2.41). PFUnDA was only detected in the top layer at
Vlietbos at a mean concentration of 0.52 ng/g dw. PFOS concentrations ranged up to
202 ng/g dw at 3M, 45 ng/g dw at Vlietbos, 21 ng/g dw at Rot and 4.46 ng/g dw at
Burchtse Weel and were detected at all studied layers. At Westmalle, on the contrary,
PFOS was only detected in 40% of the samples from the top layer and ranged from
<LOQ up to 0.88 ng/g dw. As the detection frequencies at Westmalle, with exception
of PFOA in the deepest layer, were <50% we will exclude this location from further

analysis when looking at individual locations.
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Table 3.2. Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median
and mean concentrations (ng/g dw), range (ng/g dw) and detection frequencies (Freq. (%)) of PFAAs in
soils collected at varying depths at five sampling sites: a perfluorochemical plant (3M) and at four other
sites with increasing distance from 3M (i.e. Vlietbos 1km, Rot 2.3 km, Burchtse Weel 3 km and

Westmalle 25 km).

Location  Layer PFUNDA
' (cm) LoQ 03 073 0.27 0.67
3M 0-5 Mean <LoQ  0.89 <LoQ 6.77
(N=5)  Median 0.87 7.05
Range <LOQ-1.34 3.93-8.46
Freq. 0 80 0 100
25-30 Mean <LOQ @ 1.00 <LOQ 102
(N=5)  Median 0.93 70
Range <L0Q - 1.46 30-202
Freq. 0 80 0 100
50-55 Mean <loQ 2.61 <LoQ 63
(N=5)  Median 2.58 56
Range 2.04-3.19 46 - 83
Freq. 0 100 0 100
75-80 Mean <loQ 1.30 <LoQ 19
(N=5)  Median 1.43 18
Range <L0Q-1.88 1.85-39
Freq. 0 80 0 100

111




Table 3.2. (continued) Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N
ratio), median and mean concentrations (ng/g dw), range (ng/g dw) and detection frequencies (Freq.
(%)) of PFAAs in soils collected at varying depths at five sampling sites: a perfluorochemical plant (3M)
and at four other sites with increasing distance from 3M (i.e. Vlietbos 1km, Rot 2.3 km, Burchtse Weel
3 km and Westmalle 25 km).

LOQ 0.3 0.73 0.27 0.67
Vlietbos 0-5 Mean 0.82 0.94 0.52 8.91
(N=5) Median 1.00 1.04 0.59 9.47
Range <LOQ- <L0Q - <L0Q - 7.48-10
1.25 1.20 0.69
Freq. 80 80 80 100
25-30 Mean 0.38 0.94 <LOQ 4.32
(N=05) Median 0.38 0.88 4.42
Range <LOQ- 0.85 - 2.88 —
0.50 1.13 5.80
Freq. 80 100 0 100
50-55 Mean <LOQ <LOQ <LOQ 1.58
(N=05) Median <LOQ 1.84
Range <LoQ- <L0Q -
1.40 2.27
Freq. 0 40 0 80
75—-80  Mean <LOQ 0.77 <LOQ 11
(N=5) Median 0.77 2.27
Range <LOQ - 1.85-45
1.52
Freq. 0 60 0 100
100 - Mean <L0Q <L0OQ <L0Q 1.21
105 Median 1.14
(N=3) Range <L0OQ -
2.15
Freq. 0 0 0 67
Rot 0-5 Mean 2.78 1.53 <LOQ 14
(N=5) Median 2.97 1.50 13
Range 2.06 - 1.11- 9.50-21
3.67 2.27
Freq. 100 100 0 100
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Table 3.2. (continued) Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N
ratio), median and mean concentrations (ng/g dw), range (ng/g dw) and detection frequencies (Freq.
(%)) of PFAAs in soils collected at varying depths at five sampling sites: a perfluorochemical plant (3M)
and at four other sites with increasing distance from 3M (i.e. Vlietbos 1km, Rot 2.3 km, Burchtse Weel

3 km and Westmalle 25 km).

LoQ 0.3 0.73 0.27 0.67
Burchtse
Weel 0-5 Mean 1.11 0.99 <LOQ 3.95
(N=5) Median 1.11 0.94 3.89
Range <LOQ - <LOQ - 3.65-
2.01 1.55 4.46
Freq. 80 80 0 100
Westmalle 0-5 Mean <L0Q <L0Q <L0Q <L0Q
(N=5) Median <L0Q <LOQ
Range <LoQ- <L0Q -
0.95 0.88
Freq. 0 40 0 40
25-30 Mean <L0Q <L0Q <L0Q <L0Q
(N=5) Median <LOQ
Range <LoQ -
1.15
Freq. 0 20 0 0
50-55 Mean <L0Q <L0Q <L0Q <L0Q
(N =4) Median <LOQ
Range <LOQ -
1.72
Freq. 0 25 0 0
75-80 Mean <L0Q <L0Q <L0Q <L0Q
(N=5) Median <LOQ
Range <LOQ -
0.90
Freq. 0 40 0 0
100 - Mean <L0Q 1.04 <L0Q <L0Q
105 Median 1.02
(N=3)  Range <L0Q -
241
Freq. 0 60 0 0
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The vertical distribution of PFOA and PFOS could only be determined at 3M and
Vlietbos as only top-soil was collected at Rot and Burchtse Weel (see M&M). Figure 3.2
illustrates the vertical distribution in the soils from these locations. Significant
differences in PFOA concentrations were observed between the soil layers at 3M (p <
0.001, F516=15.2). The concentrations in the third layer (50 — 55 cm) were significantly
higher than those in the other layers (all p < 0.020). At Vlietbos, the PFOA
concentrations did not differ between layers (p = 0.229, F4,15 = 1.6). Concentrations of
PFOS at 3M also differed significantly between layers (p < 0.001, F316 = 14.3), with PFOS
concentrations being significantly lower in the top soil compared to the second (25 —
30 cm) and third (50 — 55 c¢cm) layer (both p < 0.001). Similarly, the concentrations in
the deepest layer (75 — 80 cm) were lower than those in the second (p = 0.005) and
third (p = 0.020) layers. At Vlietbos, PFOS concentrations differed between layers (p =
0.005, F415 = 5.3), as concentrations in the top layer were significantly higher (p =
0.011) than in the deepest layer (100 — 105 cm), but no other significant differences
were observed. PFBA concentrations at Vlietbos did not differ between the first two

layers (p = 0.319, F415 = 1.4).

PFOA (ng/g dw)

0,00 1,00 2,00 3,00 PFOS (ng/g dw)

0,00 50,00 100,00 150,00

——3M

@ Vlietbos

| Rot

Depth (cm)

+ Burchtse
Weel

o
=]

100
120

Figure 3.2. Vertical distribution of PFOA and PFOS (ng/g dw % st. error) in soils from 3M (triangles),
Vlietbos (circles), Rot (squares) and Burchtse Weel (diamonds). The soil layers used in the analysis were;
0-5,25-30,50-55,75-80 and 100 — 105 cm.

PFBA concentrations in the surface soil differed between locations (p < 0.001, F;12 =
15.0) were significantly higher at Rot compared to Vlietbos (p < 0.001) and Burchtse
Weel (p = 0.003). PFOA concentrations in the top layer did not differ significantly
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between sites (p = 0.084, F3,16 = 2.7). The second (p = 0.558) and fourth (p = 0.157)
layers at 3M and Vlietbos did not differ either. However, soil at 3M showed
significantly higher PFOA concentrations in the third layer than Vlietbos (p < 0.001).
PFOS concentrations in the surface layer did differ between sites (p < 0.001, F316 =
13.2) and were significantly higher at Rot compared to 3M (p = 0.001) and Burchtse
Weel (p < 0.001). Additionally, the PFOS concentrations in the surface soil at Burchtse
Weel were significantly lower than those at 3M (p = 0.014) and Vlietbos (p < 0.001).
PFOS concentrations in the second (p = 0.008) and third (p = 0.001) layer were higher
at 3M than at Vlietbos (p = 0.008). Concentrations in the fourth layer were not different

between sites (p = 0.548).

Significant differences in PFOA concentrations have been observed between the soil
layers at 3M (p < 0.001). The concentrations in the third layer (50 — 55) were
significantly higher than those in the other layers (all p < 0.020). At Vlietbos, the PFOA
concentrations did not differ between layers (p = 0.229). PFOS concentrations at 3M
were significantly lower in the top soil compared to the second (25 — 30 cm) and third
(50 — 55 cm) layer (both p < 0.001). Similarly, the concentrations in the deepest layer
(75 — 80 cm) were lower than those in the second (p = 0.005) and third (p = 0.020)
layers. At Vlietbos, PFOS concentrations in the top layer were significantly higher (p =
0.011) than in the deepest layer (100 — 105 cm), but no other significant differences
were observed. PFBA concentrations at Vlietbos did not differ between the first two

layers (p = 0.319).

PFBA concentrations in the surface soil were significantly higher at Rot compared to
Vlietbos (p < 0.001) and Burchtse Weel (p = 0.003). PFOA concentrations in the top
layer did not differ significantly between sites (p = 0.084). The second (p = 0.558) and
fourth (p = 0.157) layers at 3M and Vlietbos did not differ as well. However, soil at 3M
showed significantly higher PFOA concentrations in the third layer than Vlietbos (p <
0.001). PFOS concentrations in the surface layer were significantly higher at Rot

compared to 3M (p = 0.001) and Burchtse Weel (p < 0.001). Additionally, the PFOS

115



concentrations in the surface soil at Burchtse Weel were significantly lower than those
at 3M (p = 0.014) and Vlietbos (p < 0.001). PFOS concentrations in the second (p =
0.008) and third (p = 0.001) layer were higher at 3M than at Vlietbos (p = 0.008).

Concentrations in the fourth layer were not different between sites (p = 0.548).

3.3.2 Relationships with physicochemical soil properties
The average physicochemical properties of the soil are displayed in Table 3.3 for each

location and each soil layer. When all locations were combined, PFBA concentrations
in the soil were significantly positively related to TOC (p < 0.001, R = 0.27) and there
was a negative trend with clay content (p = 0.052, R? = 0.05). PFOA concentrations
were, on the other hand, positively related to the soil temperature (p = 0.042, R? =
0.07) and there was a positive trend with pH (p =0.059, R?=0.06). Similarly, PFOS was
only positively related to the soil pH (p = 0.001, R? = 0.15) and there was a positive
trend with temperature (p = 0.075, R? = 0.04). When distinguishing the individual
locations, at 3M the PFOA concentrations were not related to any soil property (all p >
0.100), whereas PFOS concentrations were negatively related to the temperature (p =
0.011, R? = 0.23) and positively to the TOC (p < 0.001, R? = 0.48). At Vlietbos, the PFBA
concentrations were positively related to the TOC (p < 0.001, R? = 0.72), the PFOA
concentrations were positively related to the clay content (p = 0.040, R? = 0.24) and

PFOS concentrations were not related to any soil property (all p > 0.440).
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Table 3.3. Average physicochemical soil properties in each layer at the sampling sites.

Location Depth (cm) pH Temperature (°C) TOC (%) Clay content (%)
3M 0-5 6.7 21.3 1.47 0.07
25-30 7.0 18.7 2.89 0.06
50-55 6.9 18.2 0.75 0.05
75-80 6.9 18.7 0.95 0.11
Vlietbos 0-5 6.8 17.3 6.05 0.42
25-30 6.8 16.3 0.73 0.05
50-55 6.8 16.0 0.93 0.12
75-80 6.8  15.9 0.93 0.02
100-105 6.7 15.9 0.40 0.0
Rot 0-5 7.0 175 5.44 0.64
Burchtse 0-5 6.9 18.8 3.86 0.41
Weel
Westmalle 0-5 6.7 13.8 3.99 1.77
25-30 6.6 14.9 3.24 1.25
50-55 6.6 15.0 2.10 2.38
75-80 6.7 14.9 1.83 3.21
100 - 105 6.7  14.7 1.07 0.87

3.3.3. Associations with microbial parameters
All data on soil respiration, microbial biomass and microbial activity (determined with

the bait-lamina) are displayed in Table 3.4. No significant associations between
concentrations of PFBA, PFOA and PFOS were observed with soil respiration, microbial
activity and microbial biomass (all p > 0.100). Neither were any of these microbial

parameters associated with soil physicochemical properties (all p > 0.230).

Table 3.4. Microbial activity (average number of holes of the bait-lamina sticks consumed after 4
weeks), soil respiration and microbial biomass in the top soil at each location.

Location Microbial activity (# Soil respiration Microbial biomass
holes consumed (ug/h*g dw) (ug C/ g soil)
after 4 w)

3mM 2.0 -0.83 -3.23

Vlietbos 3.2 46.34 3.86

Rot 7.5 13.76 1.19

Burchtse 0.6 0.143 4.01

Weel

Westmalle 7.4 11.93 4.54
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3.4 Discussion

3.4.1 Soil concentrations
Our results showed no clear gradient of decreasing PFAA concentrations with

increasing distance from the fluorochemical plant. This was contradictory to a previous
study, performed by Groffen et al. (2019b) on soil and isopods in the same study area.
This gradient has also been reported by other studies on PFAA concentrations in

wildlife at this site (e.g. Groffen et al., 2017, 2019c; Lopez-Antia et al., 2019).

In order to compare the PFAA concentrations in the soil with literature, a few examples
of PFAA concentrations in the surface soils around fluorochemical plants are shown in
Table 3.5. In 2016, many PFAAs were detected in the surface soils at 3M, Vlietbos, Rot
and Burchtse Weel, often at higher concentrations than those in the present study
(Groffen et al., 2019b). Surprisingly, the PFBA and PFOS concentrations at Rot were
higher in the present study, which was likely the result of differences in
physicochemical soil properties and thus sorption. The TOC was much lower in the
study by Groffen et al. (2019b) and TOC is known to play an important role in the
sorption of PFAAs (e.g. Milinovic et al., 2015). Groffen et al. (2019b) also observed a
higher contribution of PFBA to the total PFAA concentrations in songbird eggs with
increasing distance from the fluorochemical plant and suggested that this was likely
the result of different pollution pathways or different pollution sources. It is possible
that concentrations close to the plant are mainly influenced by the direct industrial
pollution, whereas further away the atmospheric degradation of volatile precursor
compounds could play a role. The differences between both studies could also be
explained by differences in sampling strategy. In the present study, the soil samples
were collected in a small area, all relatively close to each other, whereas Groffen et al.
(2019b) collected soil samples in the vicinity of nestboxes that were placed across the
entire study sites. In addition, we collected soil samples approximately 50 — 100 m
south-west from the 3M plant, whereas samples in 2016 were collected in the east of
the plant (but still at the plant site). The dominant wind direction in Belgium is from

the south-west (Royal Meteorological Institute Belgium (KMI), 2018), indicating that
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aerial deposition of PFAAs should mainly affect areas north to east from the
fluorochemical plant. This hypothesis could also explain the higher PFOS
concentrations observed by D’Hollander et al. (2014) at Blokkersdijk, approximately
0.5 — 1.5 km east from 3M (69 ng/g dw). PFBA concentrations at a fluorochemical
industrial park in China (0.6 ng/g dw, Lu et al., 2018) were similar to the concentrations
we observed at Vlietbos, but lower to those at Rot and Burchtse Weel. Both PFOA (50.1
ng/g dw) and PFOS (2583 ng/g dw) concentrations at a fluorochemical manufacturing
facility in Wuhan, China were much higher than those reported in the present study
(Wang et al., 2010). However, concentrations of PFOA (0.79 ng/g dw) and PFOS (7.06
ng/g dw) near a fluorochemical manufacturing facility in Hubei Province, China (Wang
et al., 2010), were similar to the ones detected at 3M. Nevertheless, it must be noted
that, in most of the studies reported in Table 4.5, it is often unclear which soil layer
(i.e. how deep) was collected and defined as top/surface layer. Therefore, it is possible

that these comparisons were based on different soil layers.

Elevated concentrations of PFOS and PFOA were mainly observed in subsurface layer,
up to approximately 50 cm depth. Hereafter, the concentrations decreased again,
suggesting a downward movement of both compounds. This downward movement
might result in a contamination of the groundwater and thus pose a potential source
of exposure for organisms and communities that rely on this water. The downward
movement of PFOS and PFOA has also been reported by Xiao et al. (2015) in soils at a
U.S. metropolitan area with both PFOS and PFOA concentrations generally increasing
with depth. Similarly, concentrations of ammonium perfluorooctanoate (APFO), the
salt of PFOA, were highest in the surface soil and decreased with depth in soils on an
alluvial floodplain of the Ohio River (Davis et al., 2007). Sepulvado et al. (2011) also
reported the downward migration of PFOA and PFOS in biosolid-amended soils to

depths of 120 cm.
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Table 3.5. Mean PFAA concentrations (ng/g) in soils published in literature.

Location Year PFBA PFOA PFUnNDA PFOS Reference
3M fluorochemical 2016 1.92 24.0 8.89 1700 Groffen et al.,
plant, Belgium 2019b
2018 <LOQ  0.89 <LOQ 6.77 The present
study
Vlietbos, Belgium 2016 1.33 2.05 <LOQ 22 Groffen et al.,
2019b
2018 0.82 1094 0.52 8.91 | The present
study
Rot, Belgium 2016 <LOQ 2.71 <LOQ 3.26  Groffen et al.,
2019b
2018 2.78 | 1.53 <LOQ 14 The present
study
Burchtse Weel, Belgium 2016 0.77 203 <LOQ 7.82  Groffen et al.,
2019b
2018 1.11 099 <LOQ 3.95 | The present
study
Blokkersdijk, Belgium 2006 69 D’Hollander
et al., 2014
Daikon Co, Lit, 2015 0.6 62.5 0.2 64.6 Luetal, 2018
Fluorochemical
Industrial Park, China
Fluorochemical 2009 50.1 2583 Wang et al.,
manufacturing facility in 2010
Wuhan, China
Fluorochemical 2009 0.79 7.06
manufacturing facility in
Hubei Province China

3.4.2 Associations with soil physicochemical properties
As was already described before, TOC plays a key role in the sorption of PFAAs to soils

(Campos Pereira et al., 2018; Miao et al., 2017; Milinovic et al., 2015). Therefore, the
positive relationship between TOC and PFOS concentrations at 3M was expected.

Although chain-length is considered a dominant factor concerning the adsorption to
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soils (Ahrens et al., 2010; Higgins and Luthy, 2006), we also observed a positive
relationship between TOC and PFBA concentrations when all locations were combined
and at Vlietbos separately, which might be caused by larger humic and fulvic acid
fractions, which are considered important for the sorption of short-chained PFAAs,

such as PFBA (Campos Pereira et al., 2018).

Soils with a higher clay content will have more functional groups to facilitate the
sorption of PFAAs (Qi et al., 2014). Although clay content itself is not a measure of the
surface charge of the soil, it is considered an indication of potential binding sites for
electrostatic interactions (Li YS et al., 2018). Therefore, it was expected that clay
content would be positively associated with PFAA concentrations, as was the case for
PFOA concentrations at Vlietbos. By contrast, we observed a negative trend between
PFBA and clay content when all locations were combined, which could potentially be
explained by the difference in water solubility between long-chained and short-
chained compounds. For example, Ahrens et al. (2010) reported a variation in PFBA
concentrations in water at varying depths, indicating that concentrations can vary
depending upon sampling depth of the water column. As short-chained compounds
are less hydrophobic, they are more water soluble (e.g. Deng et al., 2012) and as a

result it is less likely that they will bind to solid matrices such as soil.

The positive relationship between pH and PFOS concentrations, as well as the positive
trend between pH and PFOA concentrations were unexpected as PFAAs are weak
acidic chemicals and the proportion of anionic molecule increases with increasing pH,
resulting in a decreased sorption to soils (Li YS et al., 2018). In addition, the pH can
affect surface properties of the sorbent as an increased pH results in a less positive
surface charge on mineral particles (Johnson et al., 2007). The increased PFOA and
PFOS concentrations at a higher pH could be the result of the development of more
basic surface sites, consisting of carboxyl, alcoholic, phenolic and quinone groups

(Schwarzenbach et al., 2003). These surface sites may increase the sorption of calcium
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(1) ions onto the soil, which further enhances the sorption of PFOS through

electrostatic effects and Ca-bridging mechanisms (You et al., 2010).

Jia et al. (2010) investigated the effect of temperature on the sorption of PFOS on
humic acid, an important part of TOC, and found that the sorption capacity was
doubled when the temperature increased from 5 to 35°C. This could potentially also
explain the positive trend between PFOS concentrations and soil temperature.
However, it was expected that the concentrations would decrease with increasing
temperature, as we observed for PFOS at 3M, as adsorption is often an exothermic

reaction (Zhou et al., 2010).

Despite the significant correlations between PFAA concentrations and soil
physicochemical properties, these correlations were often weak. This is likely the
result of a high similarity in soil properties at the study sites. Therefore, future studies
should include sites that contain distinct differences in physicochemical properties to

further improve our understanding of these associations.

3.4.3 Associations with soil microbial parameters
PFAAs have a dual effect on stimulating the growth of some soil bacteria, while

inhibiting the growth of others and the extents of this effect varies among analytes
(Qiao et al., 2018). Although we did not observe any associations between PFAA
concentrations and soil microbial parameters, it is likely that other factors, which we
did not measure, affected these results. For example, seasonal variations in microbial
respiration and activity have been reported in turfgrass systems, where a lower
microbial biomass and activity in September were associated with lower soil available
nitrogen (Yao et al., 2011). To minimize the influence of environmental conditions, we
recommend investigating the associations between microbial parameters and PFAA
concentrations under controlled conditions. Studies that investigate the effects of
PFAAs on soil microbial communities are scarce and often only investigate species
abundance, richness and diversity (e.g. Bao et al., 2018; Li BX et al., 2017). The highest

bacterial abundance was found in the top soil and was potentially influenced by PFHxS,
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at a site with a long exposure to severe PFAA pollution (Li BX et al., 2017). The links
between PFHXS concentrations and bacterial abundance were not observed by Bao et
al. (2018), who reported that soil TOC might be a key determinant of bacterial
abundance. Similarly, Li BX et al. (2017) reported that archaeal abundance could be
affected by PFHxS, whereas Bao et al. (2018) did not observe such associations. Ochoa-
Herrera et al. (2016) also observed no toxic effects of PFOS and short-chained PFAAs
on the methanogenic activity (performed exclusively by archaea) of anaerobic

wastewater sludge.

3.5 Conclusion
Our results show that both PFOA and PFOS concentrations were elevated in the

subsurface layer (up to 50 cm), after which they decreased again, suggesting a
downward migration of both analytes in the soil. This downward movement might
pose a potential threat for the contamination of the groundwater and, consequently,
people and organisms who rely on this water. The soil concentrations were influenced
by multiple physicochemical properties of the soil, including TOC, pH, clay content and
soil temperature, which suggests differences in bioavailability and sorption/desorption
capacities between different soil types. Although expected, we did not observe any
influence of PFAA contamination in the top soil on microbial activity and biomass nor

soil respiration.
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3.7 Supplementary data

Table S3.1. Recoveries (%) for each target analyte in all soil samples (N = 75) and the number of samples
with a recovery less than 10% for a specific analyte.

Analyte  Recovery (%) # samples with recovery <10%

PFBA 4-100
PFPeA 4-100
PFHxA  4-100
PFHpA  4-100
PFOA 6 —100
PFNA 5-100
PFDA 3-100
PFUnDA 4-100
PFDoDA 3-100
PFTrDA 3 -100
PFTeDA 3-100
PFBS 7-100
PFHxS 7-100
PFOS 3-100
PFDS 3-100
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4, Do concentrations of
perfluoroalkylated acids (PFAAs) in
isopods reflect concentrations in soil
and songbirds? A study using a
distance gradient from a
fluorochemical plant
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Abstract

Perfluoroalkylated acids (PFAAs) are persistent chemicals that have been detected
globally in the environment and in wildlife. Although it is known that PFAAs sorb to
solid matrices, little is known on PFAA concentrations in soils. PFAA pollution has
often been studied in aquatic invertebrates. However, this has rarely been done on
terrestrial species. In the present study, we examined whether the concentrations
of 15 PFAAs in isopods (Oniscidae), collected at a fluorochemical plant and in four
other areas, representing a gradient in distance from the pollution source (1 km to
11 km), were related to those in the soil and in eggs of a songbird, the great tit (Parus
major), collected in the same areas. Additionally, we examined the effect of
physicochemical properties such as total organic carbon (TOC) and clay content on
the relationship between the concentrations in soil and isopods. Finally, we
examined the composition profile in the soil and isopods.

Mean PFOS and PFOA concentrations of 1700 ng/g dw and 24 ng/g dw were
detected in the soil at the plant. PFOS and PFPeA were the dominant PFAAs in
isopods and were detected at mean concentrations of 253 and 108 ng/g ww,
respectively. The great tit eggs showed elevated mean PFOS concentrations of
55,970 ng/g ww. In most cases, PFAA concentrations decreased with increasing
distance from the plant.

As PFAA concentrations in isopods were correlated with concentrations in the soils,
isopods could serve as a bioindicator for PFAA concentrations in soils. Additionally,
there were indications that isopods could also serve as a bioindicator for PFAA
concentrations in eggs of great tits. However, these indications were only the case
at two locations, showing the need to further monitor the possibilities of using

isopods as a bioindicator for PFAA concentrations in songbird eggs.
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4.1 Introduction
The global distribution of perfluoroalkylated acids (PFAAs) over the past decades has

led to a growing scientific attention and public concern towards these chemicals. The
strong carbon-fluorine bonds and their hydrophobic and lipophobic character result in
outspoken physicochemical properties, which make them suitable for numerous
applications such as soil repellents, food-contact paper and fire-fighting foams (Buck
et al.,, 2011; Kissa, 2001). These applications may cause PFAAs to end up in the
environment either through direct pollution or via environmental degradation of
precursor compounds (Buck et al., 2011; Prevedouros et al., 2006). Additionally, gas-
and particle-phase atmospheric long-range transport may also result in the
distribution of PFAAs in the environment (Barber et al., 2007; Ellis et al., 2003;
Schenker et al., 2008). PFAAs have been reported globally in the environment, wildlife
and humans (Butt et al., 2010; D'Hollander et al., 2010; Giesy and Kannan, 2001, Giesy
and Kannan, 2002; Groffen et al., 2017, Groffen et al., 2018; Houde et al., 2006; Miller

et al., 2015), which shows their bioaccumulative potential.

Due to their high bioaccumulative potential and toxicity (Conder et al., 2008), there
has been a growing scientific concern towards long-chain perfluoroalkyl sulfonic acids
(PFSAs) and perfluoroalkyl carboxylic acids (PFCAs) over the past decades (Conder et
al., 2008). In 2002, the major manufacturer of PFAAs, 3M, phased-out the production
of perfluorooctane sulfonate (PFOS, CgF17SOsH), perfluorooctanoic acid (PFOA,
C;F1sCOOH) and related compounds, based on their persistence in the environment,
widespread distribution and potential health effects. Additionally, PFOS was included
in the Stockholm Convention on Persistent Organic Pollutants in 2009, which allows
limited on-going use of PFOS. Although these measures appear to have reduced
environmental PFOS concentrations, concentrations of other PFAAs are sometimes
still rising (Ahrens et al., 2011c; Fllipovic et al., 2015b; Groffen et al., 2017, Groffen et
al., 2019c; Miller et al., 2015). Furthermore, short-chain PFAAs, which are widely used
as alternatives to long-chain PFAAs, are known to have extremely persistent final

degradation products resulting in a permanent exposure of organisms to these
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compounds (Brendel et al., 2018). Therefore, it is still necessary to further monitor

PFAAs in the environment.

Soils are important sinks for many persistent organic pollutants (POPs), such as
polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs) and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) (Cetin et al., 2017;
Magsood and Murugan, 2017; Mueller et al., 2006; Rankin et al., 2016; Xiao et al.,
2016). Although it is known that PFAAs sorb to solid matrices (Ahrens et al., 2011b; Li
YS et al., 2018; Miao et al., 2017; Qian et al., 2017; Rankin et al., 2016; Wei et al., 2017),

there is limited knowledge on the possible role of soils as sinks for PFAAs.

Invertebrates have been used in numerous field studies that monitor PFAA
concentrations. However, most of these studies target aquatic invertebrates (e.g.
Babut et al., 2017; Groffen et al., 2018; Lescord et al., 2015; Loi et al., 2011), whereas
field data on terrestrial invertebrates remain scarce. Only one field study has been
performed on isopods in Belgium (D'Hollander et al., 2014), one on adult Odonata in
South Africa (Lesch et al., 2017) and one on earthworms in the USA (Zhu and Kannan,
2019). Other studies on terrestrial invertebrates, were often performed on earth
worms under laboratory conditions (e.g. Das et al., 2015; Zhao et al., 2013; Zhao Y et
al., 2017). Furthermore, the relationships between PFAA concentrations in the soil and
invertebrates, and the effects of physicochemical properties on these relationships,
have rarely been studied (Das et al., 2015). Finally, information on trophic transfer in
the terrestrial food chain, from soil to invertebrates and eventually vertebrates, is

scarce (D'Hollander et al., 2014).

In the present study we measured the concentrations of multiple PFAAs in the soil and
isopods along a distance gradient from a fluorochemical plant, and investigated
whether the concentrations in the isopods were correlated to the PFAA concentrations
in the soil and in the eggs of great tits (Parus major), which were collected at the same
time and locations by Groffen et al. (2019c). Additionally, we examined the role of

physicochemical properties of the soil such as total organic carbon (TOC) and clay
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content on the relationship between PFAA concentrations in the soil and isopods.

Finally, the composition profiles in the soil and isopods were determined.

4.2 Materials and method

4.2.1 Sample collection
Soil and invertebrate samples were collected in June 2016. Five sampling sites (Fig.

4.1), representing a gradient from the 3M fluorochemical plant in Antwerp, Belgium,
were selected based on prior biomonitoring studies in the vicinity of this plant (Dauwe
et al., 2007; D'Hollander et al., 2014; Groffen et al., 2017; Hoff et al., 2005; Lopez-Antia
etal., 2017): 3 M, Vlietbos (1 km SE from 3M), Rot-Middenvijver (hereafter Rot; 2.3 km
ESE from 3M), Burchtse Weel (3 km SE from 3M) and Fort 4 (11 km SE from 3M). At
each location approximately 10 soil samples were collected, within a 3 m radius of nest
boxes that were used in multiple biomonitoring studies (e.g. Groffen et al., 2019c), by
using a stainless steel shovel. Samples were sieved through an ASTM E 11-81 Test Sieve

(1.7 mm) and stored in 50 mL polypropylene (PP) tubes until further analysis.

At the same sites where the soil samples were collected, isopods (Oniscidae) were
collected by picking them off the ground, trunks of trees and rotting wood, and pooled
(N = 10) into 50 mL PP tubes. As variation in PFOS concentrations within a clutch has
been demonstrated for Audouin's gulls (Larus audouinii, Vicente et al., 2015), we
expected that sampling a fixed egg of each nest would reduce the variation among
nests at a site compared to random sampling (Groffen et al., 2019c). Therefore, we
collected the third egg of great tit nests, before incubation had started during the

breeding season of 2016.

The PFAA concentrations in bird eggs in the present study are a part of a larger dataset,
reported by Groffen et al. (2019c). All samples were stored at —20 °C prior to further

analyses.
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Figure 4.1. Overview of the study area in Antwerp, Belgium. Sampling locations are indicated as letters:
A. Fluorochemical plant 3M, B. Vlietbos, C. Middenvijver-Rot, D. Burchtse Weel, E. Fort 4. Figure
adopted from Groffen et al. (2019c).

4.2.2 Sample extraction
Prior to the analysis, soil samples were air-dried and eggs were homogenized by

repeatedly sonicating and vortexing. To each sample, 10,000 pg (80 L, 125 pg/uL) of
the ISTD mixture was added. After mixing, 10 mL of ACN was added and samples were
sonicated (3 x 10 min, Branson 2510) and left overnight on a shaking plate (135 rpm,
room temperature, GFL 3020, VWR International, Leuven, Belgium). After
centrifugation (4 °C, 2400 rpm, 10 min, Eppendorf centrifuge 5804R, rotor A-4-44), the
supernatant was transferred to a 14 mL PP tube. Chromabond HR-XAW Solid Phase
Extraction (SPE) cartridges (Application No. 305200, SPE department, Macherey-Nagel,

Germany, 2009) were conditioned with 5 mL of ACN. After equilibration with 5 mL of
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MQ, the samples were loaded onto the cartridges. The cartridges were washed with
5 mL of 25 mM ammonium acetate in MQ and 2 mL of ACN and eluted with 2 x 1 mL
of 2% ammonium hydroxide in ACN. The eluent was dried completely using a
rotational-vacuum-concentrator (Eppendorf concentrator 5301, Hamburg, Germany)
and reconstituted with 200 pL of 2% ammonium hydroxide in ACN. Samples were
vortex-mixed for at least 1 min and filtrated through an lon Chromatography Acrodisc
13 mm Syringe Filter with 0.2 um Supor (PES) Membrane (VWR International, Leuven,

Belgium) attached to a PP auto-injector vial.

The extraction procedure for the isopods was based on a method described by Powley
et al. (2005) with minor modifications. The isopods were homogenized using a
TissuelLyser LT (Qiagen GmbH, Germany) with stainless steel beads (5 mm; Qiagen
GmbH, Germany). The protocol follows the same steps as described previously for the
method in soil and eggs until the samples were centrifuged (4 °C, 2400 rpm, 10 min,
Eppendorf centrifuge 5804R, rotor A-4-44). Hereafter, the supernatant was
transferred to a 15 mL PP tube and dried to approximately 0.5 mL in the rotational-
vacuum-concentrator. To eliminate pigments, the concentrated extract was
transferred to a PP Eppendorf tube containing 50 mg of graphitized carbon powder
(Supelclean ENVI-Carb, Sigma-Aldrich, Belgium) and 50 uL of glacial acetic acid. In
addition, 2 x 250 pL of ACN, used to rinse the 15 mL tubes, was added to the Eppendorf
tubes. These tubes were vortexed and centrifuged (4 °C, 10000 rpm, 10 min,
Eppendorf centrifuge 5415R; Rotor F 45-24-11) and the supernatant was treated equal

as the eluent from the method described for soil and egg samples.

4.2.3 Chemical analysis
All used abbreviations are according to Buck et al. (2011). Fifteen target analytes were

selected, including 4 PFSAs and 11 PFCAs. All target analytes and the isotopically mass-
labelled internal standards (ISTDs; Wellington Laboratories, Guelph, Canada) used in
the quantification of these analytes are illustrated in Table 4.1. In addition, HPLC grade

Acetonitrile (ACN; LiChrosolv, Merck Chemicals, Belgium), ammonium acetate (VWR
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International, Belgium), ammonium hydroxide (Filter Service N.V., Belgium) and Milli-

Q (MQ; 18.2 mQ; TOC: 2.0 ppb; Merck Millipore, Belgium) were used.

4.2.4 UPLC-TQD analysis and quantification
To analyze the PFAAs, we used ultra-performance liquid chromatography-tandem

mass spectrometry (UPLC-MS/MS, ACQUITY, TQD, Waters, Milford, MA, USA). Target
analytes were separated using an ACQUITY BEH C18 column (2.1 x 50 mm; 1.7 um,
Waters, USA) and an ACQUITY BEH C18 pre-column (2.1 x 30 mm; 1.7 um, Waters,
USA) was inserted between the solvent mixer and the injector to retain any PFAAs
contamination originating from the system. The mobile phase solvents were A) 0.1%
formic acid in water and B) 0.1% formic acid in ACN. The flow rate was set at
450 puL/min with an injection volume of 10 uL. The gradient started at 65% A,
decreased in 3.4 min to 0% A and returned to 65% A at 4.7 min. Multiple reaction
monitoring (MRM) of two diagnostic transitions per target analyte was used to identify

and quantify the PFAAs. The diagnostic transitions are displayed in Table 4.1.

Table4.1. Target analytes, isotopically mass-labelled internal standards (ISTDs) used for quantification
and MRM transitions.

Compound Internal standard Precursor Product ion (m/z)
(ISTD) used for ion (m/z) Diagnostic Diagnostic
guantification production 1 | production 2
PFBS 80,-PFHxS 299 80 99
PFHxS 180,-PFHxS 399 80 99
PFOS [1,2,3,4-3C4]PFOS 499 80 99
PFDS [1,2,3,4-3C4]PFOS 599 80 99
PFBA 13C,-PFBA 213 169 169
PFPeA 13C,-PFBA 263 219 219
PFHxA [1,2-3C,]PFHXA 313 269 119
PFHpA [1,2-1*C,]PFHXA 363 319 169
PFOA [1,2,3,4-13C4]PFOA 413 369 169
PFNA [1,2,3,4,5-13Cs]PFNA 463 419 169
PFDA [1,2-13C,]PFDA 513 469 219
PFUnDA [1,2-13C,]PFUNDA 563 519 169
PFDoDA [1,2-13C,]PFDoDA 613 569 319
PFTrDA [1,2-13C,]PFDoDA 663 619 319
PFTeDA [1,2-13C,]PFDoDA 713 669 169
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4.2.5 Physicochemical properties of the sail
To determine the organic carbon content (TOC) of the soil, the loss on ignition method,

as described by Heiri et al. (2001), was used. Approximately 1 g of the soil was oven-
dried at 60 °C. Empty aluminum-foil bags were dried at 105 °C for at least 2 h, cooled
to room temperature in a desiccator and weighed. Hereafter, the bags were filled with
the dried soil, weighed and oven-dried at 105 °C for at least one day. After cooling
down, the samples were weighed again and incinerated in a muffle furnace at 550 °C
for at least 5 h. Finally, after cooling down in a desiccator, weight loss was determined

and TOC was calculated using (Formula 4.1), (Formula 4.2).

(DW195— DWsso)

LOlss (%) = DWyos

«100 (4.1)

TOC (%) = LOIs5,/1.742 (4.2)

With LOI, the loss on ignition after 550 °C and DW the dry weight of the sample after
drying at 105 °C or 550 °C.

The clay content (particles with a size <4 um) of the soil was assessed by using a
Malvern Mastersizer 2000 and Hydro 2000G. Prior to the analysis the samples were
pretreated with 40 mL 33% hydrogen peroxide (VWR Chemicals, Leuven, Belgium) and
9 mL 30% hydrochloric acid (VWR Chemicals, Leuven, Belgium) to destruct organic
material and iron conglomerates in the soil. In addition, the samples were boiled to
speed up the destruction process, and sieved over a 2.0 mm test sieve prior to the

analysis.

4.2.6 Quality assurance
Per 10 samples, one procedural blank was analyzed as quality control. Concentrations

in the blanks were all <LOQ. Method recoveries for the target analytes varied between
4% and 50% in the isopod samples and between 16% and 100% in soil samples.
Individual limits of quantification (LOQs) were determined based on a signal-to-noise
(S/N) ratio of 10 and are displayed in Table 4.2 for soil, Table 4.3 for isopods and Table

4.4 for great tit eggs.
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4.2.7 Statistical analysis
Statistical analyses were performed using R Studio and Graphpad Prism 7.04. To obtain

a normal distribution, PFAA concentrations and TOC values were log-transformed.
Compounds with a detection frequency below 50% at a location were excluded from

further analysis.

Areverse Kaplan-Meier (KM) analysis and a Mantel-Cox pairwise comparison test were
used to evaluate differences between locations in PFAA concentrations in soil and in
isopods. As this test is nonparametric, untransformed data was used to perform the
analysis. The reverse KM test is commonly used in the survival analysis of left censored
data (Gillespie et al., 2010) and is a useful tool to cope with concentrations below the
LOQ (Groffen et al., 2017; Jaspers et al., 2013). In all other analyses, concentrations
<LOQ were substituted with a value of LOQ/2 (Bervoets et al., 2004; Custer et al.,
2000). Relationships between PFAA concentrations in the soil and in isopods and the
role of the physicochemical properties on these relationships were tested using
multiple linear regressions. Spearman correlation tests were used to test for
associations between PFAA concentrations in the soil and physicochemical
characteristics of the soil and for associations between TOC and clay content. Similarly,
concentrations in the soil and isopods were correlated (spearman correlation test)
with concentrations in third egg of great tits (Parus major) collected from the nest
boxes. Differences between locations in TOC and clay content were assessed using a

One-way ANOVA.

4.3 Results

4.3.1 PFAA concentrations in soil, isopods and songbird eggs
Table 4.2 shows an overview of the median and mean concentrations, ranges and

detection frequencies of PFAAs in the soil. Fig. 4.2 shows the concentrations of PFBA,
PFOA, PFDoDA, PFBS and PFOS in the soil in function of the distance from the pollution
source. The center of the fluorochemical plant was considered as the pollution source

(0 m).

134



Only PFBA, PFOA, PFDoDA, PFBS and PFOS were detected at >50% of the sites.
Therefore, only these PFAAs have been used in further statistical analysis. PFBA
concentrations did not differ among study sites (all p > 0.05). PFOA concentrations at
the plant site were significantly higher than those at all other locations (all p < 0.001).
PFOA concentrations at Rot were also significantly higher than those at Burchtse Weel
(p=0.025) and Fort 4 (p = 0.05). Similarly, PFDoDA concentrations were significantly
higher at the plant site compared to Vlietbos and Fort 4 (both p<0.001).
Concentrations of PFBS were significantly higher at the plant site compared to Vlietbos
(p =0.031) and finally, PFOS concentrations at the plant site were significantly higher
compared to all other locations (all p <0.001). At Vlietbos, the PFOS concentrations
were significantly higher than all locations further away (all p < 0.001), whereas the
PFOS concentrations at Rot were significantly lower than those further away at

Burchtse Weel and Fort 4 (both p < 0.005).

9000

7000 ® prBA

* B proa
5000
PFDoODA

* VY prBS

ZIOOI
100 ¢ 0‘{’

w
o
o
o

¢ pFOs

5

3

o

>

c 60

2 -

5

£ b

p

S

:

s

° 40

= ¢ o

n

* -
-
20 - -
By . . *
v v . -~ L
L . v ¢ - . * . %
] [ ] v § ' LEER'N ﬂ
I 9 2% 3ds ARy miwm

0 500 1000 1500 2000 2500 3000 3500 10000 12000

Distance from the pollution source (m)

Figure 4.2. PFAA concentrations (ng/g dw) in soil collected along the distance gradient from the
pollution source. The center of the fluorochemical plant is selected as the start of the gradient (0 m).
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An overview of median and mean concentrations, ranges and detection frequencies of
PFAAs in isopods is given in Table 4.3. PFOS was the only PFAA with detection
frequencies >50% at all of the sites. Therefore, only PFOS was included in further
statistical analysis. Fig. 4.3 shows the PFOS concentrations in isopods in function of the
distance from the pollution source. PFOS concentrations were significantly higher at
3M compared to all other locations (all p < 0.001). In addition, the PFOS concentrations
at Vlietbos and Burchtse Weel were both significantly higher than those at Rot
(p =0.003 and 0.001, respectively).
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Figure 4.3. PFOS concentrations (ng/g ww) in isopods, collected along the distance gradient from the
pollution source. The center of the fluorochemical plant is selected as the start of the gradient (0 m).

Finally, an overview of median and mean concentrations, ranges and detection
frequencies in great tit eggs is given in Table 4.4. The results in Table 4.4 are a part of
a larger dataset reported by Groffen et al. (2019c). The concentrations in bird eggs in
function of the distance from the pollution source are displayed in Fig. 4.4. PFOS
concentrations were significantly higher at 3M compared to all other locations (all
p < 0.001). Furthermore, PFOS concentrations at Rot were significantly higher than

those at Vlietbos (p = 0.019) and Fort 4 (p < 0.001). Similarly, concentrations of PFNA
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were also significantly higher at 3M compared to the other locations (all p < 0.001).
Songbird eggs at 3M also contained significantly higher concentrations of PFOA
(p = 0.030), PFDA (p < 0.001), PFDoDA (p <0.001) and PFTrDA (p = 0.002), PFTeDA
(p =0.028) than at Fort 4. Concentrations of PFDA and PFDoDA were significantly
higher at 3M compared to Rot (both p<0.001). Finally, PFDoDA and PFTrDA
concentrations were significantly higher at 3M compared to Burchtse Weel (both
p < 0.001) and PFTrDA concentrations at 3M were also higher compared to Vlietbos
(p = 0.003).
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Figure 4.4. PFAA concentrations (ng/g ww) in great tit eggs collected along the distance gradient from
the pollution source. The center of the fluorochemical plant is selected as the start of the gradient (0
m). The presented data is part of a larger dataset, reported by Groffen et al. (2019c).
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Table 4.2. Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range (ng/g dw) and
detection frequencies (Freq) of PFAAs in soil collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing distance from the
plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05) between sampling
sites in PFAA concentrations with a detection frequency > 50%.

PFBA PFPeA PFHXA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA
LoQ 030 097 031 1.67 073 026 033 027 0.08 0.04 0.04
Plant Median 0.85 <LOQ 042  <LOQ 8.07A 034 <LOQ 0.43 1.39 0.59 0.06
(n=13) A A
Mean  1.92 554  2.11 1.43 24 0.83 1.05  8.89 28 12 1.18
Range <LOQ <LOQ- <LOQ- <lLOQ- 1.97- <LOQ <LOQ <LOQ- 0.16-  0.05- <LOQ-
-6.33 26 11 4.75 114  -253 -7.28 105 316 126 12
Freq 85 46 62 23 100 69 46 77 100 100 54
Vlietbos Median 1.28 <LOQ <LOQ  <LOQ 1.94 <LOQ <LOQ <LOQ 0.09 <Ll0Q  <LoQ
(n = 10) A BC B
Mean 133 <LOQ <LOQ <LOQ 2.05 <LOQ <LOQ  <LOQ 0.12 <Ll0Q  <LoQ
Range <LOQ <LOQ- <LOQ- <LOQ <LOQ <LOQ <LOQ <LOQ- <LOQ- <LOQ- <LOQ
-292 103 037 -330 -044 -048 047 0.24 0.09
Freq 70 10 10 0 90 30 10 30 50 0 0




Table 4.2. (continued) Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range
(ng/g dw) and detection frequencies (Freq) of PFAAs in soil collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing
distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05)
between sampling sites in PFAA concentrations with a detection frequency > 50%.

PFBA  PFPeA PFHxA PFHpA PFOA PFNA PFDA  PFUnDA PFDoDA PFTrDA PFTeDA

LoQ 030  0.97 031 1.67 073 026 033 027 0.08 0.04 0.04
Rot Median <LOQ <LOQ  <LOQ <LOQ 2.89 <LOQ <LOQ  <LOQ <L0Q <Ll0Q  <L0Q
(n = 10) C

Mean <L0Q @ <LOQ <Ll0Q <LoQ 2.71 <L0Q <LOQ @ <LOQ <L0Q <L0Q <L0Q
Range @ <LOQ <LOQ <LlOQ <LOQ 1.12- <LOQ <LOQ <LOQ <LlOQ- <LOQ <L0Q
3.69 0.36
Freq 0 0 0 0 100 0 0 0 10 0 0
Burchtse  Median 0.78 <L0Q <LOQ <LOQ 1.98 <L0OQ <LOQ <LOQ <LOQ <L0Q <L0Q
Weel A B
(n=10) Mean 0.77 <L0Q <Ll0OQ <LOQ 2.03 <L0Q <LOQ @ <LOQ <L0Q <L0Q <L0Q
Range @ <LOQ <LOQ <LlOQ <LOQ 1.37- <LOQ <LOQ <LOQ- <LOQ- @ <LOQ <L0Q

-1.48 3.12 -0.38 0.54 0.28
Freq 70 0 0 0 100 10 0 20 10 0 0
Fort 4 Median 1.08 <L0Q <LlOQ <LOQ 1.83B <LOQ <LOQ <LOQ 0.13 <L0Q <L0Q
(n=14) A B
Mean 1.12 <LOoQ <L0Q | <LOQ 1.95 <LOQ <LOQ @ <LOQ 0.12 0.06 <L0Q
Range @ <LOQ <LOQ- <LOQ <LOQ 0.82- <LOQ <LOQ <LOQ- <LOQ- <LOQ- <LOQ
-2.27 165 3.66 -053 -047 041 0.29 0.19
Freq 86 21 0 0 100 29 14 14 57 36 0
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Table 4.2. (continued) Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range
(ng/g dw) and detection frequencies (Freq) of PFAAs in soil collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing
distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05)
between sampling sites in PFAA concentrations with a detection frequency > 50%.

PFBS PFHxS PFOS PFDS
LOQ 1.31 491 0.67 3.26
Plant Median 4.01 <LOQ 606 3.34
(n=13) A A
Mean 7.84 6.88 1700 33
Range <LOQ-33 <LOQ-32 56 — 7800 <LOQ - 282
Freq 92 31 100 54
Vlietbos (n = 10) Median 2.13 <LOQ 21 <LOQ
B B
Mean 2.79 <LOQ 22 <LOQ
Range <LOQ-7.04 <LOQ 8.24 - 37 <LOQ
Freq 90 0 100 0
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Table 4.2. (continued) Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range
(ng/g dw) and detection frequencies (Freq) of PFAAs in soil collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing
distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05)
between sampling sites in PFAA concentrations with a detection frequency > 50%.

PFBS PFHxS PFOS PFDS

LOQ 1.31 491 0.67 3.26
Rot Median <LOQ <LOQ 2.41 <LOQ
(n=10) C

Mean <LOQ <L0Q 3.26 <L0Q

Range <LOQ <LOQ 1.57-7.81 <LOQ

Freq 0 0 100 0
Burchtse Weel Median <LOQ <LOQ 7.51 <LOQ
(n=10) D

Mean <LOQ <LOQ 7.82 <LOQ

Range <LOQ <LOQ <LOQ-17 <LOQ

Freq 0 0 90 0
Fort 4 Median <LOQ <LOQ 8.03 <LOQ
(n=14) D

Mean <LOQ <LOQ 8.84 <LOQ

Range <LOQ <LOQ <LOQ-21 <LOQ

Freq 0 0 93 0
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Table 4.3. Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range (ng/g dw) and
detection frequencies (Freq) of PFAAs in isopods collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing distance from
the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05) between sampling
sites in PFAA concentrations with a detection frequency > 50%.

PFBA  PFPeA PFHxA PFHpA PFOA PFNA PFDA  PFUnDA PFDoDA PFTrDA PFTeDA
LOQ 1.34 1.84 4.80 6.92 0.74 0.31 0.98 1.20 0.96 0.30 1.40
Plant Median 12 87 <L0Q <LOQ 7.56 <LOQ <LO0Q <LOQ 2.17 1.41 3.23
(hn=12) Mean 12 108 <L0Q 32 18 <LOQ <LOQ  6.25 68 20 8.8
Range 2.51- <LOQ- <LOQ <LOQ- 158- <LOQ <LOQ <LOQ- <Ll0OQ- <LOQ- <LOQ-
30 292 313 121 -118 -174 66 729 193 62
Freq 100 92 0 17 100 17 33 25 83 92 67
Vlietbos Median <LOQ  <LOQ <LoQ <LOQ <LOQ <LOQ <LOQ  <LOQ <LOQ <LOQ <LOQ
(n=10) Mean 1.79 <LOQ <L0Q | <LOQ <LOQ <LOQ <LOQ @ 1.46 <LOQ <LOQ <LoQ
Range <LOQ  <LOQ <LoQ <LOQ <LOQ <LOQ <LOQ <LOQ- <LOQ <LOQ - <LOQ
- 6.95 -1.72 -1.25 5.26 0.32
Freq 40 0 0 0 10 0 10 40 0 10 0
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Table 4.3 (continued). Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range
(ng/g dw) and detection frequencies (Freq) of PFAAs in isopods collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing
distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05)
between sampling sites in PFAA concentrations with a detection frequency > 50%.

PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA
LOQ 1.34 1.84 4.80 6.92 0.74 0.31 0.98 1.20 0.96 0.30 1.40
Rot Median <LOQ  <LOQ <LOQ <LOQ <LOQ <LOQ <LoOQ <LoOQ <LOQ <LOQ <LOQ
(n=8) Mean 1.79 <LOQ <L0OQ <LOQ <LOQ @ <LOQ <LOQ 1.22 <LOQ <LOoQ <LOQ
Range <LOQ <LOQ <LOQ <LOQ <LOQ <LoOQ <LoQ <LoOQ- <LOQ <LOQ <LOQ
-8.21 -1.02 -099 3.28
Freq 25 0 0 0 13 0 13 25 0 0 0
Burchtse  Median <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Weel Mean <LOQ <LOQ <LOQ <LOQ @ 0.86 <LOQ 1.11 <LOQ <LOQ <LOQ <LOQ
(n=10) Range <LOQ  <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ- <LOQ - <LOQ - <LOQ
-5.04 -3.28 -3.13 3.08 1.26 0.77
Freq 30 0 0 0 40 0 30 20 10 10 0
Fort4 Median <LOQ @ <LOQ <LOQ <LOQ <LOQ <LOQ <LoQ <LoQ <LOQ <LOQ <LOQ
(n=14) Mean <LOQ @ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ @ <LOQ <LOQ <LOQ <LOQ
Range <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
-0.75 -1.56
Freq 0 0 0 0 7 0 7 0 0 0 0
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Table 4.3 (continued). Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range
(ng/g dw) and detection frequencies (Freq) of PFAAs in isopods collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing
distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05)
between sampling sites in PFAA concentrations with a detection frequency > 50%.

PFBS PFHxS PFOS PFDS
LOQ 2.66 6.74 0.45 0.99
Plant Median 6.52 <LOQ 185 <LOQ
(n=12) A
Mean 8.31 9.33 253 39
Range <LOQ - 26 <LOQ - 26 29-611 <LOQ —388
Freq 67 42 100 50
Vlietbos (n = 10) Median <LOQ <LOQ 1.98 <LOQ
B
Mean <LOQ <LOQ 3.75 <LOQ
Range <LOQ —-5.96 <LOQ <LOQ-13 <LOQ
Freq 30 0 90 0
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Table 4.3 (continued). Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median and mean concentrations (ng/g dw), range
(ng/g dw) and detection frequencies (Freq) of PFAAs in isopods collected at the five sampling sites: a perfluorochemical plant and at four sites with increasing
distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km Fort 4). Different letters indicate significant differences (p < 0.05)
between sampling sites in PFAA concentrations with a detection frequency > 50%.

PFBS PFHxS PFOS PFDS

LOQ 2.66 6.74 0.45 0.99
Rot Median <LOQ <LOQ <LOQ <LOQ
(n=8) C

Mean <LOQ <L0Q 0.53 <L0Q

Range <LOQ <LOQ <L0Q-1.31 <LOQ

Freq 0 0 50 0
Burchtse Weel Median <LOQ <LOQ 2.31 <L0Q
(n=10) B

Mean <LOQ <LOQ 4.13 <LOQ

Range <LO0Q -2.97 <LOQ <LOQ-13 <LOQ

Freq 10 0 90 0
Fort 4 Median <LOQ <L0Q <LOQ <L0Q
(n=14) Mean <LOQ <LOQ <LOQ <LOQ

Range <LOQ <LOQ <LOQ <LOQ

Freq 0 0 0 0
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Table 4.4. Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N ratio), median
and mean concentrations (ng/g dw), range (ng/g dw) and detection frequencies (Freq) of PFAAs in eggs
of great tit collected at the five sampling sites: a perfluorochemical plant and at four sites with
increasing distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel and 11 km
Fort 4). Different letters indicate significant differences (p < 0.05) between sampling sites in PFAA
concentrations with a detection frequency > 50%. The presented data are a part of a larger dataset
reported by Groffen et al.(2019c).

PFBA PFOA PFNA PFDA PFDoDA PFTrDA PFTeDA
LoQ 0.261 0.045 0.586 0.425 0.444 0.256 0.355
Plant Median <LOQ @ 18A 8.09A 13A 18A 21A 3.13A
(n=13) Mean 1.61 56 11 23 35 32 4.97
Range <LOQ 3.36- 3.25- 3.46- 2.21- 2.53- <LOQ-
-11 359 28 102 133 155 22
Freq 31 100 100 100 100 100 69
Vlietbos  Median <LOQ 1.65AB 1.07B <LOQ <LOQ 3.33B <LOQ
(n=10) Mean 0.31 1.26 1.72 0.54 1.95 5.44 1.14
Range <LOQ <LOQ- <LOQ <LOQ <LOQ- <LOQ- <LOQ-
-142 261 -512 -2.08 6.37 19 3.93
Freq 20 60 60 20 40 70 40
Rot Median <LOQ 1.56AB 1.33B 1.17B 2.40B 6.58AB  1.40AB
(n=10) Mean 0.32 2.16 1.31 1.22 2.56 6.90 1.26
Range <LOQ 0.90- <LOQ <LOQ <LOQ- 1.71- <LOQ -
-1.03 8.33 -226 -2.72 5.05 12 2.26
Freq 30 100 90 70 90 100 80
Burchtse Median <LOQ 1.75AB 0.81B <LOQ 0.69B 2.12B <LOQ
Weel Mean <LoQ 1.57 1.30 1.36 1.71 2.73 0.6
(h=10)  Range <lOQ <lOQ- <lOQ <lOQ <lOQ- <LOQ- <LOQ-
3.26 -366 -549 6.94 12 3.58
Freq 0 80 60 30 50 80 20
Fort 4 Median <LOQ 1.01B 1.0B 1.54B 1.51B 2.39B 0.66B
(h=14)  Mean 031 1.01 1.0 1.59  1.54 2.39 0.58
Range <LOQ 0.65- <LOQ <LOQ <LOQ- 0.38- <LOQ -
-0.86 1.53 -191 -490 3.14 5.74 0.96
Freq 50 100 79 79 93 100 71




Table 4.4 (continued). Individual limits of quantification (LOQs; ng/g dw, determined as 10x the S/N
ratio), median and mean concentrations (ng/g dw), range (ng/g dw) and detection frequencies (Freq)
of PFAAs in eggs of great tit collected at the five sampling sites: a perfluorochemical plant and at four
sites with increasing distance from the plant site (i.e. 1 km Vlietbos, 2.3 km Rot, 3 km Burchtse Weel
and 11 km Fort 4). Different letters indicate significant differences (p < 0.05) between sampling sites in
PFAA concentrations with a detection frequency > 50%. The presented data are a part of a larger dataset
reported by Groffen et al.(2019c).

PFOS PFDS
LOQ 2.55 5.92
Plant Median 29958A 73
=1
(n=13) Mean 55970 415
Range 5111 - 187032 9.44 — 1489
Freq 100 100
Vlietbos (n = 10) Median 241B <L0Q
Mean 426 <LOQ
Range <LOQ - 1427 <LOQ
Freq 60 0
Rot Median 409C <LOQ
(n=10) Mean 521 <LOQ
Range 217 -1230 <LOQ
Freq 100 0
Burchtse Weel Median 79BC <LOQ
(n=10) Mean 140 <LoQ
Range 14 - 690 <LOQ
Freq 100 0
Fort 4 Median 27B <LOQ
(n=14) Mean 26 <LoQ
Range 8.08 -42 <LOQ
Freq 100 0
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4.3.2 Correlations between PFAA concentrations in isopods, soil and songbird

eggs
The PFOS concentrations in the isopods were related to those in the soil when all

locations were combined (Fig. 4.5. Solid line; p<0.001, R?=0.75). Although, not
significant (both p = 0.06), there was an indication that both TOC and clay content of
the soil had a positive effect on this association. Further analysis on the individual sites
revealed that only at 3M the PFOS concentrations in isopods were associated with only
the PFOS concentrations in the soil (Fig. 4.5. Dashed line; p = 0.005, R? = 0.64) and clay

content and TOC played no role in this.

log(PFOS concentration isopods) (ng/g
ww)

log(PFOS concentration soil) (ng/g dw)

Figure 4.5. Associations between PFOS concentrations in isopods and PFOS concentrations in the soil.
Different symbols resemble different sampling locations: triangles = 3M, dots = Vlietbos, squares = Rot
and diamonds = Burchtse Weel. The solid line is the regression curve of the entire dataset (p < 0.001, R?
=0.75), the dashed line is the regression curve for 3M (p = 0.005, R2 = 0.64).

Furthermore, at 3M, the PFOA concentrations in isopods were not related to those in
the soil. The PFDoDA concentrations in the isopods, on the other hand, were related
to those in the soil (p =0.017; R? = 0.75) and to the clay content (p = 0.035). Similarly,
PFTrDA concentrations in isopods were positively related to those in the soil
(p =0.007; R =0.83) and clay content (p =0.015). PFTeDA concentrations were also

positively related between isopods and soil (p < 0.001; R? = 0.94). PFBS concentrations
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were not related in the isopods and soil. Finally, PFDS concentrations in isopods were

positively related to those in the soil (p = 0.01; R* = 0.63).

As mentioned before, soil and invertebrate samples were collected in the immediate
vicinity of nest boxes that were used in previous biomonitoring studies. We found no
significant correlations between PFAA concentrations in the soil and those in the third
egg of great tits (all p >0.05). However, there were significant positive correlations
between PFDoDA (p=0.010, p=0.711), PFTrDA (p=0.040, p=0.608), PFOS
(p=0.009, p=0.734) and PFDS (p =0.008, p = 0.720) concentrations in isopods and
the third egg at 3M. In addition, PFOA (p = 0.071, p = 0.546) and PFTeDA (p = 0.067,
p = 0.545) concentrations in the eggs and isopods showed a trend at 3M. Finally, PFOS
concentrations in the eggs and isopods were also positively correlated at Rot

(p=0.028, p = 0.761).

4.3.3 Associations with physicochemical properties of the soil
The organic carbon content (TOC) and clay content of the soil at each location are

reported in Table 4.5. TOC differed significantly among locations (p < 0.001), caused
by a significantly lower TOC at Rot compared to all other locations (all p < 0.003). The
clay content was significantly different among locations (p < 0.001), which was the
result of a significantly higher clay content at Burchtse Weel and Fort 4 compared to
3M (both p<0.004) and Rot (both p <0.001). Furthermore, the clay content was
significantly higher at Fort 4 compared to Vlietbos (p = 0.007). When all locations were
combined, there was a significant positive correlation between TOC and clay content
of the soil (p<0.001, p=0.773). When looking at the individual locations, similar
correlations were observed at 3M (p <0.001, p =0.853), Burchtse Weel (p =0.021,
p =0.733) and Fort 4 (p = 0.006, p = 0.731).
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Table 4.5. Physicochemical properties of the soil at each location; mean total organic carbon (TOC)
content in % * st. dev. and clay content (% * st. dev.)

3M Vlietbos Rot Burchtse Fort4
Weel
TOC (%) 3.4+3.0 5.8+2.2 0.7+0.2 42+28 6.2+3.6
Clay 1.109 1.5+0.6 0.4+0.3 28+1.1 3.1+1.7

content (%)

A significant positive correlation between PFBA concentrations in the soil and TOC
content was only observed at 3M (p = 0.034, p = 0.613) and Burchtse Weel (p =0.01,
p = 0.767) and a marginally significant correlation was observed at Vlietbos (p = 0.071,
p =0.627). PFNA concentrations at 3M were also positively correlated with TOC
content (p = 0.001, p = 0.822). PFBS concentrations at 3M were significantly correlated
with TOC (p =0.005, p =0.776) and at Vlietbos these concentrations showed a trend
with TOC content (p = 0.070, p = 0.627). PFOS concentrations were strongly correlated
with TOC content at 3M (p<0.001, p=0.909) and Burchtse Weel (p<0.001,
p = 0.818), but not at the other locations. PFHxA, PFOA, PFUnDA, PFDoDA, PFTrDA,
PFTeDA and PFDS concentrations in the soil were not correlated with TOC content at
sites where these compounds had a detection frequency >50%. At 3M, positive
correlations were observed between the clay content and the soil concentrations of
PFNA (p=0.029, p=0.626), PFBS (p=0.004, p=0.790) and PFOS (p=0.019,
p = 0.678). PFOS concentrations in the soil at Burchtse Weel were also correlated to

the clay content of the soil (p = 0.027, p = 0.709).

4.4 Discussion

4.4.1 PFAA concentrations
For most PFAAs, detected in >50% of the samples, concentrations decreased with

increasing distance from the fluorochemical plant in both isopods and soil samples.
However, PFOS concentrations at Rot were lower than those detected further away at
Burchtse Weel and Fort 4. This latter result is likely the outcome of differences in
physicochemical properties of the soil between locations, which will be discussed later.

Previous studies conducted near the same fluorochemical plant also revealed that
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PFAA concentrations decreased with increasing distance from the plant in wildlife such
as invertebrates (D'Hollander et al., 2014) birds (Dauwe et al., 2007; Groffen et al.,
2017, Groffen et al., 2019b; Hoff et al., 2005; Lopez-Antia et al., 2017) and mammals
(D'Hollander et al., 2014).

To be able to compare the PFAA concentrations in the soil with literature, some

examples of PFAA concentrations reported in soils are shown in Table 4.6.

The mean PFOS concentration in the soil at 3M in the present study (1700 ng/g dw)
was much higher than those detected at Blokkersdijk (69 ng/g ww; D'Hollander et al.,
2014), which is approximately 0.5-1.5 km east from the 3M fluorochemical plant in
Antwerp. Compared to the PFOS concentrations in the soil at Vlietbos (1 km SE from
the plant; 22 ng/g dw), the concentrations at Blokkersdijk in 2006 were higher. This is
likely the result of the voluntary phase-out by 3M of PFOS, PFOA and related products
in 2002, which appear to have reduced environmental PFOS concentrations, whereas
concentrations of other PFAAs are still rising (Ahrens et al., 2011c; Filipovic et al.,
2015b; Groffen et al., 2017, Groffen et al., 2019c; Miller et al., 2015). In addition, the
wind in Belgium is mainly coming from the south-west (Royal Meteorological Institute
Belgium (KMI), 2018), which would indicate that aerial deposition of PFAAs should
mainly affect areas north to east from the fluorochemical plant, which include

Blokkersdijk.
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Table 4.6. PFAA concentrations (ng/g) in soils published in literature. *Mean concentrations; *Active fluorochemical plant; ranges are illustrated by ‘-; ND = not

detected; Blanks = analyte was not included in the study.

Location Year PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFTrDA Publication
Blokkersdijk, Belgium* | 2006 D’Hollander et
al., 2014
Galgenweel, Belgium* | 2006 D’Hollander et
al., 2014
Main firefighting training | 2011 6.98 — Filipovic et al.
facility, Air force base F18, 287 2015a
Tullinge Riksten, Sweden®
Daikin Co, Lit, Fluorochemical | 2015 | 0.6 0.3 0.9 <0.5 62.5 0.2 <0.5 | 0.2 <0.2 Luetal., 2018
Industrial Park, China*
Estuarine and coastal areas | 2009 ND ND ND 2.2 ND ND ND Naile et al.,
along the west coast, South 2013
Korea.*
Fluorochemical | 2009 50.1 Wang et al.,
manufacturing facility in 2010
Wuhan, China®*
Fluorochemical | 2009 0.79 Wang et al.,
manufacturing facility, Hubei 2010
Province, China*
Hubei Province, China* | 2009 <LOD Wang et al.,

2010




Table 4.6 (continued). PFAA concentrations (ng/g) in soils published in literature. *Mean concentrations; $Active fluorochemical plant; ranges are illustrated by
‘-, ND = not detected; Blanks = analyte was not included in the study.

Location Year PFBA PFPeA  PFHxXA  PFHpA PFOA  PFNA PFDA PFUnDA  PFTrDA  Publication

Liaodong Bay, | 2008 <LOD <LOD - | <LOD - <LOD- | WangP et
China -0.32 0.06 0.30 0.46 al., 2013
Highway 10, | 2012 55— Xiao et al.,
Cottage Grove to 125.7 2015
Big Lake, USA
Little Hocking well | 2009 2.0 130 2.7 4.3 7.6 Zhu and
field, Washington Kannan
County, Ohio, USA* 2019
3M fluorochemical | 2016 | 1.92 5.54 2.11 1.43 24.0 0.83 1.05 8.89 12.0 The present
plant, Belgium* (<LoQ | (<LOQ | (<LOQ | (<LOQ (1.97- | (<LOQ | (<LOQ | (<LOQ - | (0.05— | study
-6.33) | —26) -11) —-4.75) | 114) —-2.53) | —7.28) | 105) 126)

2Concentrations were the result of aqueous firefighting foams rather than those of an industrial source.
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Table 4.6 (continued). PFAA concentrations (ng/g) in soils published in literature. *Mean concentrations; $Active fluorochemical plant; ranges are illustrated by
‘-, ND = not detected; Blanks = analyte was not included in the study.

Location Year PFBS PFHXS PFOS Publication
Blokkersdijk, Belgium* | 2006 69 D’Hollander et al.,
2014
Galgenweel, Belgium* | 2006 <LOD D’Hollander et al.,
(2.4) 2014
Main firefighting training facility, Air force base F18, Tullinge | 2011 118 - Filipovic et al.
Riksten, Sweden® 8520 2015a
Daikin Co, Lit, Fluorochemical Industrial Park, China* | 2015 | <0.5 <0.5 64.6 Luetal,, 2018
Estuarine and coastal areas along the west coast, South | 2009 | ND ND 0.82 Naile et al., 2013
Korea.*
Fluorochemical manufacturing facility in Wuhan, China®* | 2009 35.3 2583 Wang et al., 2010
Fluorochemical manufacturing facility, Hubei Province, China* | 2009 0.11 7.06 Wang et al., 2010
Hubei Province, China* | 2009 0.01 0.65 Wang et al., 2010
Liaodong Bay, China | 2008 <LOD - Wang P et al., 2013
0.42
Highway 10, Cottage Grove to Big Lake, USA | 2012 0.2-28.2 | Xiao et al., 2015
Little Hocking well field, Washington County, Ohio, USA* | 2009 Zhu and Kannan
2019
3M fluorochemical plant, Belgium* | 2016 | 7.84 6.88 1700 The present study
(<LoQ- | (<LoQ- | (56-
33) 32) 7800)

2Concentrations were the result of aqueous firefighting foams rather than those of an industrial source.
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Soil PFOA and PFOS concentrations at the plant site were similar to those at a
firefighting training facility in Sweden (6.98-287 ng/g for PFOA and 118-8520 ng/g for
PFOS), where PFAA-contaminated aqueous film fighting foams were used (Filipovic et
al., 2015a). Rankin et al. (2016) reviewed the continental PFAA concentration ranges
in soils. Geometric means of the 2PFCAs and 2PFSAs in Europe were 1000 pg/g dw and
808 pg/g dw, respectively. PFCA and PFSA concentrations in the present study were
much higher than the European mean. The ZPFSA concentrations were higher than the
2PFCA concentrations in Europe (Rankin et al., 2016), which is in agreement with our
results, as PFOS concentrations were much higher than those of any other analyte. The
PFOA concentrations in the soil (62.5 ng/g) collected from a fluorochemical industrial
park in China (Lu et al., 2018) were higher than those at 3M in Antwerp. However,
concentrations of other PFCAs were much lower in China than in the present study.
PFOA, PFHxS and PFOS concentrations at 3M were much lower than those measured
in the soil near an active fluorochemical manufacturing facility in Wuhan, China (Wang
etal., 2010), where concentrations of 50.1, 35.3 and 2583 ng/g PFOA, PFHxS and PFOS,
respectively, were detected. However, compared to an inactive plant in the same area
in China (0.79, 0.11 and 7.06 ng/g for PFOA, PFHxS and PFOS; Wang et al., 2010), the
concentrations at 3M in the present study were much higher. PFOA and PFOS
concentrations at Fort 4, approximately 11 km from the fluorochemical plant, were
similar to those near the inactive plant in China. PFOA and PFOS concentrations (2.2
and 0.82 ng/g respectively) in the soil along the estuaries and coastal areas along the
South Korean west coast, an area which is highly industrialized and urbanized (Naile et
al., 2013), were also much lower than those reported at 3M. PFOA concentrations
were, however, similar to those at the other sampling sites. Wang P et al. (2013)
reported PFOA, PFDA, PFUNnDA, PFTrDA and PFOS concentrations in soils from
Liaodong Bay, China, which is an area with concentrated fluorine industry parks, that
were all much lower than those detected in most of the sites in the present study.
Although PFOS concentrations in the soils of a U.S. metropolitan area, near Cottage

Grove, where a former PFAA manufacturer is located, were much lower than those at



3M, the range of PFOA concentrations observed in the US was similar to the one
observed at 3M in Belgium. PFOS concentrations in the US were very similar to those
detected at Vlietbos, approximately 1 km away from the fluorochemical plant (Xiao et
al., 2015). Finally, Zhu and Kannan (2019) determined PFCA concentrations in the soil
of the Little Hocking well field in Washington County, Ohio, USA. With exception of
PFUnDA, the concentrations in Washington County were all higher than those

reported at 3M in the present study.

When we compare the PFOS concentrations in isopods during the present study with
a previous study near the Antwerp hot-spot by D'Hollander et al. (2014), median PFOS
concentrations in isopods collected at Blokkersdijk (497 ng/g ww) and Galgenweel
(3 km SE; 269 ng/g ww) were higher than the median PFOS concentration is isopods
collected at the plant site in the present study (185 ng/g ww). Again, this could possibly
be explained by the voluntary phase-out of PFOS in 2002. The study performed by
D'Hollander et al. (2014) was the only study that examined PFAA concentrations in
isopods. Only two other field studies were performed on terrestrial invertebrates.
Lesch et al. (2017) detected PFAAs in adult Odonata from South Africa. Median PFOS
(highest median of 16 ng/g ww) and PFOA (highest median of 0.89 ng/g ww)
concentrations in the Odonata were much lower than those detected at the plant site
in the present study (185 ng/g ww and 7.56 ng/g ww for PFOS and PFOA, respectively),
but were higher than the concentrations in the adjacent sites. Zhu and Kannan (2019)
reported concentrations of multiple PFCAs in earthworms, collected at the Little
Hocking well field, Ohio, USA. Similarly to the study area in the present study, this site
is historically contaminated by a nearby fluorochemical manufacturing facility.
Although the mean PFPeA concentrations detected in earthworms (1.2 ng/g dw) were
much lower than those reported at the plant site in the present study (108 ng/g ww),
concentrations of PFOA (270 ng/g dw), PFNA (13 ng/g dw), PFDA (26 ng/g dw), PFUnDA
(110 ng/g dw) and PFDoDA (200 ng/g dw) in the earthworms were much higher (Zhu
and Kannan, 2019).
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As was mentioned before, the concentrations determined in great tit eggs were part
of a larger dataset. A comparison of these concentrations with literature has already

been done by Groffen et al. (2019c).

4.4.2 Correlations between PFAA concentrations in isopods, soil and songbird

eggs
We observed a positive relationship between PFOS concentrations in isopods and soil

when all locations were combined, and at 3M individually. Furthermore, we found
evidence that PFDoDA, PFTrDA, PFTeDA and PFDS concentrations in isopods reflect the
concentrations of these compounds in the soil. For PFDoDA and PFTrDA the
concentrations in the isopods were not only positively related to the concentrations in
the soil, but also to the clay content of the soil. These results were expected as isopods
are exposed to soils and therefore, soils are most likely an important pathway of PFAA

exposure to these invertebrates.

We also correlated PFAA concentrations in isopods and soil with those in the eggs of
great tit, to determine the possibility of trophic transfer as a pathway of the PFAA
concentrations in the songbirds and eventually in their eggs. In general, PFAA
concentrations in the soil were not correlated with those in the eggs of great tit,
indicating that soil concentrations were not representative of the concentration in the
eggs. This was expected, as great tits are insectivorous songbirds that mainly feed on
invertebrates (mainly caterpillars), berries and seeds, depending on the season (del
Hoyo et al.,, 2007). This might also explain the positive correlations between

concentrations in the eggs and those in isopods at 3M and Rot.!

4.4.3 Associations with physiochemical properties of the sail
Our results, that PFOS soil concentrations at Rot were significantly lower than those at

Burchtse Weel and Fort 4, both further away from the fluorochemical plant, could be
explained by a lower TOC content at Rot. The maximum sorption capacity of the soil is

to a large extent influenced by soil organic carbon content (Miao et al., 2017). Soil

1 A sentence from the original paper has been removed here
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organic carbon content has shown to be positively correlated with the sorption
capacity of soils (Milinovic et al., 2015; Wei et al., 2017). This indicates that more PFAAs
will adsorb to the soil when the TOC is higher. Soils with smaller particles, such as clay,
will have more functional groups like hydroxyl and carboxyl groups than bigger
particles, which results in more binding sites to facilitate the sorption of the
contaminants (Qi et al., 2014). Therefore, it was expected that PFAA concentrations in
the soil would be higher in areas where the clay content is higher. The positive
correlations between clay content and soil concentrations of PFNA, PFBS and PFOS at

3M and Burchtse Weel were therefore expected.

4.4.4 PFAA profile
Fig. 4.6 shows the PFAA profiles in soil, invertebrates and songbird eggs at all the

sampling sites. Similarly to previous analyses, only analytes with a detection frequency
of at least 50% were taken into account. Consequently, locations with no analyte
detected in >50% of the samples, or only one PFSA and/or PFCA detected in
frequencies higher than 50% (e.g. PFOA and PFOS in soil collected from Rot) were not
included in the figures, as their profile would result in 100% contribution of these

compounds.

PFOS was the major contributor to the PFSA concentrations in the soil (Fig. 4.6b) at the
plant site (97 + 1%) and at Vlietbos (89 + 2%), in isopods (88 + 4% at 3 M; Fig. 4.6c) and
in bird eggs at all locations (100% with exception of 3M: 99.5%). Furthermore, due to
the high PFOS concentrations in both matrices, PFOS can be considered to be the
dominant contributor to the total PFAA concentrations in the soil, eggs and isopods.
With regard to the PFCA profile, PFOA was the dominant contributor in soil (Fig. 4.6a),
whereas PFPeA became more dominant in isopods. In bird eggs, the PFCA profile at
3M was dominated by PFOA, whereas PFTrDA had a higher contribution at the other
sites (Fig. 4.6d).

These patterns are generally in agreement with other studies on PFSAs in soil and

invertebrates and PFCAs in soil. Rankin et al. (2016) performed a global survey on the
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distribution patterns and mode of occurrence of PFSAs and PFCAs and they reported
that, in general, PFOA and PFOS were the most abundant analytes in the soil. The
dominance of PFOS in the soil was also reported by Naile et al. (2013) as the PFOS
concentrations in soil samples, collected along the west coast of Korea, were also
higher than those of the other PFSAs. The dominance of PFOA in soils was similar to a
study by Filipovic et al. (2015a) in which the relative contribution of PFOA in the soil,
polluted due to historical usage of aqueous film forming foam, was higher than the
one of PFHxA. PFOA was also the dominant PFCA in soils, collected near a

fluorochemical industrial park in eastern China (Lu et al., 2018).

No studies have been performed on the pollution of multiple PFAAs in isopods.
Although D'Hollander et al. (2014) reported PFOS concentrations in isopods, they did
not study other PFAAs and were therefore unable to determine PFAA profiles. Similar
to our results, Zhao et al. (2013) observed that PFOS concentrations were higher in
earthworms, exposed for 30 days to a soil contaminated with a 200 ng/g PFAAs
mixture, than those of other PFSAs. PFOS was also the dominant PFSA in earthworms
exposed in biosolid amended soils (Navarro et al., 2016). PFCA profiles in isopods were
different from those in earthworms, exposed to mixtures of PFAAs. Zhao et al. (2013)
observed that PFDoDA was the dominant contributor to the ZPFCAs, whereas PFPeA
had the second lowest concentrations. Similar results were obtained by Zhao et al.
(2016), where biota accumulation factors (BAFs) increased with the increase in carbon
chain length in earthworms exposed to spiked soils. These results suggest different
exposure pathways for earthworms and isopods, which is possibly the result from

differences in diet and feeding behaviour.
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Figure 4.6. Composition profile of PFAAs in soil and isopods. A) PFCA composition profile in soil samples. B) PFSA composition profile in soil samples.

Composition profile of PFSAs and PFCAs in isopods, collected at the 3M fluorochemical plant. D) Composition profile of PFCAs in song bird eggs.
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The dominance of PFOS in the PFAA profile of the bird eggs was in agreement with
literature (e.g. Ahrens et al., 2011c; Custer et al., 2012; Groffen et al., 2017). Similarly,
Groffen et al. (2017) already mentioned that the dominance of PFOA to the ZPFCAs at
the plant site and the dominance of PFTrDA at sites further away could possibly be
explained by the direct deposition of PFOA close to the plant, whereas further away
atmospheric and biological degradation of volatile polyfluorinated precursor

compounds might explain the dominance of PFTrDA.

Surprisingly, the contribution of PFBA increased with increasing distance from the
fluorochemical plant, which is likely the result of different ways of pollution or a
different pollution source. The PFCA profile close to the plant site could be explained
by the influence of a direct pollution source, where PFOA is the main product
(Prevedouros et al., 2006), whereas further away from the plant atmospheric
degradation of volatile precursor compounds such as fluorotelomer alcohols (FTOHSs)

could play a role.

4.5 Conclusions
The PFOS concentrations in soil in the present study were often much higher than

those reported in literature, with exception of those measured in soils at an active
fluorochemical manufacturing facility in China. Compared to the European geometric
means, the concentrations of PFOS and PFOA in soils were much higher in the present
study. In isopods, the concentrations have decreased compared to a previous study
conducted in the same area, which might be the result of the voluntary phase-out by
3Min 2002. PFOS and PFOA concentrations in all matrices were elevated at the plant
site and decreased with increasing distance from the fluorochemical plant. However,
there were some deviations in this pattern, which were likely the result of differences

in physicochemical properties of the soil.
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Abstract

Perfluoroalkyl acids (PFAAs) are highly persistent substances which have been
detected in wildlife around the world, including birds. Although bird eggs have often
been used to determine and monitor PFAAs concentrations in the marine
environment, this has rarely been done in the terrestrial environment. In the
present study we examined the concentrations and composition profile of 12 PFAAs
(4 perfluoroalkyl sulfonic acids (PFSAs) and 8 perfluoroalkyl carboxylic acids (PFCAs)
in the eggs of great tits (Parus major) collected at a fluorochemical plant and in three
other areas, representing a gradient in distance from the pollution source (from 1
to 70 km), in Antwerp, Belgium.

The PFSA concentrations measured at the site of the fluorochemical plant were
among the highest ever reported in eggs with median concentrations of 10380 ng/g
(extrapolated), 99.3 ng/g and 47.7 ng/g for PFOS, PFHxS and PFDS respectively.
Furthermore, the median concentration of 19.8 ng/g for PFOA was also among the
highest ever reported in bird eggs. Although these concentrations decreased sharply
with distance from the fluorochemical plant, concentrations found in the adjacent
sites were still high compared to what has been reported in literature. Moreover,
based on what is known in literature, it is likely that these concentrations may cause
toxicological effects. PFOS was the dominant contributor to the PFSA and PFAAs
(63.4-97.6%) profile at each site, whereas for PFCAs this was PFOA at the plant site
and the nearest locations (41.0-52.8%) but PFDoDA (37.7%) at the farthest location.
Although there is some evidence that PFAAs concentrations close to the plant site
are decreasing in comparison with earlier measurements, which may be due to the
phase out of PFOS, more research is necessary to understand the extent of the

toxicological effects in the vicinity of this PFAAs hotspot.
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5.1 Introduction
Perfluoroalkyl acids (PFAAs) have been produced for more than 50 years. The strength

and stability of the C-F binding in combination with the hydrophobic and lipophobic
character of PFAAs lead to unique physicochemical properties. PFAAs applications
include fire-fighting foams, fast food packaging and surface coatings for carpets (Buck
et al., 2011, Kissa, 2001). PFAAs are highly persistent and may enter the environment
either directly or indirectly from environmental degradation of precursors (Buck et al.,
2011, Prevedouros et al., 2006). The widespread use of PFAAs has resulted in a global
presence in the environment, wildlife and even humans as described in many studies
(e.g., Butt et al., 2010, D'Hollander et al., 2010, Giesy and Kannan, 2001, Giesy and
Kannan, 2002, Houde et al., 2006, Miller et al., 2015).

The attention of regulatory agencies and researchers has focused on long chain
perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs),
because of their higher bioaccumulative potential compared to their short chain
analogues (Buck et al., 2011). They are particularly interested in the two most widely

known ones: PFOA (C;F1sCOOH) and PFOS (CgF17SOsH).

PFOS, PFOA and related compounds have been phased out by 3M, the major global
manufacturer, in 2002, due to their persistence, potential health effects and global
distribution. Furthermore, PFOS was included in the Stockholm Convention on
Persistent Organic Pollutants (POPs) in 2009. These measures, in most cases, appear
to be reducing PFOS environmental concentrations while concentrations of other

PFAAs are still rising (Ahrens et al., 2011c, Filipovic et al., 2015b, Miller et al., 2015).

Bird eggs have been used in multiple studies to monitor PFAAs concentrations in many
regions of the world (e.g., Gebbink a