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Abstract

The Arctic environment is considered a pristine area, however, the presence of contaminants
such as Per- and polyfluoroalkyl substances (PFAS) and mercury have been detected in the
environment and wildlife due to their potential to undergo long-range transport. These chem-
icals have proven to be persistent, toxic, and bioaccumulate in Arctic animals. Arctic char is
a suitable sentinel species for monitoring Arctic freshwater ecosystems due to its northern cir-
cumpolar distribution. The main objective of this study was to quantify the levels of steroid
hormones, PFAS, and trace elements in Arctic char from Lake Diesetvatnet. Moreover, the
study aimed to determine whether long-chained PFAS (≥ 8 carbons) dominated in the plasma
of Arctic char and to study the distribution of selected trace elements in various tissues from
Arctic char. Plasma samples were extracted for steroid hormones and PFAS with Hybrid
solid phase extraction (Hybrid SPE), and analyzed with ultra-performance supercritical fluid
chromatography-tandem mass spectrometry (UPSFC-MS/MS) and ultra-performance-liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS), respectively. A total of 41
trace elements in tissues from Arctic char were analyzed with inductively coupled-plasma
mass spectrometry (ICP-MS). The distribution of selected trace elements was investigated
with principal component analysis (PCA), and the concentration of trace elements Hg, Cd,
Pb, and As was statistically tested for elevated concentrations in the kidney and liver. Steroid
hormones androstenedione, testosterone, 5α-Dihydrotestosterone, and 11-Ketotestosterone
were observed in the plasma of Arctic char. In total, 9 PFAS compounds were observed
in the plasma of Arctic char including 6:2 FTS, PFNA, PFOSA, PFOS, PFDA, PFUnA,
PFDoDA, PFTriDA, and PFECHS which were dominated by carbon chain lengths C8 to
C13. PCA indicated that trace elements were differently distributed within tissues of Arctic
char. Kidney samples correlated strongly with trace elements Hg, Cd, Se, and Tl, and Cu
correlated with liver samples. The concentration of Hg in the kidney was significantly higher
than Hg in plasma, and Cd concentration in the kidney was significantly higher than Cd in
the brain, gonad, and hard roe, whereas As concentrations in the kidney and gonad were
significantly higher than As in red blood cells and plasma. No statistical difference in Pb
concentrations between tissues was found, and the liver tissue showed no significantly higher
concentrations of Hg, Cd, Pb, and As. The levels of PFAS and trace elements observed in
Arctic char from Lake Diesetvatnet were low but indicate the presence of contaminants that
have been long-range transported to Lake Diesetvatnet as there are no local contamination
sources in the vicinity of the Lake. Moreover, these results indicate that PFAS and the trace
elements Hg, Cd, and As exhibit the potential to accumulate in Arctic char.
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1 Introduction

1 Introduction

The Arctic environment is considered one of the most pristine areas on the globe due to its
remote location, untouched nature, and few local inhabitants. However, the presence of man-
made chemicals and elevated levels of trace elements such as mercury have been detected
in nature and wildlife in Arctic regions for several decades due to increased anthropogenic
activities at lower latitudes [1, 2]. Many of these chemicals have the potential to undergo
long-range transport from lower latitudes by wind and ocean currents and can therefore be
transported far away from the emission point [3].

Per- and polyfluoroalkyl substances (PFAS), which is a large group of fluorinated com-
pounds, have exhibited a variety of properties such as persistency, toxicity, and bioaccumu-
lation in wildlife [4, 5]. Moreover, some of the PFAS compounds have proven to biomagnify
in food webs in which high concentrations have been detected in apex predators such as
polar bears [6, 2]. As a consequence, Perfluorooctanesulfonic acid (PFOS) and its salts were
added to the Stockholm Convention in 2009 under “New POPs” and Perfluorooctanoic acid
(PFOA) and its salts followingly added in 2019 [4, 5]. Mercury, and especially the organic
form monomethyl mercury (MeHg+), has been of great concern due to the bioaccumulative
properties in fish and neurotoxic effects seen by the Minamata disaster in the 1950s due to
human MeHg+ poisoning. Even though mercury today is regulated by the Minamata Con-
vention adopted in 2013, which aims to protect the environment and human health against
mercury, high levels of mercury are still detected in wildlife in the Arctic [1, 7, 8]. Addi-
tionally, mercury levels have been postulated to increase in the future due to the thawing
of permafrost, changed biogeochemical cycling of mercury, and increased methylation, as a
consequence of global warming which occurs 3 times faster in polar regions than the global
average [8].

Most studies on levels of contaminants and adverse effects have been conducted in marine
ecosystems in the Arctic, but the information available on Arctic freshwater systems is still
scarce [2, 1, 6]. Arctic Lakes are characterized by low nutrient input, primary production,
and biodiversity [9, 10]. Moreover, Arctic Lakes have simple food webs with Arctic char
(Salvelinus alpinus) as the apex predator of these ecosystems [11]. Arctic char is a fish
species with a northern circumpolar distribution and is, therefore, a suitable sentinel species
for Arctic freshwater ecosystems. Additionally, Arctic Lakes are closed aquatic systems that
can become a deposit of a mixture of contaminants transported from lower latitudes [12].

The main objective of this study was to quantify the levels of Per- and polyfluoroalkyl sub-
stances (PFAS), trace elements, and steroid hormones in Arctic char from Lake Diesetvatnet
at Svalbard. Lake Diesetvatnet is suitable for studying the impact of long-range transported
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contaminants to Arctic freshwaters due to the remote location and the absence of local point
contamination sources. Moreover, this study will investigate whether long-chained PFAS (≥
8 carbons) dominate in the plasma of Arctic char compared to short-chained PFAS (< 8
carbons) by empirical study. And lastly, the distribution of selected trace elements; Hg, Cd,
Pb, As, Cu, Zn, Ni, Cr, Se, Co, Mn, and Tl in various tissues including the brain, gonad,
hard roe, liver, and kidney of Arctic char will be studied and investigated with multivariate
principal component analysis. Additionally, non-essential trace elements including Hg, Cd,
Pb, and As are expected to be present at elevated levels in the kidney and liver. This will
be statistically tested by the null hypothesis: "There is no significant difference in levels of
Hg, Cd, Pb, and As in the kidney and liver of Arctic char compared to the other collected
tissues" against the alternative hypothesis: "There is a significant difference in the levels
of Hg, Cd, and Pb in the kidney and liver of Arctic char compared to the other collected
tissues".

To the best of my knowledge, contaminants in Arctic char from Lake Diesetvatnet has not
been extensively studied previously, apart from the Ymer expedition in 1980 that collected
two Arctic char samples in the vicinity of Lake Diesetvatnet in which persistent organic
pollutants were analyzed [13]. However, this is more than 40 years ago, and new contaminants
have been introduced to the environment since then. This project outcome consists of a new
batch of innovative data on contamination in Arctic char and supports the scientific research
of Arctic freshwater ecosystems. Additionally, other trace element levels except for mercury
in various tissues of Arctic char have been poorly represented in the literature, this study will
therefore add to the database of elemental levels in Arctic char. Muscle tissue is often sampled
as this is relevant for human consumption. However, muscle tissue is not always sufficient
to indicate trace element contamination in the fish due to the weak accumulating potential
in this tissue [14, 15]. Therefore, sampling other tissues related to detoxification including
the kidney and liver might provide better information about the bioaccumulative potential
of some trace elements. Additionally, Svalbard is one of the locations that are particularly
understudied in terms of freshwater ecosystems compared to other locations in the Arctic,
such as Greenland and Canada, therefore more scientific data on Arctic freshwaters from this
region will be provided [8, 6, 2]. Moreover, this research is important from the perspective
of human health as it will bring knowledge to local inhabitants that might consume Arctic
char as a part of their diet.
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2 Theoretical background

2.1 Long-range transport of contaminants to the Arctic

The Arctic environment is often considered a pristine area. However, several studies have
reported contamination in different environmental matrices indicating levels well above back-
ground levels of trace elements and persistent organic pollutants (POPs) originating from
anthropogenic activities at lower latitudes [1, 2, 16]. Svalbard archipelago, which is located in
the high Arctic, has become a reservoir of contamination because of its specific environmental
conditions and geographic location.

Contamination is transported to the Arctic over long distances due to mass movements
of air and water [3]. Moreover, migrating species have also been identified as conveyors of
contaminants to the Arctic. In locations where migrating seabirds are nesting elevated lev-
els of contamination have been detected in soil, freshwater, and fish [17]. The importance
of the various transport routes depends on the physiochemical properties of the contami-
nants and environmental factors [3]. Physio-chemical properties that affect contaminants
transport and distribution in the environment are; vapor pressure, polarity, water-solubility,
persistence, octanol-water partition coefficient (KOW), and to which extent adsorption to
particles occurs [18]. Environmental factors that influence the transport and distribution of
contaminants are temperature, wind speed and direction, and water currents. During the
winter there is a greater air mass transport to the Arctic where increased concentrations of
aerosols in the lower atmosphere have been observed [3]. This has been described as the
Arctic Haze phenomenon. The haze derives from long-range atmospheric transport (LRAT)
of anthropogenic emissions at lower latitudes, and usually appears in late Winter and early
Spring concurrent with the polar sunrise [19]. The Arctic haze consists of sulfate, sea salts,
crustal materials, black carbon, and trace amounts of heavy metals and organic contami-
nants [20]. Stronger air mass flow combined with reduced vertical mixing, less precipitation,
and the absence of photochemical reactions during the polar night traps the pollutants in
the atmosphere in the Arctic during wintertime [19]. Moreover, the mode of emission af-
fects the fate of contaminants distribution in the environment, i.e in which environmental
compartment the release of contaminants occurs during production, use, or disposal [18].
Examples of primary emissions routes are the leaching of pesticides used in agriculture into
the soil and the emission of polycyclic aromatic hydrocarbons (PAHs) into the atmosphere
by fossil fuel burning. In addition, secondary sources of pollution are becoming increasingly
important with climate change, especially in the Arctic where warming occurs at a rate
higher than the global average (Figure 1) [21]. Secondary emission sources are defined as the
remobilization of contaminants from environmental reservoirs e.g. melting glaciers, thawing
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permafrost, and forest fires. With that being said, environmental compartments such as
the hydrosphere, cryosphere, and terrestrial compartments are in continuous exchange with
the atmosphere, independent of climate change. However, increased warming is postulated
to increase secondary emissions and redistribute pollutants in environmental compartments
[18, 22, 21]. These secondary emission sources could be a significant contributor of contam-
inants to Arctic Lakes.

Many POPs such as polychlorinated biphenyls (PCBs), organohalogenated compounds
(OHCs), and PAHs are subjected to LRAT. The potential for POPs to undergo LRAT has
been suggested to depend on the volatility of the compounds as well as the ambient tem-
perature. There are several proposed mechanisms for LRAT of contaminants to the Arctic
[23]. The Global distillation theory suggests that compounds are fractionated in the atmo-
sphere due to different vapor pressures, and therefore, are dispersed and mobilized to various
latitudes [3, 23]. The "grasshopper effect" is a process defined as repeated cycles of volatiliza-
tion, transport, and deposition (multi-hopping) of compounds before final deposition into
environmental compartments [23]. Various compounds have different vapor pressure and
subsequently different mobility. Volatile or semi-volatile compounds travel longer distances
compared to less volatile compounds that will rapidly partition into environmental compart-
ments such as water, snow, ice, soil, or vegetation. Moreover, transport is also dependent on
the ambient temperature, as warmer temperatures at mid-latitudes favor evaporation, and
cooler temperatures at high latitudes favor deposition from the atmosphere to terrestrial or
oceanic compartments. Another important factor that affects a compound’s ability to un-
dergo LRAT is the octanol-air partition coefficient, KOA, which describes the concentration
ratio of the compounds in octanol and air at equilibrium [23]. LRAT has been considered
the main pathway for volatile and semi-volatile POPs to reach the Arctic, however, ocean
currents may be the dominant transport pathway over decadal time scales for some chemicals
[18]. This hypothesis can be supported by high levels of contaminants found in high Arctic
Lakes, that are not connected to the Ocean system or inhabited by migrating birds, which
can only be explained by atmospheric transport [3].
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Figure 1: Global cycling patterns of POPs with enhanced secondary sources under climate change.
Panel (a) shows the conceptual patterns of “grasshopper effect” for POPs as they are transported
from low latitudes to polar regions. Panel (b) illustrates sources of POPs that are released through
primary emission. Panel (c) - (f) are the detailed redistribution processes from secondary sources of
POPs between environmental compartments, including (c) air-soil exchange, (d) air-water exchange,
(e) air-forest exchange, and (f) air-cryosphere exchange. Figure adopted from Gong, P., and Wang,
X. (2022) under the Creative Common lisence [21]

2.2 Local contamination sources at Svalbard

Long-range transport of pollutants is the major contributor to contaminants in the Norwe-
gian Arctic, however, there exist several minor local pollution sources at Svalbard. There
are a few permanent settlements in Svalbard, the main settlement is Longyearbyen which
has around 2400 residents. In addition, there are a few smaller residential areas such as
Ny-Ålesund, Sveagruva, and Barentsburg. All of these settlements were originally min-
ing localities, however, Ny-Ålesund became a research center after 1964, and Longyearbyen
serves as a tourism and research location. There are a few local point pollution sources in
these settlements, in Longyearbyen mine 7 is still in operation, mine 7, and the coal power
plant that supplies inhabitants with power. The coal mining and power plant have shown
to emit organic contaminants such as PAHs and potentially toxic trace elements such as
lead (Pb) and mercury (Hg) [24, 25, 16]. In Longyearbyen, the wastewater goes directly
into Adventsfjorden untreated, and the wastewater has shown to contain a wide range of
contaminants; including both heavy metals and Per- and polyfluoroalkyl substances (PFAS)
[26, 27]. Moreover, fire-fighting training sites (FFTS) have been identified as local point
sources for PFAS contamination both in Longyearbyen and Ny-Ålesund settlements. In ad-
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dition, a sewage treatment facility at Ny-Ålesund close to Solvatnet has also been identified
to contribute to PFAS contamination [28]. Solvatnet, which is located close to the settlement,
is a freshwater pond that provides an important bird sanctuary [29]. In 2015, a small-scale
wastewater treatment plant (WWTP) was installed in Ny-Ålesund settlement by Kings Bay
AS [30]. This recently installed WWTP has shown to be effective in retaining microplastic
from the wastewater shown by a pilot study conducted by Granberg et al. (2019), however,
it still may constitute a point source of pollutants the to Kongsfjorden area [30, 31]. The
Zepplin station at Ny-Ålesund have been monitoring several PFAS compounds in airborne
particles which have shown that the concentrations are higher during the spring and sum-
mer [6].Additionally, trace elements have also been detected for a long time at the Zeppelin
station, and a seasonal trend observed shows increased concentrations which coincide with
the Arctic haze that appears in early Spring [32, 33].

2.3 Bioaccumulation, biconcentration, and biomagnification

Bioaccumulation is defined as the accumulation of contaminant(s) in an organism through
ingestion of food or inhalation of the ambient air, whereas bioconcentration is a term that
describes the accumulation of contaminants in aquatic organisms through passive diffusion
from the water [15]. As a consequence, the concentration in organisms exceeds that of the
ambient environment or that in the ingested food. Accumulation is a result of the toxi-
codynamics of a compound in an organism, i.e. the rate of absorption is higher than the
rate of elimination for the contaminant [34]. Bioaccumulation and bioconcentration can be
expressed as the bioaccumulation factor (BAF) and bioconcentration factor (BCF), respec-
tively, which is the ratio of the concentration of a contaminant in the organism compared
to that in the surrounding environment. For lipophilic compounds, bioaccumulation can
be described by the logarithm10 of the KOW (log KOW). Chemicals with a log KOW > 5
are considered to have the potential to bioaccumulate [35]. However, this bioaccumulation
criteria is not suitable for all types of contaminants. Some contaminants accumulate based
on other properties, i.e. PFAS with affinity for proteins [36, 37, 38]. Biomagnification is de-
fined as the enrichment of a contaminant concentration with the trophic levels in a food web
[15]. This process results from the accumulation of the contaminant from prey to predator
successively throughout the food web up to the apex predator whose concentration can be
several orders of magnitude compared to that in the primary producers. Biomagnification
can be determined in a food web by measuring contaminant tissue concentrations at each
trophic level, and the trophic level is determined by measuring the ratio of stable nitrogen
isotope (δ15N) [38, 15]. The biomagnification factor (BMF) can then be calculated, and a
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BMF > 1 indicate biomagnification in a food web.

2.4 Per- and polyfluoroalkyl substances

2.4.1 Physio-chemical properties

Poly- and perfluoroalkyl substances (PFAS) are a group of compounds that are of anthro-
pogenic origin. PFAS are composed of fluorinated carbon chains of different lengths and
functional groups, which can be partly or fully fluorinated alkyl chains. The highly elec-
tronegative and small atomic size of fluorine provides a short, strong, and polar C-F bond,
resulting in the high chemical and thermal stability of PFAS. Moreover, fluorine’s low po-
larizability creates low surface tension and weak cohesive forces of fluorocarbons [39]. PFAS
are amphiphilic compounds that are immiscible with water. Functional groups such as car-
boxylic acid group (-COOH), and sulfonate group (-SOH3) are added to make the compounds
more hydrophilic [6]. These physio-chemical properties provide PFAS with surfactant-like
properties as well as water- and oil repellency, which makes them applicable for various in-
dustrial and commercial applications. In addition, the electron-withdrawing force of fluorine
makes the C-C skeleton strong and stable, which has resulted in PFAS being ubiquitous and
persistent in the environment [40].

There are several sub-groups of PFAS based on their functional groups. Two of the most
studied PFAS compounds are Perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic
acid (PFOA) which belong to Perfluoroalkyl sulfonates (PFSA) and Perfluorocarboxylates
(PFCA) subgroups, respectively (Figure 2).

Figure 2: Chemical structure of Perfluorinated compounds; a) Perfluorooctane sulfonate (PFOS)
and b) Perfluorooctanoate (PFOA). Made with ChemDraw Professional 16.0.

Another large subgroup of PFAS is the Fluorotelomer alcohols (FTOH), which are consid-
ered neutral precursors of the more stable acidic compounds, PFCA [41]. Other neutral PFAS
are perfluoroalkyl sulfonamides (FASA) and N-ethyl perfluorooctane sulfonamidoethanol (N-
EtFOSE) [42, 43]. Many of the neutral precursor compounds are less water-soluble and
more volatile than ionic PFAS. Long-range transport and subsequent degradation in the
atmosphere or biota of these neutral precursors to the more persistent PFCA and PFSA
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compounds have been suggested to be an important mechanism for the distribution of these
compounds in the environment.

A distinction is often made between long-chain PFAS (6 C ≥ for PFSA and 8 C ≥ for
PFCA) and short-chain PFAS (6 C < for PFSA and 8 C < for PFCA), as their environmental
fate among others are dependent on chain length and functional group, which determine
the partitioning of PFAS in environmental matrices such as air, water, soil, sediment, ice,
snow, and biota [44]. PFCA and PFSA both have low acid dissociation constants (Ka) and
are almost fully ionized under most environmental conditions. As anionic substances, the
PFCA and PFSA easily bind to proteins and phospholipids, these compounds are therefore
found at elevated concentrations in biological tissues such as the blood, liver, and kidney.
Long-chained PFAS has shown to have a strong affinity to sediment particles, whereas short-
chained PFAS are often found in the dissolved phase [45, 46]. Partitioning has shown to
vary with environmental conditions, e.g. organic carbon content and pH, with increased
sorption with organic carbon content. As a consequence, short-chain PFAS have a higher
potential for long-range transport, while long-chained PFASs are preferentially distributed
in biota or abiotic environments such as sediment and soil [44]. Long-range transport of
PFAS to remote areas such as the Arctic has been explained by two processes: (i) transport
by ocean currents and (ii) atmospheric transport that result in oxidative transformations
and degradation and subsequent wet and dry deposition of airborne precursors (Figure 3),
such as FTOH and sulfonamide ethanol (EtFOSE) [47, 48]. Smog chamber studies have
demonstrated that FTOH can degrade into various PFCA in the atmosphere [49]. Ionic
PFAS that have higher water solubility, are mainly distributed in surface waters [50, 51].
Both PFCA and PFSA have been detected in global oceans and in remote lakes [52, 53].
Secondary sources of PFAS, such as the melting of glaciers, snowpacks, and sea ice have
become increasingly important as a contribution to redistributing PFAS in the environment
and have shown to be an important source of input of PFAS compounds to Arctic Lakes
[54, 53].

2.4.2 History of PFAS - Source, production, use

PFAS is a group of chemicals that have been produced since the late 1940s. Due to their
versatile properties such as high thermal stability, chemical inertness, dielectric strength, and
hydrophobic- and lipophobic properties they are used in a wide range of products. PFAS
are used in products such as surfactants and polymers. In polymers, they are used as water-
and oil-repellent treatment in textile and food-contact paper. Due to PFAS’s ability to
lower aqueous surface tensions, they are used in emulsifiers and dispersants such as aqueous
film-forming foams (AFFF) used as fire extinguishers at FFTS [6]. Other uses are electrical

8



2.4 History of PFAS - Source, production, use

Figure 3: Major transport pathways of PFAS (PFCs) to the Arctic environment. Figure adopted
from Butt et al. (2010) with permission from Elsevier [55].

insulations, non-stick coating (e.g. Teflon), lubricants for skis, anti-reflective coatings, and
membranes for Chlor-alkali production. In 2018, the OECD/UNEP report identified 4730
different PFAS substances [56]. However, Buck et al. only identified 256 of these substances
as commercially relevant, meaning substances used in commercial products [57].

There are two main methods for PFAS production (Buck et al. 2011); electrochemical
fluorination (ECF) and telomerization [57]. In ECF, all the hydrogen atoms of the parent
compound are replaced by fluorine by conducting electrolysis in anhydrous hydrogen fluoride
(HF). The ECF process can lead to carbon chain rearrangement and breakage because of
the free radical nature of the process, resulting in the synthesis of a mixture of linear and
branched isomers and other fluorinated bi-products. The 3M company began large-scale
production of PFCA with 8 ≥ carbon atoms in 1947 using the ECF process. Later on, they
started producing perfluorooctane sulfonyl fluoride (PFOSF) based products such as per-
fluorooctanesulfonamide ethanols (FOSE) and PFOS. In the telomerization manufacturing
process, perfluoroalkyl iodide reacts with tetrafluoroethylene resulting in mixtures of perflu-
oroalkyl iodide with longer perfluorinated chains than the raw material. When the starting
material is linear, the end product will also be linear. This method has been used for PFAS
production since the 1970s by various companies for the production of FTOH and PFCA.

PFAS have been produced in large quantities for decades before their ubiquitously in the
abiotic environment and biota was discovered around the 1990s and early 2000s [58]. The 3M
company phased out production of long-chain PFCA and PFSA voluntarily around 2000, and
measures have been taken by international authorities to regulate the production and use of
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PFAS compounds. In 2009, PFOS, its salts, and Perfluorooctane sulfonyl fluoride (PFOSF)
were listed under Annex B (Restriction) in the Stockholm Convention of New POPs because
of their persistent, toxic, bioaccumulative properties, and potential for long-range transport
[4]. Eventually, PFOA, its salts, and other related compounds were listed under Annex A
(Elimination) in 2019 [5]. Perfluorohexane-1-sulfonic acid (PFHxS), its salts, and PFHxS-
related compounds were proposed for listing in the Stockholm Convention by Norway in 2017
but are still under review [59, 60]. Even though some PFAS compounds have been eliminated
and restricted in production and use, new replacement compounds have been produced, with
unknown effects. A recent trend among the global PFAS producers is to replace the long-
chain PFSA and PFCA with shorter-chain homologs or other types of fluorinated chemicals
[61]. An example is the dimer acid of hexafluoropropylene oxide (HFPO-DA), an ether-
based replacement compound for PFOA that has been increasingly studied over the last
years. This compound is also marketed as its ammonium salt under the trade name GenX
and has been used in the manufacturing of fluoropolymers [60, 61]. In China, compounds
named chlorinated polyfluorinated ether sulfonate (F-53) and 6:2 chlorinated polyfluorinated
ether sulfonate (F-53B) have been replaced by PFOS salts in the metal plating industry, and
the 3M company started producing AFFF based on gaseous fluorinated ketones and 6:2
fluorotelomers (6:2 FTS) after the phase-out of PFOS and PFOA [61]. Short-chain PFAS
has shown to be more water-soluble and has less affinity to particles, as a result, they are more
mobile than the legacy PFAS compounds. However, some of the replacement compounds
have shown to be equally or even more toxic than the original PFAS compounds that were
replaced.

Figure 4: Chemical structure of Perfluorohexane-1-sulfonic acid (PFHxS). This compound and
other PFHxS-related compounds are still under review by the Stockholm Convention. Made with
ChemDraw Professional 16.0.

2.4.3 PFAS in freshwater environments

Studies on PFAS in Arctic Lake environments indicate that there are different sources of
PFAS input to Arctic Lakes and that the location is an important factor affecting the PFAS
levels. Freshwater environments that are located in the vicinity of point pollution sources
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such as airports or FFTS have higher levels of PFAS in both the water column and in the
sediments which has been demonstrated by a study conducted by Lescord et al. (2015) that
analyzed six different Lakes in Canada in which two of the Lakes had higher PFAS contam-
inant loads due to the proximity of airports [46]. Lakes that mainly receive PFAS through
LRAT generally have lower levels of PFAS. Several studies also highlight the importance of
hydrological input as a vector of PFAS to the Lakes. Meltwater from glaciers, snowpacks, and
thawing permafrost, i.e secondary emission sources, are repositories for atmospheric PFAS
deposition that contributes to redistributing PFAS in the Arctic environment [22, 62, 53, 63].

2.4.4 Levels and toxicological effects of PFAS in fish

PFAS compounds are ubiquitous in the Arctic environment and wildlife [6]. Most studies
have been conducted on marine species and food webs, especially on top predators such
as polar bears and seabirds. However, there is limited knowledge about Arctic freshwater
ecosystems and species, such as Arctic char [55]. In wildlife studies, PFOS is the most
frequently detected compound found in the highest concentration [55, 6]. PFOS, Perflu-
orononanoic acid (PFNA) and Perfluorodecanoic acid (PFDA) are frequently detected in
freshwater fish. PFOA on the other hand is not commonly detected in fish, but there are
reports on longer chain PFCA such as Perfluoroundecanoic acid (PFUnA) and perfluorote-
tradecanoic acid (PFTA) that have been detected, however, infrequently. Levels and PFAS
compounds that have been detected from previous studies in Arctic char are listed in Table
A.1 [40, 46, 64, 65, 66].

Toxicokinetics is dependent on several factors inherent of the fish including gender, age,
life stage, and genetics [34]. Additionally, there might be considerable species differences in
the absorption, elimination, distribution, and metabolic capacities of fish. Moreover, diet,
habitat, and location are also important, especially for ecosystems located close to point
pollution sources [46]. The toxicokinetic and toxicodynamic effects are also dependent on the
physio-chemical properties of the chemical, i.e. for PFASs; carbon chain length, functional
group, and whether the compound is ionic or neutral.

One of the uptake routes of waterborne contaminants for fish is directly through the gills
or skin, which could occur for water-soluble PFAS [37, 67]. Moreover, PFAS can bioaccu-
mulate in fish through exposure to diet [36]. The importance of the two uptake pathways
is uncertain and might vary depending on fish species, physio-chemical properties of the
contaminants as well as the habitat and diet [36]. Elimination of contaminants in fish oc-
curs through the gills as a passive excretion pathway, or as active excretion by the kidney
and the bile [68]. The importance of the different elimination pathways depends on the
physiochemical properties of the compounds and might vary between species.
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Studies on bioconcentration and tissue distribution of PFAS compounds have found that
the BCF, half-life, and uptake rate increase with perfluoroalkyl chain length in all tissues,
and that PFSA has higher accumulating properties compared to PFCA [37]. The highest
concentrations of PFAS have found in blood, liver, and kidney, whereas lower concentrations
are found in gonad, muscle, and adipose tissue [37]. Unlike the legacy POPs that tend to
bioaccumulate in lipid-rich tissues, PFAS accumulate in protein-rich tissues [6]. In humans,
it has been reported that the serum protein albumin is important for binding with PFAS, as
well as fatty acid binding proteins (FABP) found in the liver, and organic anion transporter
(OATs) proteins [69]. The serum half-life of PFAS has been reported to be several years in
humans, however, only days in fish [70, 71]. Bioaccumulation of the longer chained PFAS
have been proven for several species in the Arctic wildlife [6]. Additionally, the functional
group of PFAS might affect the internal distribution in fish [72]. Moreover, several studies
have indicated that short-chain substitutes for legacy PFAS such as Perfluorobutanoic acid
(PFBA), Perfluorobutanoic acid sulfonate (PFBS), and GenX, might have shorter half-lives
and are eliminated faster [73, 74]. Lower bioaccumulative properties of the short-chain PFAS
could be a result of greater water-solubility [73]. Studies have also indicated species-specific
differences in uptake rates, total uptake, and elimination rates of PFAS [37]. Moreover,
the route of exposure has proved to determine tissue distribution, total body burden and
elimination rate [37, 36]. Fish exposed through the diet tend to have the highest PFAS
concentrations in the liver, followed by blood and kidney, whereas fish exposed through the
water have higher concentrations in blood compared to kidney and liver [37, 71].

In fish, adverse effects on the reproductive system and multigenerational effects including
increased deformity and mortality in embryos have been observed. Moreover, growth sup-
pression and vitellogenin induction in males have also been found [75, 76, 77]. Histological
alterations to tissues such as the liver, thyroid, and gonads have been observed at PFOS con-
centrations of 10-300 µg L−1 [75]. A substitute of PFOS, F-53B, has shown to bioaccumulate
in zebrafish and induce histopathological changes in the liver, and a reduction in the activity
of oxidative stress-related biomarkers [78]. In addition, there have been reports indicating
alterations in gene expression related to steroidogenesis [79]. There are also several studies
suggesting that some PFAS compounds might be endocrine disrupting chemicals (EDCs),
affecting both thyroid- and sex-hormones [80, 81, 77, 82]. These findings highlight the fact
that there are multiple toxicity outcomes, and that there are potential species differences in
the effects. Many of these mentioned exposure studies have only looked at the exposure of
single compounds or simple PFAS mixtures [76]. Moreover, in reality, organisms are exposed
to a complex mixture of contaminants that could alter toxicity outcomes, either by leading
to synergistic, antagonistic, or additive effects, also known as "cocktail effects".
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2.5 Trace elements

A wide range of elements compromise the Earth’s crust and therefore exist in natural back-
ground levels. However, the levels of different elements can vary widely between environmen-
tal compartments as well as between locations. Elements are redistributed naturally in the
environment by geological and biological cycles, and the hydrosphere is transporting elements
from the crust to the biosphere, where elements can accumulate in plants and organisms,
and eventually be incorporated into the food chain [34]. However, human activity has led
to increasing levels of trace elements released into the environment due to activities such as
mining, farming, and fossil fuel burning [83]. This has resulted in various elements becoming
available at higher levels in several environmental compartments such as the atmosphere,
hydrosphere, and biosphere [83]. Increased distribution and discharge of specific elements
have raised concern due to negative effects seen in terrestrial and aquatic organisms, and in
humans [84, 1].

In analytical chemistry, trace elements are defined as elements that exist in a concentra-
tion < 100 µg g−1 [83]. In biological systems, elements can be divided into three categories;
major elements such as carbon, hydrogen, nitrogen, and oxygen; minor elements comprising
calcium, chlorine, magnesium, phosphorus, potassium, sodium, and trace elements which
can be further be dived into essential and non-essential trace elements. Essential trace ele-
ments are substances that are crucial for biological life concerning growth and development
and are often required in a specific concentration range for an organism to be in homeostasis
[34, 83]. Both deficiency and exceedance of the required concentration may provide toxic
effects. Some trace elements that are essential for human and animal life are copper (Cu),
zinc (Zn), iron (Fe), manganese (Mn), selenium (Se), and cobalt (Co). In contrast, non-
essential trace elements that have no known biological functions can produce toxic effects
even at low concentrations. Examples of elements that are toxic for most biological life are
mercury (Hg), cadmium (Cd), lead (Pb), and arsenic (As). Because these elements have
been shown to exert toxicity at low concentrations in both aquatic organisms and humans,
these elements will be the main focus of this thesis. However, several studies have indicated
that some essential trace elements might be exceeded at some locations in fish, therefore,
this study will also look into a selection of essential trace elements.

2.5.1 Sources, input, and cycling of trace elements in freshwater ecosystems

Major sources of anthropogenic atmospheric emission of trace elements are fossil fuel combus-
tion, non-ferrous metal production, and waste incineration [84]. Coal combustion releases
chromium (Cr), Hg, Mn, antimony (Sb), Se, tin (Sn), and thallium (Tl), while the com-
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bustion of gasoline is a source of lead (Pb). However, the release of Pb from gasoline has
rapidly decreased since the 1980s due to conversion to unleaded gasoline. Oil combustion
is a source of nickel (Ni) and vanadium (V). Non-ferrous metal production releases arsenic
(As), cadmium (Cd), Cu, indium (In), and Zn, and waste incineration have shown to release
heavy metals such as Cd, As, Cr, Pb [84]. Another important source of mercury emission is
small-scale gold mining, which has been identified as a greater source than earlier anticipated
[1, 8]. In addition, metal mining and smelting are also contributing sources of heavy metals.
Moreover, today mercury is regulated through the Minamata Convention on Mercury which
is a global treaty that was adopted in 2013 and entered into force in 2017 [7].

The physical and chemical forms of trace elements released impact their behavior, trans-
port, and fate. The majority of elements are emitted as aerosols with different particles
size, in the gaseous phase, or a mix of both [84, 3]. The distance they are transported is
dependent on particle size and solubility in which larger elemental particles deposits closer
to the pollution source. However, other environmental factors such as temperature, wind,
and precipitation conditions also impact the distance they travel [84]. Elements emitted
as gases are more prone to undergo LRAT. For example, gaseous elemental mercury (Hg0,
GEM), which has a lifetime of approximately 1 year in the atmosphere, is transported to
the Arctic by air currents within a few days [1]. Moreover, it has been estimated that an-
thropogenic activity is contributing to two-thirds of the atmospheric Hg [1]. Besides, Hg
exists in several oxidation states in addition to GEM; inorganic divalent form (Hg2+) and
organic forms in which monomethyl mercury (MeHg+) is the most common organic form
of Hg. Pb and Cd have also proven to undergo LRAT to the Arctic, and Cd has exhibited
similar transport pathways as Hg even though this element is released primarily as aerosols
rather than in the gaseous state [84]. When elements have been transported to the Arctic,
they are subsequently sequestered from the atmosphere by wet or dry deposition. Hg has
been linked to increased deposition during polar sunrise described as atmospheric mercury
depletion events (AMDE), a phenomenon first reported by Schroeder et al. (1998) [85]. A
change in the oxidation state of GEM occurs due to increased ozone and reactive halogen
species in the atmosphere such as bromine (Br−) and chlorine (Cl−) leading to oxidation of
GEM to Hg2+ that is subsequently deposited. On the contrary, Cd deposition occurs due to
the aggregation of particles together with fog droplets and sea salt aerosols [84].

In freshwater ecosystems snowmelt has been identified as an important contributor to
the input of Hg, where concentrations have been measured highest early in spring [86].
Moreover, thawing permafrost has been suggested as a potential source for the input of Hg
to Lake ecosystems, as permafrost has been identified as a reservoir of Hg [1]. The location of
freshwaters also determines the input and concentration of trace elements, and concentrations

14



2.5 Levels of trace elements and toxicological effect in fish

are usually highest in locations close to point pollution sources such as mining and smelting
industries [87]. The concentration and speciation of trace elements affect the bioavailability
and subsequently the toxicity of these elements to fish. Elements in soluble fraction or as
ionic species are more readily bioavailable [15]. Several factors affect the concentration and
speciation of trace elements in freshwater environments. Firstly, the local bedrock determines
which elements are enriched in the environment. At Mitra peninsula at Svalbard, there is a
metamorphic rock type with a mix of marble, phyllite, metapelitic schist, and small amounts
of quartzite. Metamorphic rocks are chemically altered products of sedimentary or igneous
rocks, and metamorphism takes place under high temperature and pressure for a long time
in the interior of Earth’s crust [88]. These types of rock consist of major elements such as
C, Si, Al, and Mg and minor trace elements such as Fe, Cu, Sr, Ni, Zn. Moreover, water
parameters such as ionic strength, water hardness (Ca2+ concentration), organic matter, pH,
redox potential, and valence state of the elements determine the speciation [15, 84, 89, 90, 91].
Organic matter and pH determine the retention of elements in sediments and the water phase,
where a decrease in pH increases the ionic concentrations of elements [92]. Elevated levels
of several trace elements in freshwater environments have been associated with particulate
organic matter and vegetation, and concentrations in sediments of freshwater are generally
higher than in the waterbody [87, 93, 84]. Additionally, the Hg concentration might depend
on the size of the Lake catchment area which is an indicator for the input of atmospheric
wet and dry deposition [94, 95, 91].

The cycling and speciation of Hg in freshwaters are influenced by microbes that are
involved in altering Hg speciation. Microbes methylate dissolved Hg2+ to MeHg, and the
production of MeHg is of high concern due to this compound’s high toxicity and biomagin-
fying properties displayed in Artic food webs [1]. Methylation mainly occurs in the top part
of the sediments where there are increased levels of organic and particulate matter, but, can
occur in the water column as well [92]. Moreover, demethylating bacteria also exist, in which
MeHg is demethylated to Hg2+. Two factors are known to activate the methylation process;
decreased pH and dissolved organic matter (DOM) content in the water [96]. Photochemical
transformations of Hg also play a key role in modifying the speciation, mobility, and toxicity
of Hg in freshwaters. Hg2+, which is a reactive species, can be photochemically reduced to
Hg0 which results in the evasion of Hg from freshwaters, while oxidation of Hg0 results in
retention of mercury in freshwaters. Some studies have indicated that there is increased Hg
reduction in freshwaters compared to marine waters, and that reduction of Hg in freshwaters
is mainly due to photoreduction, and not attributed to demethylation [97, 98].
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2.5.2 Levels of trace elements and toxicological effect in fish

The chemical speciation of trace elements affects their bioavailability and toxicity. Generally,
trace elements dissolved in the water phase as ions are more bioavailable and toxic. The
uptake of trace elements in fish depends on both physiological factors inherent to the fish and
the aquatic environment. Dissolved trace elements are mainly taken up by the gills or through
the skin. When trace elements are absorbed by the gills, they can either be eliminated back
to the water phase or distributed to other tissues such as the liver for incorporation into
the metabolism or detoxified. Moreover, trace elements can also be taken up through the
diet, where trace elements are absorbed by the alimentary tract. Additionally, the uptake
rate is determined by the concentration of trace elements in the ambient environment and
habitat conditions, as well as dietary concentrations [92]. For example, wild fish are primarily
exposed to MeHg through their diet (≥ 90% of total uptake) [99, 100]. Most of the MeHg
in ingested food is absorbed across the intestine with uptake efficiencies up to 80% and then
transferred to the blood [99]. MeHg circulates in the bloodstream and is further distributed
to tissues and organs with a high affinity for MeHg. Initial concentrations of MeHg in fish
are greatest in the blood, spleen, kidney, and liver. However, after a few weeks, MeHg is
redistributed and found to accumulate in skeletal muscle bound to cysteine, an amino acid
[101, 102]. Uptake of MeHg through the gills is less efficient with only 15% absorption
[100]. Elimination of MeHg from fish is generally slow, where the half-life of MeHg has
been suggested to be approximately 490 days [103]. When the elimination rate is slower
than the uptake rate bioaccumulation will occur over time [104]. Fish also seem to have
fewer defense mechanisms against MeHg compared to mammals which have shown to exhibit
demethylation mechanisms in the liver which favors more readily elimination of Hg [105].
Moreover, both essential and non-essential trace elements exhibit greater accumulation in
metabolic active tissues such as the liver, kidney, and gills compared to other types of
tissues such as muscle and skin [15]. Greater accumulation in these tissues can be explained
by their role in the detoxification of toxic elements. In addition, the liver and kidney have a
higher occurrence of metallothionein (MT), which is a family of cysteine-rich proteins that
sequesters heavy metals such as Hg, Cd, Pb, and Cu [14].

Bioaccumulation of trace elements is often greater in freshwater fish than in marine fish
species. Studies have found that landlocked Arctic char accumulates higher concentrations
of Hg compared to anadromous Arctic char [106, 107, 108]. In anadromous Arctic char
biomass dilution of Hg concentrations has been observed with increased growth and size [84].
Hg concentrations have been found to correlate positively with age, length, trophic position,
size, lipid content, body condition, and diet [109, 110, 91, 111]. Additionally, diet is an
important factor that affects the bioaccumulation of trace elements in fish. For example,
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some studies have found that benthic invertebrates have higher levels of Hg compared to
pelagic invertebrates [112]. Additionally, an increase in bioaccumulation of Hg has been
observed for landlocked Arctic char that have become cannibalistic, due to a shift in a diet
at a higher trophic level [113]. Bioaccumulation of trace elements is also dependent on abiotic
environmental factors. Higher concentrations of organic matter and humic acids have shown
to increase the bioavailability of Hg for uptake as it increases the retention of Hg in the
water phase [92, 91, 84]. Increased bioaccumulation has also been observed with decreased
water pH for several trace elements such as Hg, Cd, Pb, Al, Ni, and Cu, and an increased
water temperature has been suggested to affect the uptake of trace elements such as Cd and
Pb and is mainly attributed to increased metabolic rate in the summer season [89, 92, 90].
Additionally, bioaccumulation of Hg might depend on the size of the Lake catchment area
which is an indicator for the input of atmospheric wet and dry deposition [94, 95, 91].

Toxic outcomes observed in fish by exposure to MeHg are changes in biochemical pro-
cesses, damage to cells and tissues, and reduced reproduction [104]. Moreover, MeHg has
been linked to sublethal effects such as reduced growth, development, and behavioral changes
[114]. Cd toxicity is often related to kidney dysfunction and nephrotoxicity [92]. Fish ex-
posed to Cd have shown behavior changes, especially a reduction in predatory behavior [115].
Moreover, Cd has proven to induce the MT gene expression and production, which play an
important role in the binding of trace elements in the liver and kidney [116, 117]. Pb has
been suggested to disturb Ca2+-homeostasis due to its similarity with Ca2+ [92].

2.5.3 Selenium and mercury interactions

Trace elements such as Hg have a high affinity for sulfur in cysteine-rich proteins and enzymes.
However, Hg has about 106 times greater affinity for Se compared to sulfur compounds,
suggesting that Se is superior in binding Hg [118]. Hg interacts strongly with Se in an
organism forming insoluble mercury selenide (Hg-Se) species that is non-toxic and has a
protective effect on Hg toxicity. However, the binding of Hg also reduces the bioavailability
of Se. Se is a crucial element in antioxidant enzymes called selenoezymes that prevents
oxidative damage from reactive oxygen species (ROS). An excess of Se over Hg is therefore
needed to maintain the enzyme activity and antioxidant system to prevent oxidative damage
from ROS. The toxicity of Hg is dependent on the Se status in an organism, and a tissue
molar ratio of Se:Hg > 1 has been proposed to be beneficial for protection against Hg toxicity
[119].
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Figure 5: MeHg can bind to the amino acid cysteine to form a cysteine-mercury complex (A)
which is similar to the essential amino acid methionine (B), and in that way be transported across
the BBB due to amino acid mimicry. Figure redrawn from Aschner, M. and Aschner, J.L (1990)
[123]. Made in ChemDraw Professional 19.0.

2.5.4 Blood-brain barrier and maternal transfer in fish

Similarly to mammals, teleost fish have several protective membranes in the brain that
isolates the neuronal microenvironment from the blood [120, 121]. The blood-brain barrier
(BBB) is a highly selective semipermeable tissue consisting of tight junctions of endothelial
cells in the brain capillaries that impede non-selective diffusion from the circulating blood
into the extracellular fluid of the central nervous system (CNS) [34]. This barrier only allows
the passage of small molecules by passive diffusion or active transport of macromolecules,
nutrients, and ions that are crucial for neural function. Thus, the BBB prevents blood
bourne contaminants from entering the CNS which possibly could produce neurotoxic effects.
Moreover, the highly selective transport across the brain vessels is important to protect the
integrety of the CNS as any small disturbances might affect the signaling and functioning of
the brain [120].

For instance, MeHg is a known neurotoxic compound that can cross the BBB [122, 34].
The mechanism behind this is the ability of MeHg to mimic a natural amino acid. In
the blood, MeHg can bind to the amino acid cysteine to form a cysteine-mercury complex
(Figure 5) [123]. The only structural difference between this complex and the amino acid
methionine is the Hg atom that is located between the sulfur and the methyl group. Because
of the similarity in chemical structure, this complex can be transported across the BBB by
the neutral amino acid transporter.

Maternal transfer of contaminants from the gravid fish to the hard roes (eggs) has been
demonstrated by several studies [124, 125]. During the spawning period, contaminants can
be redistributed within the body, and increase in the ovaries, resulting in increased exposure
of the oocytes. A study suggested that the transfer of organohalogenated contaminants from
fish to eggs was influenced by lipid percentage in the fish and eggs [126]. Moreover, Hg
has also been proven to be transferred maternally to the eggs mainly as MeHg (> 90%).
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However, the amount of MeHg transferred maternally is suggested to be low [122]. The
diet of the fish during oogenesis has also been suggested to affect the MeHg load in eggs.
Exposure of contaminants to fish could lead to reduced reproductive success due to lowered
survival rates of the eggs and larvae of fish, and delay in the spawning [122].

2.6 Arctic Lakes

Arctic Lakes are characterized as oligotrophic with low input of nutrients, primary produc-
tion, and biodiversity [9]. The Arctic environment has strong seasonal shifts, with a long
winter period of 9-10 months and a short ice-free period in the summer from mid-July to
the end of September [9]. During the winter, Arctic Lakes have a thick and clear ice cover of
approximately 1.5-2 meters. In addition, little annual precipitation (< 400 mm) minimizes
the snow layer on the ice allowing sunlight to penetrate the thick ice, which results in some
primary production all year round. This is a critical characteristic of Arctic Lakes as they
are ice-covered most of the year. Moreover, Arctic Lakes have low water temperatures and
reach maximum summer temperatures of 5 − 7◦C [127, 128]. However, the main limiting
factor for primary production in Arctic Lake ecosystems is nutrients, and not sunlight and
temperature [10]. Because Lakes are closed aquatic systems, they can become a deposit of a
mixture of contaminants.

Arctic Lakes can be divided into two types; glacial Lakes and non-glacial Lakes [10]. The
main difference is that glacial Lakes receive glacial meltwater in the spring when the sun
returns. The input of glacial meltwater decreases the water temperature and the visibility in
the water column because of the increased input of sediment particles. Particles transported
with meltwater significantly reduce the income of sunlight and hence the primary produc-
tion. Low primary production results in lowered concentrations of plankton and organic
material. Arctic Lakes are quite shallow, and the water column is not stratified due to cold
summer temperatures and much wind [128]. Non-glacial Lakes usually have higher water
temperatures in the summer (7-8◦C). In addition, non-glacial Lakes have increased visibility
in the water column, up to 5-8 meters, whereas glacial Lakes have a visibility depth of only
10-60 centimeters. Due to the special bedrock on Svalbard, several Artic Lakes have a high
content of dissolved ions [10]. Some Arctic Lakes are also connected to the Ocean by rivers,
however, the rivers are normally frozen completely during the wintertime [128]. Lakes that
are inhabited by nesting and breeding sea bird colonies have higher input of nutrients and
therefore increased primary production [12]. In addition to transporting nutrients, the birds
act as a vector for pollutants to these Lakes. An example is Lake Ellasjøen at Bjørnøya,
where the Lake catchment has increased levels of PCBs and Hg due to bird influence [17].
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Svalbard is a remote island with a harsh climate which has resulted in freshwaters with
few species being able to survive. Arctic Lakes have low species diversity and simple food
webs with Arctic char as the apex predator. The flora and fauna of Artic Lakes are usually
simple consisting of a few pelagic and benthic invertebrates [129]. As Arctic Lakes are
oligotrophic, the diet of Artic char might differ between freshwaters and during the season.

Lake Diesetvatnet located at the Mitra peninsula (Mitrahalvøya) on Spitsbergen at Sval-
bard, consists of two connected Lake systems; Nordre Diesetvatnet and Søre Diesetvatnet
(catchment areas are given in Table 2). Søre Diesetvatnet is connected to the Ocean by a 3-4
km long river named Diesetelva [127]. The hydrological budget of Disetvatnet is influenced
by glacier meltwater, groundwater sources, and the seasonal melting of snow. The most
dominating glacier is Dronningbreen, which is the greatest glacier system at Mitrahalvøya.
As a consequence, the water temperature is low (4 − 5◦C) in the summer [128]. The wa-
ter chemistry in the river stream from glaciers is dependent on the local bedrock, however,
meltwater from glaciers usually has low concentrations of nutrients, organic matter and low
conductivity [10]. In Lake Diestvatnet, the visibility depth has been measured to be around
0.25 to 1 meters [130].

Table 2: Catchment area of Søre- and Nordre Diesetvatnet located at Mitrahalvøya, Svalbard.

Lake Area (km2)
Søre Disetvatnet 1.74

Nordre Disetvatnet 2.30

2.7 Arctic char (Salvelinus alpinus)

Arctic char (Salvelinus alpinus) is a cold-water fish species of the Salmonidae family that has
a northern circumpolar distribution. Arctic char is the only freshwater fish at Svalbard that
inhabit and reproduce in Arctic Lakes throughout the year. This fish species has adapted
to strong seasonal changes and challenging environmental conditions [11]. There are two
main forms of Arctic char; landlocked and anadromous Arctic char [9]. The landlocked form
spends its whole life in the Lake, whereas anadromous Arctic char migrate to the sea during
summer. These two groups of Arctic char can co-exist in Arctic Lakes that are connected
to the Ocean by river streams, however, in closed Lakes, only landlocked forms exist. It is
estimated that approximately 100-150 freshwaters are inhabited by landlocked Arctic char
on Svalbard, on the contrary, around 20 Arctic lakes are inhabited by anadromous Artic
char. The life strategy of Arctic char is developed depending on conditional traits such as
growth rate, body size, and lipid stores in the early juvenile stage [11]. Various environmental
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conditions also affect the ratio of anadromous and landlocked Arctic char, such as the length
of the river stream, temperature, salinity, predation, and food availability in the Lake [128].
However, it has been confirmed that the two forms of Arctic char originate from the same
gene pool, as the offspring of each form can develop into both forms [131].

Landlocked Arctic char has a restricted growth pattern, however, when they switch to a
cannibalistic diet i.e. eating smaller Arctic char, their growth increases. Moreover, canni-
balism is an important mechanism for regulating the density and dynamics of a population
[128, 132]. The majority of the population consists of small dwarf individuals, which are
restricted to a size of 12-18 cm [9, 11]. Cannibalistic individuals are often bigger than 30
cm and can reach the age of 35. Glacial Arctic Lakes that have reduced visibility often have
fewer cannibalistic individuals. However, cannibalistic feeding of Arctic char is population-
specific, and Artic char from Svalbard have stronger cannibalistic tendencies than Artic char
from more temperate regions in mainland Norway [132]. Landlocked Arctic char becomes
sexually mature at age 2-7 years. Moreover, landlocked Arctic char has shown to exhibit
spawning cycles of two years, probably due to limited food in oligotrophic Artic Lakes and
the need to regain energy reserves after spawning [133].

The anadromous life strategy implies that the Arctic char is born in the Lake, and
undertakes one or several migrations to the ocean to feed before returning to the freshwater
for over-wintering and to spawn (for sexually mature individuals) [11]. During their residence
in seawater, anadromous Artic char feed intensively until they have increased their body
weight, fat storage, as well as diminished appetite [11]. The migration period normally starts
in mid-July and lasts for approximately 30 days at Svalbard, and Artic char return before the
river freezes. During the sea residence, Arctic char can grow up to 5 cm in length and double
their weight, especially during the first years of migration [128]. When juvenile Arctic char
change their habitat from the Lake to the river they begin their anadromous life strategy,
where they can stay for 3-6 summer periods before migrating to the sea. Anadromous
Arctic char do not migrate any longer than 30 km from where they grew up, and the age
of first migration is around 4-9 years. Anadromous individuals reach sexual maturity after
3-4 seaward migrations, at age 8 years or older [128]. Their length when they reach sexual
maturity is usually around 30-35 cm, but female char is normally a bit longer (40-45 cm)
when they become sexually mature [128]. Moreover, anadromous Arctic char can reach up
to 70 cm in length [11]. Arctic char may not migrate and spawn each year depending on
their energy reserves [11].

Lake Diesetvatnet is inhabited by both landlocked and anadromous Arctic char due to
the connection with the Ocean. Studies from Diesetelva have found that 43% of the smaller
Arctic char (< 25 cm) return from seaward migration, whereas 75% of the bigger individuals
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(> 45 cm) return to the Lake [128]. This indicates that the mortality rate is bigger for
smaller individuals during migration. The major cause of mortality during the migration is
predation, and in Diesetelva there have been observations of seal bites on Arctic char that
return to the river. However, seawater tolerance has also been hypothesized to affect the
survival of smaller individuals [130]. Monitoring studies in Diesetelva have revealed that the
amount of anadromous char was relatively constant from the 70s to the 90s with a count of
700-900 anadromous char migrating up the river [9].

2.7.1 Rythmic life of Arctic char

The long periods of continuous darkness and sunlight during the winter- and summer months
are one unique feature of the Arctic. The seasonal absence of circadian rhythm in feeding
behavior is a ubiquitous trait among resident polar vertebrates. During the winter when
Arctic Lakes are ice-covered, studies have shown that Arctic char exhibit minimal activity
and that they mostly stay in the same place to save their energy reserves [11]. Nevertheless,
there is evidence that Arctic char keep track of time during winter, and that the ambient
photoperiod is a determining factor affecting their plasma melatonin levels, a hormone that
influences the circadian rhythm [134]. Arctic char have shown to exhibit strong seasonality
in food intake and growth, as a result of seasonal differences in water temperature and food
availability in high Arctic Lakes.

In early spring, the anadromous form of Arctic char prepares for seaward migration in
the summer by initiating a pre-adaptive process called smoltification. Endogenous rhythms
and endocrinological changes as well as external factors such as increased solar radiation and
water temperatures interact to determine the timing of smoltification in anadromous Arctic
char [135]. Smoltification is a process that involves a series of physiological, biochemical,
and behavioral changes that prepare Arctic char for seaward migration and their residence
stay in the Ocean [11]. During smoltification, Arctic char gain seawater tolerance, i.e the
ability to maintain plasma osmolality and ion concentrations far below that of seawater. This
is a necessary feature for migrating anadromous Arctic char due to the salinity difference
in the marine water and freshwater. A measure of seawater tolerance is the activity of
the enzyme Na+K+–ATPase, which is the main driver of ion secretion by the gill during
hypoosmoregulation in seawater. Arctic char upregulate this activity during spring when
the sunlight returns. In teleost fish, the steroid hormone cortisol has an osmoregulatory
function and has shown to play an important role in seawater adaptation [136, 137, 135, 11].
At lower latitudes, i.e. mainland Norway, it has been suggested that Arctic char prepare for
their return to the freshwater by downregulating the gill Na+K+–ATPase activity by the end
of their sea residence. During sea migration, anadromous Arctic char increase their body
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weight and fat reserves to prepare for overwintering in the freshwater in which emaciation
eventually will occur resulting in reduced body condition [11]. Moreover, Arctic char has
an inherent seasonal up-and down-regulation of their appetite that is influenced by a pre-
determined adipose level which subsequently leads to a cessation of appetite [11].

Arctic char spawn in the autumn, from late August to October, and the eggs hatch
during spring [9]. However, the reproductive cycle in Arctic char begins as early as 6–8
months before spawning, in March. The timing of reproduction in the anadromous Arctic
char is tightly coupled to the seasonal changes in photoperiod [11]. Anadromous individuals
often spawn right after returning from sea migration, and both anadromous and landlocked
Arctic char spawn in the Lake they grew up.

2.7.2 Health indicies in fish

The condition factor, also named body condition, is a general indicator of health in fish.
The condition factor is expressed as a numerical value and can be used to assess the growth
condition of fish. There are several proposed ways of calculating the condition factor (K) in
fish, one of them is Fulton’s formula given in Equation 1 [138, 139]:

K =

(
W
L3

)
· 100 (1)

W is the body mass of the fish in grams and L is the fork length in centimeters which
is multiplied by 100 to bring the factor close to 1. A normal fish will have a condition
factor close to 1. A fattier fish with K above 1 is considered in good condition, and a slim
fish with K below 1 indicates a poor body condition. The body condition of fish might
vary depending on several factors including the environment and habitat, food availability,
season, and sexual maturity. Other stressors such as contamination might affect the body
condition negatively [104, 140].

Hepatosomatic index (HSI) in fish is the ratio of the liver weight to the body mass,
and this factor can provide information about the functioning of the liver (Equation 2).
Prolonged fasting in fish is normally associated with a reduced HSI and tissue size of the
liver, accompanied by reduced liver metabolic capacity and enzymatic activity, and reduced
plasma glucose levels [135, 141, 142]. HSI can also increase due to contamination exposure
as a result of inflammation and hypertrophy of the cells. Several studies have indicated that
exposure to PFAS compounds might have a negative effect on the HSI index [143, 144, 145].
HSI has been applied as an indicator of environmental contamination, however, a confounding
factor is that the HSI varies with reproduction and other environmental factors such as food
availability.
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HSI =
(

WL

WT

)
· 100 (2)

WL is the liver weight and WT is the total body weight.

2.8 The endocrine system

The endocrine system also referred to as the hormone system, is found in most living organ-
isms including mammals, birds, and fish. The hormone system consists of glands that are
responsible for producing and releasing hormones into the bloodstream, as well as nuclear
receptors that are located within cells of organs and tissues that respond to the hormones
released [146]. Hormones are signaling biomolecules that regulate many biological processes
and functions such as reproduction, growth, stress response, and osmoregulation [147]. The
binding of hormones to receptors in target organs leads to alterations in the cells to main-
tain homeostasis. Hormonal levels in fish are affected by environmental variables, such as
light, temperature, and feeding, and endogenous variables, including developmental and re-
productive status [147]. There are several classes of hormones, both steroid and non-steroid
hormones, in which the former are a class of lipid hormones.

The hypothalamic-pituitary (HP) axis constitutes the link between the CNS and the
endocrine system [147]. Specific cells in the hypothalamus control hormone production and
release in the pituitary gland, and cells in the pituitary produce and secrete hormones that
induce effects on peripheral glands located throughout the body. The glands in the target
organs produce a negative feedback loop back to the hypothalamus and pituitary when the
hormones have reached the target organ and induced alterations to regain homeostasis.

2.8.1 Steroid hormones

Endogenous steroid hormones and their metabolites are vital compounds that control phys-
iological functions in most living organisms. Steroid hormones derive from cholesterol and
are synthesized in living cells in different tissue in a process called steroidogenesis (Figure
6) [148]. The steroidogenic pathway is complex and involves various enzymes that catalyze
the synthesis pathways from one steroid to another, however, there can be several pathways
for synthesizing one steroid hormone. There are four main classes of steroids: progestogens,
androgens, mineralocorticoids, glucocorticoids, and estrogens. Moreover, steroid hormones
share the same tetracyclic structure in which positions of the double bonds and hydroxyl-
and keto-functional groups are the main difference between the steroid hormones [149]. Ad-
ditionally, the steroidogenic pathway for teleost fish haven proven to be different from that
in humans, even though there are many similarities. [150].
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Figure 6: Diagram of the steroidogenic pathway. The figure shows the five main classes of steroid
hormones: steroids: progestogens, androgens, mineralocorticoids, glucocorticoids, and estrogens,
which are displayed with different background colors. All steroid hormones derive from cholesterol.
The steroidogenic pathway is complex and involves various enzymes that catalyze the synthesis
pathways from one steroid to another. The figure displays which enzymes are involved in catalyzing
the synthesis of one steroid to another, and the colored boxes indicate the cellular location of the
enzymes. Figure adopted from Haggestrom et al. (2014) licensed under creative Commons license
(CC-0) [148].

2.8.2 Cortisol and the stress response

Cortisol is a steroid hormone in teleost fish that is secreted and released by the interrenal
cells of the head kidney, the anterior part of the kidney which is an analog to the mammalian
adrenal gland, by activation of the hypothalamic-pituitary-interrenal (HPI) axis [136]. Under
normal conditions, cortisol regulates several physiological functions including regulating the
metabolism, the immune response, and modulating reproductive endocrine control [136].
Stress is defined as a physiological response that disturbs the homeostasis of an organism due
to exposure to stressors [151]. Under exposure to stressors, rapid physiological changes may
occur due to increased cortisol levels released into the bloodstream. Stressors can be a wide
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variety of external or internal factors. Examples of environmental factors are food availability,
salinity, and water temperature. Other stressors can be chemical contaminants or biological
agents such as parasites or viruses. Internal factors that determine the sensitivity of an
individual to stressors are life stage, sex, body condition, and inherited characteristics. The
stress response elicits several physiological and behavioral alterations in order to overcome
or adapt to the changes. Moreover, fish has proven to be more sensitive toward exposure to
stressors compared to other vertebrates [137, 151].

Figure 7: Chemical structure of the cortisol steroid hormones showing the tetracyclic structre and
positions of functional groups. Made with ChemDraw Professional 16.0.

The stress response in teleost fish can be divided into three major responses. The pri-
mary response encompasses the neuroendocrine and physiological response which activates
the HPI axis and the brain-sympathetic-chromaffin cell (BSC) axis. During the BSC axis
activation, chromaffin cells of the head kidney release catecholamines, such as adrenaline
and noradrenaline, which are triggered by the sympathetic nervous system [152]. The action
of catecholamines increases hemoglobin oxygen affinity, and arterial blood pressure and mo-
bilizes glucose to the muscles [153]. However, there is evidence that an increase in plasma
catecholamine levels only occurs if the fish is exposed to severe stress accompanied by reduced
oxygen blood levels [154]. The activation of the HPI axis releases corticotropin-releasing fac-
tor (CRF) from the hypothalamus triggered by the central nervous system. CRF stimulates
the pituitary to secrete adrenocorticotropic hormone (ACTH), which activates the interrenal
cells of the head kidney to synthesize and release cortisol into the circulatory system (Figure
8).

The secondary stress response leads to alterations at the physiological and biochemical
level, such as increased glucose in the blood, osmoregulatory disturbances in water and ion
exchange, and immune responses leading to increased antibody production as examples. The
tertiary response is related to individual changes such as growth, swimming capacity, and
behavioral changes in feeding and reproduction. Moreover, cortisol also plays an important
role in osmoregulation in fish together with other hormones [150].
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Figure 8: The stress response in teleost fish activates of BSC- and HPI-axis, which is the pri-
mary stress response. During the BSC-axis activation, chromaffin cells of the head kidney release
catecholamines, such as adrenaline and noradrenaline, which are triggered by the sympathetic ner-
vous system. The activation of the HPI-axis releases CRF from the hypothalamus triggered by
the central nervous system. The pituitary gland responds by releasing ACTH, which activates the
interrenal cells of the head kidney to synthesize and release cortisol into the circulatory system.
Figure adopted by Kalamarz-Kubiak (2018) [136] under the Creative Commons license (CC-0).

2.8.3 Basal levels of cortisol in fish

Cortisol is a commonly used biomarker of stress in fish, however, cortisol is secreted by
various stress stimuli including confinement, handling, toxicant exposure, and change in
temperature which makes it a non-specific biomarker of stress [155]. Basal cortisol levels
in wild teleost fish vary widely between species, however, within a species there are also
individual differences due to inherent factors such as sex, life stage, maturity, season, time
since feeding, and time of the day [137]. For species in the Salmonidae family, increased
cortisol levels have been reported to coincide with smoltification [156]. There has also been
a reported increase in cortisol in adult salmonids in association with sexual maturation and
riverine migration. A study conducted on wild migrating Arctic char found that plasma
cortisol levels were twice as high in upstream migrants compared to downstream migrants,
464 ng mL−1 and 244 ng mL−1, respectively [138].

Barton and Iwama (1991) report that general basal plasma cortisol levels in unstressed
fish are less than 30-40 ng mL−1. In the review from Pankhurst (2011), there is a suggestion
that most undisturbed teleosts have a mean basal plasma cortisol level of ≤10 ng mL−1,
however, there can be some species that deviate from this value with considerably higher
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basal cortisol levels [137]. Pickering and Pottinger (1989) reported basal plasma cortisol
levels in the range of 0-5 ng/ml for brown trout and rainbow trout, and an elevation in
plasma cortisol in the range of 40-200 ng mL−1 after handling and 1-hour confinement [157].
Most fish species show an increase in plasma cortisol levels within a few minutes to a few
hours after exposure to a stressful event [137]. Pankhurts (2011) reported that most teleosts
show a measurable increase in plasma cortisol within 10 minutes. However, there may be an
interspecies variation or even differences within the same species. Daily rhythms in cortisol
levels of fish have been described in many species [147]. Cortisol levels are endogenously
driven by circadian rhythm, as well as other environmental factors. For example, in brown
trout, the levels of cortisol have a diel oscillation of 1-30 ng mL−1 with a peak concentration
at night [158]. In white spotted char, a similar diel variation of 3-30 ng mL−1 with the highest
concentration at night has been found [159]. However, in Atlantic salmon diel variation of
cortisol levels from 1-160 ng mL−1 have been reported with considerable seasonal changes in
diel peak concentrations [160].

2.8.4 The effect of steroid hormones on the reproductive cycle

Reproduction is one of the life events of fish that have been reported to affect plasma cortisol
levels. Moreover, there are other steroid hormones involved in the reproductive cycle. The
reproductive cycle of Arctic char begins early in the spring and involves several endocrine
changes [11]. Levels of 17β-oestradiol (E2) and TS in female fish increase, and in males an
increase in 11-KetoTS has been observed [11]. The increase of E2 in females is accompanied
by the production of oocytes. From June and July, there is also a marked increase in plasma
levels of E2 and TS followed by vitellogenesis, the process of egg yolk formation in the oocytes,
and rapid growth of the oocytes up until spawning. For anadromous Arctic char, the rapid
growth of the oocytes often starts after the return from the sea migration, indicating that the
choice to proceed with maturation is decided once necessary energy reserves to reproduce
have been acquired during the seawater residency. A few weeks before spawning in late
August to September, there is a drop in plasma E2 levels and subsequently the plasma TS
in female char, which signals the completion of vitellogenesis. In males, an increase in 11-
KetoTS is associated with spermatogenesis and this steroid remains elevated until spawning
commences [11].

2.8.5 Endocrine disruption

Endocrine disruption (ED) is defined as the disruption of the normal activity of the endocrine
system by an endocrine-disrupting chemical (EDC). EDC was defined by Chrisp et al. (1997)
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and the U.S. Environmental Protection Agency as “An exogenous agent that interferes with
the synthesis, secretion, transport, binding, action, or elimination of natural hormones in the
body that are responsible for the maintenance of homeostasis, reproduction, development,
and/or behavior" [146]. EDCs elicit various effects that range from subtle changes in the
physiology and sexual behavior of fish to permanently altered sexual differentiation and
impairment of fertility and subsequently, loss of reproduction capability [34]. EDCs can
be natural products or synthetic chemicals that mimic the action of hormones either by
enhancing (an agonist) or inhibiting (an antagonist) their effects or by blocking the receptors
without any effect [146]. Factors that affect the outcome of an EDC are dose, total body
burden, timing, and duration of exposure. Effects may be reversible or irreversible, and
acute or delayed [146, 34].

2.9 Sample preparation

Sample preparation is an important part of an analytical method and is primarily used
to isolate an analyte or analyte group of interest and to remove interfering compounds
from a sample matrix. [161]. Environmental and biological samples are often complex
matrices, and therefore need several steps with sample preparation before the samples can
be analyzed without considerable interferences [83]. Matrix effect is defined as the effect
of co-eluting matrix components on the ionization or detection of the target analyte during
analysis. Sample preparation can involve drying, homogenization, extraction, derivatization,
and clean-up. All or some of these steps can be conducted to improve detection in the
instrument analysis or remove compounds that can be detrimental to the separating system
[161]. However, it is important to keep in mind that all sample preparation steps that
are implemented in an analytical approach can lead to analyte loss and introduction of
contamination [83].
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Figure 9: The chemical structure of two major phospholipids, lysophosphatidylcholine and glyc-
erophosphocholine, and their ion fragment contributing with matrix interferences. Redrawn from
Ahmad et al. (2012) with ChemDraw Professional 16.0 [162]

Biological samples often cause ion suppression due to the presence of phospholipids during
analysis [162]. Phospholipids, and in particular glycerophosphocholine and lysophosphatidyl-
choline represent the major class of endogenous compounds causing significant matrix effects,
and they are abundant in plasma samples (Figure 9). The molecular structure of phospho-
lipids exhibits two major functional groups: a polar substituent and one or two long-chain
fatty acid ester groups. Phospholipids are highly ionic compounds due to the ionizable
phosphate group, that easily influences the ionization of target analytes. The extent of ion
suppression depends on the sample preparation method as well as the chromatographic sep-
aration. However, it is worth mentioning that proteins also contribute to ion suppression
in the analysis of biological samples, but they are more easily removed. Several techniques
have been applied for the removal of proteins to obtain cleaner sample extracts, however,
phospholipids are co-extracted when using traditional sample preparation techniques such as
protein precipitation (PP), solid-liquid extraction (SLE), and solid-phase extraction (SPE)
[162].
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2.10 Extraction methods

2.10.1 Hybrid Solid Phase Extraction

Hybrid Solid Phase extraction (Hybrid SPE) is a simple and rapid extraction and clean-
up method used for sample preparation before analysis with liquid chromatography (LC)
coupled to mass spectrometric (MS) detection [163, 164, 165]. However, this extraction
technique is not as commonly reported in the literature in contrast to solid phase extraction
(SPE) and solid-liquid extraction (SLE) [164]. The Hybrid SPE cartridge consists of zirco-
nium (Zr) packed silica sorbent, low porosity filter, and 0.2 µm hydrophobic frit assembly.
Phospholipids are retained on the Zr sorbent while remaining proteins are retained on the
low porosity filter [165, 164]. The mechanism for the removal of phospholipids is the highly
selective Lewis acid-base interaction between the phosphate group, inherent in all phospho-
lipids, and the Zr atoms [162]. By removing these matrix components, the impact of matrix
effects is significantly reduced during analysis which improves the sensitivity of the method,
as well as the recovery of the analytes [162].

The procedure of the Hybrid SPE method is to first subject the sample to a PP agent
before the sample extract is eluted through the Hybrid SPE cartridge [162]. PP agents act
as modifiers that inhibit the analytes of interest from co-retaining with the phospholipids on
the Zr sorbent. Methanol with ammonium formate (AF) is an example of a PP agent that
can be used for basic, acidic, and neutral compounds. The formate ion (HCOO−) is a strong
Lewis base that prevents acidic compounds from interacting with Zr atoms, while ammonium
ion (NH4

+) prevents basic compounds from interacting with exposed silanol groups [162].
Citric acid (CA) in acetonitrile is recommended for chelators and acidic chelator compounds.
Citric acid is a stronger Lewis base than the formate ion, inhibiting most chelator compounds
from interacting with Zr sorbent.

The advantage of this sample preparation method over SLE and SPE is the simplicity
and time efficiency. Hybrid SPE extraction and clean-up consist of a few steps only, and less
use of solvents. In addition, it has been reported to be less expensive than the traditional
SPE cartridges [162]. However, the Hybrid SPE method is recommended for biological liquid
samples such as plasma and serum by the manufacturer, and not for solid matrices [163].

2.10.2 Solid Phase Extraction

Solid Phase Extraction (SPE) is a time-consuming extraction and clean-up method that
requires more steps compared to Hybrid SPE [165]. SPE is a column filled with a sorbent
that consists of porous particles or polymerized monolith. The capacity of the sorbent
is dependent on the surface area and type of sorbent. There are various SPE cartridges
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based on different chemical interactions; normal phase, cation/anion exchange, and reversed
phase. The reversed-phase SPE is commonly used for separating non-polar to moderately
polar compounds from a polar sample matrix [161]. The extraction mechanism is based
on hydrophobic interactions between carbon-hydrogen bonds from the compound and the
sorbent. C-H-rich groups will be retained, while ionized compounds or compounds with
relatively many polar functional groups will be removed. A reversed-phase sorbent normally
consists of silica-based material with different carbon chain lengths (C2, C4, C18) than can
be modified with different groups, for example, a phenyl group.

The procedure of this method includes 1) activating the sorbent with a non-polar solvent,
also called conditioning, 2) rinsing the sorbent (often with water), 3) applying the sample
to the SPE cartridge, 4) rinsing sorbent with a solvent of appropriate elution strength, and
5) elution of analyte(s) of interest with a solvent with appropriate elution strength [83].

In the analysis of biological samples, the advantage of the SPE method is that it reduces
matrix effects in samples with high selectivity in extraction and purification. Moreover, the
potential for automation of the extraction with the chromatographic system, and the use of
lower volumes of organic solvents compared to SLE [162]. The efficiency of SPE depends
on the type of sorbent, sample volume, pH, and the content of organic modifiers. In SPE,
only small a amount of the phospholipids are removed, however, in reversed-phase SPE
phospholipids will co-extract with analytes due to the hydrophobic tail.

2.10.3 Solid-liquid extraction

Solid-liquid extraction (SLE) is a simple but time-consuming extraction technique where an
analyte(s) of interest is separated from a solid matrix by a liquid solvent. The efficiency of
SLE depends on how deeply the solvent penetrates or diffuses into the pores of the solid
matrix [166]. The transfer of the solvent inside the solid particles occurs due to the concen-
tration gradient at the solid-liquid interface and can be modified by several factors.

Several factors influence the SLE efficiency; solvent properties, extraction time of solvent
and sample, the particle size of the solid sample, temperature, pressure, and agitation of the
solvent mixture [166]. The choice of solvent is probably the most important factor affecting
extraction efficiency. The solvent must have suitable chemical properties that match the
analyte of interest i.e. the analyte must be soluble in the solvent. The polarity of the solvent
is therefore important. Moreover, the particle size of the solid sample highly affects the
extraction efficiency. The extraction efficiency increases with a decreased particle size as the
surface area of the solid sample increases, and the rate of transfer of the solvent increases.
Grinding or cutting the solid sample into smaller pieces before the extraction will therefore
enhance the extraction efficiency [83].
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Another factor that might affect the extraction efficiency is the water content of the
sample as the water can affect the mass transfer of solvent by competing with the sol-
vent dissolution. However, in some cases, water is needed to permit the transport of the
analyte. Increased temperature also enhances the extraction efficiency, however, too high
temperatures might cause undesirable reactions or degradation of thermolabile compounds.
Moreover, the solvent might evaporate at high temperatures which is undesirable. The ag-
itation of the solvent also increases the extraction by increasing the diffusion and transfer
rate. [166]. Additionally, repetitive extractions with smaller volumes often provide better
recovery and reduce the amount of solvent used.

2.10.4 Ultrasound assisted extraction

Ultrasound-assisted extraction, also called ultrasonication, is the application of ultrasound
waves to a liquid medium [166]. The mechanical waves have frequencies of around 20 kHz or
greater and are applied to cause agitation of the liquid medium. As mentioned previously,
agitation of a solvent during extraction increases the extraction efficiency. During the ultra-
sonication process, the ultrasound waves will create longitudinal waves in the liquid medium
that will form regions with compression and expansion waves. These waves will create bub-
bles in the liquid near the sample surface which generates negative pressure. When the
bubble collapses near the sample surface, high pressure and temperature shock waves will
be created resulting in physical disruption of the sample that enhances solvent penetrations
which subsequently result in increased extraction of the analyte [166].

2.11 Freeze-drying

Biological samples contain about 70% water, however, the water content reduces the storage
life of samples as they are easier degraded. To preserve biological samples water is removed.
Water can be removed by different drying techniques i.e. air-drying and drying at high tem-
peratures, however, for biological samples freeze-drying is the most commonly used method.
Freeze-drying is a process that dehydrates a sample in the frozen state by sublimation under
a vacuum [139]. Freeze drying consists of a three-step process that involves freezing the
sample, primary drying, and secondary drying. The advantage of freeze-drying samples is
that volatile compounds are more preserved compared to air-drying and heat-drying. More-
over, removing water from samples also makes the comparison of contaminant concentration
easier as the uncertainty of the difference in water content between samples is eliminated.
The water content can be determined by weighing the sample before and after freeze-drying
and calculated by equation 3 [139].
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Water content (%) =
(

Wwet − Wdry

Wwet

)
· 100% (3)

Wwet is the weight of the sample in wet weight (ww) and Wdry is the weight of the sample
after drying, referred to as dry weight (dw).

2.12 Microwave digestion for elemental analysis

Microwave digestion is a commonly used method for sample preparation prior to elemental
analysis. Solid samples are chemically broken down by using mineral acid in combination
with microwave heating to dissolve elements into the solution. Different microwave digestion
systems have been employed; open vessels and closed vessels at different pressures [167].
Closed-vessel microwave digestion provides faster and more efficient sample decomposition.
Moreover, the risk of sample contamination and analyte losses by volatilization is eliminated
[168, 167]. Depending on the sample matrix and which elements will be analyzed, nitric acid
(HNO3), hydrofluoric acid (HF), or sulphuric acid (H2SO4) are commonly used, however,
HNO3 is the most used for environmental analyses [169]. For samples containing organic
material, such as biological samples, it is necessary to oxidize the organic matrix properly
[167]. This can be done by adding a strong oxidizing agent such as hydrogen peroxide (H2O2)
in addition to the mineral acids.

2.13 Analytical methods

2.13.1 Ultra-Performance Liquid Chromatogrpahy

Ultra-Performance liquid chromatography (UPLC) is an analytical separation technique
where compounds are separated by the difference in affinity to the stationary phase that
the column is made of and the mobile phase. Most conventional LC pumps operate at pres-
sure up to 400 bar, while ultra-high pressure systems operate at pressures up to 1000-1200
bar [161]. The chromatographic method requires special columns and connections due to the
high pressure. The UPLC columns are long and packed with tiny particles (< 2 µm) that
result in high backpressure and a reduction in the analytical time and mobile phase consump-
tion. Analytes co-elute less with interferences during ionization resulting in reduced matrix
effects [170]. Moreover, this method provides better resolution and more narrow peaks com-
pared to conventional LC and high-pressure liquid chromatography (HPLC). UPLC coupled
to tandem mass spectrometric detection (MS/MS) is widely used in the analysis of biolog-
ical samples due to the high sensitivity and selectivity, and has shown to be applicable for
analyzing a broad range of PFAS compounds [171, 172].
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2.13.2 Ultra-performance supercritical fluid chromatography

Ultra-performance supercritical fluid chromatography (UPSFC) is a highly efficient analyt-
ical separation technique for the analysis of a wide range of compounds; non-polar, polar,
and ionizable. This technique provides fast and high resolution and separation of compounds
due to the unique feature of supercritical fluids [173]. In UPSFC, the mobile phase has a
higher diffusion rate which decreases the column backpressure and increases the efficiency
compared to LC [161]. A supercritical fluid is a compressed gas that exists at a critical
temperature and pressure and has lower density and viscosity than a liquid, but higher than
gas. Therefore supercritical fluids exhibit gas-like diffusivity and the dissolving capacities of
a liquid [161]. LC-MS has been increasingly applied as an analytical technique for steroid
hormone analysis in the last decades due to the elimination of cross-reactivity which often
has been a problem in steroid quantification with the traditional immunoassays [155]. Sev-
eral authors have recently highlighted the use of UPSFC-MS/MS in steroid profiling due to
the increased sensitivity and chromatographic efficiency compared to UPLC-MS/MS, and
also highlight the applicability for steroid profiling [173, 174, 175]. Moreover, UPSFC im-
proves the separation of isomers and enantiomers compared to other separation techniques
and enables simultaneous quantification of endogenous steroids. In addition, derivatisation
of steroids is not necessary prior to UPSFC-MS/MS analysis, such as in GC-MS analysis
[175].

2.13.3 Tandem mass spectrometry

Ionizable compounds that can be transferred to the gas phase can be detected with MS [161].
In tandem mass spectrometry (MS/MS), a triple quadrupole (3Q) analyzing configuration
can be used. The first quadrupole (Q1) selects which ion(s) that are going to be measured
[176] (Figure 10). The second quadrupole (Q2) is a collision cell in which a collision gas
will collide with the ions and split them into fragments. In the third quadrupole (Q3),
specific fragment(s) from Q2 is selected and measured. The operating mode can be run in
single reaction monitoring (SRM) or multiple reaction monitoring (MRM). The latter is often
applied for multiple analytes, and the fragmentation is usually specific for each compound.

The advantage of MS/MS detection is high sensitivity and selectivity for multi-compound
analysis. Moreover, combined quantification and qualitative identification is another impor-
tant feature in MS/MS [177]. The use of LC-MS/MS in combination allows for the deter-
mination of multiple analytes in a single run with high specificity and reliable identification.
MS/MS provides exact structural information by measuring selected ion fragments and the
chromatographic technique provides analytes with specific retention time [176]. However,
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Figure 10: Schematic principle of the LC-MS/MS instrument. A sample is injected into the LC
column, and after chromatographic separation, the analytes are ionized in the ionization sources of
the MS where they are separated and detected. The first quadrupole (Q1) selects which ion(s) that
are going to be measured. The second quadrupole (Q2) is a collision cell in which a collision gas
will collide with the ions and split them into fragments, and in the third quadrupole (Q3), specific
fragment(s) from Q2 are selected and measured by the detector. Data is processed, and the resulting
chromatogram is thereafter provided together with ion the fragment. Reprinted from Wudy et al.
(2018) with permission from Elsevier [176].

the inherent drawback of MS/MS is that only targeted analytes are monitored in which
non-target compounds will not be detected. In addition, LC operates with liquid under high
pressure while MS/MS operates under vacuum, therefore compounds are transferred from
liquid to gas phase by ionization at the interface between LC-MS. Electrospray ionization
(ESI) is a commonly used ionization technique with a wide application.

2.13.4 Electrospray ionization

Electrospray ionization (ESI) is a commonly used ionization technique with a wide applica-
tion. ESI is carried out at atmospheric pressure and is used for polar compounds [161, 176].
Neutral polar compounds can either accept or donate protons under the given conditions,
yielding positive or negative ions during the ESI process. When the mobile phase containing
analytes enters the ESI capillary, high voltage is applied and at the outlet of the capillary,
a nebulizing gas (often nitrogen gas) is mixed to facilitate the formation of droplets [161].
In addition, dry gas is introduced in the opposite direction of the flow. The highly charged
droplets decrease in size moving toward the entrance of the detector. When the force inside
the droplets exceeds the surface tension, the droplets explode into smaller droplets. This is
a repetitive process that provides ions in the gas phase. Depending on the configuration of
the MS, detection is performed in the positive mode (+) or the negative mode (-), detecting
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the protonated or deprotonated ions, respectively.
In ESI, compounds deriving from a sample matrix that are eluted together with the

analytes of interest can affect the ionization process and are often termed matrix effects.
ESI is an ionization method that is highly susceptible to matrix effects [176]. This is evident
when the results are compared with those obtained from the quantification of the analyte
dissolved in a pure solvent solution. Matrix effects can increase the ionization of the analyte
(ion-enhancement) or, more commonly, decrease the ionization efficiency (ion-suppression).

2.13.5 Inductively coupled plasma-mass spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS) is a widely used technique for
multi-trace element analysis. ICP is an ion source that is used in elemental analysis [161].
The instrument has a wide linear dynamic range which allows for simultaneous determina-
tion of trace elements in the same sample injection and isotopic information. ICP-MS has a
low detection limit which allows for the detection of elements at trace and ultra-trace con-
centrations. Moreover, ICP-MS has shown to exhibit high precision and accuracy detection
of trace elements and has high specificity and sensitivity. However, high concentrations of
organic content might provide matrix interferences and spectral interferences for polyatomic
ions. These effects can be minimized or eliminated by the use of alternative isotopes or inter-
ference correction equations [168]. In addition, organic interfering matrices can be removed
by oxidative conversion to carbon dioxide and water before analysis. HNO3 can oxidize or-
ganic matrices completely if sufficiently large volumes of acid are used, however, this might
cause a dilution problem for several trace elements that would be diluted at or below the
detection limit. Another way of increasing the oxidizing power of the digestion is to use a
mixture of HNO3 with 30% hydrogen peroxide (H2O2) [178].

2.14 Quality Assurance and Quality Control

Quality assurance (QA) is the management and assessment that the quality standards are
met in a laboratory. This encompasses all the activities that are implemented to ensure high
quality in the performance and the results that are produced. An example of implemented
QA activity is the establishment of standard operating procedures for a method or instrument
analysis. Quality control (QC) is a part of the QA and includes steps and activities that
are conducted as a part of the scientific work to ensure high quality in the work during the
whole process from sample collection to analysis, and to ensure that the data produced are
accurate, precise, and reliable.

Method validation is a process carried out to ensure that the method is suitable for the
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intended use and that the quantification of compounds is accurate and reliable [161]. Sev-
eral aspects need to be considered when selecting a method that consists of multiple steps.
For example, for sample preparation, a suitable solvent for extraction of the analyte and a
proper clean-up step needs to be selected and evaluated. For analysis, a proper analytical
method should be chosen based on the analyte of interest. When a method is selected, vali-
dation needs to be carried out before the method can be implemented. Common validation
parameters to consider are the limit of detection (LOD), the limit of quantification (LOQ),
linearity, range, repeatability, accuracy, recovery, and matrix effect [161]. Moreover, analysis
of validated standard reference materials (SRM) is essential to verify the performance of the
method. Standard reference materials should be of a similar matrix and contain the same
concentration range of analytes as the samples to be analyzed. Standards that are used to
validate the method can be from the working laboratory, however, it is important to include
certified reference materials (CRM) from internationally accepted manufacturers to assure
the quality of the method [83].

2.14.1 Quantification

For a chromatographic method, different calibration methods can be used for quantification.
A widely used calibration method is the internal standard (IS) method, where a known
amount of a known compound is added to the samples and calibration solutions [161]. The
IS used should have similar chemical properties as the analyte and preferably close retention
times, however, the IS must be separatable from the analyte in the chromatographic system.
For multi-compound analysis, several IS can be used. A calibration curve is established
from the spiked calibration standards, where the concentrations of the analytes are variable
while the concentration of the IS is kept constant. The calibration curve is made by plotting
relative response, i.e. the ratio of the area of the analyte peak against the IS peak as a
function of the concentration.

2.14.2 Precision and accuracy

Accuracy is the closeness of an experimental result to the true value, whereas precision is
the variability of repeated measurements [83]. By analyzing CRM, method blanks, and
establishing a calibration curve from standard solutions, the systematic error or bias of a
method can be identified. The variability of measurements, or the random error of a method,
can be described by the standard deviation (σ) (Equation 4) and the relative standard
deviation (RSD) [83].
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σ =

√√√√ n∑
i=1

(xi − x)2

n− 1
(4)

x is the mean (Equation 5), xi refers to individual measurements and n is the number of
measurements.

x =
1

n

n∑
i=1

xi (5)

The RSD is given in Equation 6, and is expressed as the percentage ratio of the standard
deviation to the mean. It is the preferred measure to compare results of different magnitude
and across units.

RSD(%) =

(
σ

x

)
· 100% (6)

2.14.3 Retention time

The retention time (tR) is defined as the time it takes for an analyte to travel through a
chromatographic column from the injection to detection [161]. The tR of a peak in a sample
is used to confirm that the peak is the correct compound, by comparing it with a standard of
the analyte. The tR are influenced by the chromatographic system that is used as it affects
the affinity the analytes have to the stationary phase in the column and the mobile phase.
The length of the column and the flow rate of the mobile phase are also factors that influence
the separation and tR of the peaks, and the tR might shift in various solvents due to the
matrix effect. Moreover, chromatographic peaks should be well separated from neighboring
peaks to be reliably quantified [161]. For compounds that are not properly separated, errors
may occur in peak height and area determination.

2.14.4 Limit of detection and limit of quantitation

Limit of detection (LOD) is defined as the lowest concentration of a chromatographic signal
of the analyte in a sample that can be detected, whereas the limit of quantitation (LOQ) is
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defined as the lowest concentration of a chromatographic signal of the analyte that can be
reliably quantified with acceptable accuracy and precision [179]. Different approaches can
be applied for estimations of LOD and LOQ values, and these estimations are used to define
the sensitivity of a method. However, different estimation approaches provide considerably
different values for LOD and LOQ which can make the comparison between scientific data
challenging [180, 181].

One method for estimating LOD and LOQ is based on the calibration curve method,
where the standard deviation of the established calibration curve and the numerical value of
the slope are considered. LOD and LOQ can be calculated according to equation 7 and 8
[180, 182, 179];

LOD = 3.3 · σ
S

(7)

where σ denotes the standard deviation of the y-intercept of the regression line established
from the calibration curve, and S is the slope of the calibration curve. This method is
applicable to most analytical methods, however, the limitations of this estimation method
are that it depends on the number of concentration points in the calibration curve, the range
of concentrations used, the number of measurements, and the variability of the data points
in the calibration curve [181].

LOQ = 10 · σ
S

(8)

Another way of calculating LOD and LOQ is the signal-to-noise ratio (S/N) times 3
and 10, respectively [180, 182, 179]. S/N is the relative ratio of the peak height of a signal
compared to the noise peak height. Noise is defined as fluctuations in the background signals
of the instrument. This method is applicable in analytical methods that exhibit baseline noise
and is one of the most used methods for estimating LOD and LOQ due to its simplicity.
However, a limitation of this method might be that it depends on a subjective interpretation
of how to obtain noise, even though the built-in software is used for integrations [181].

2.14.5 Linearity and range

Linearity is the concentration range where the detector response is directly proportional to
the analyte concentration, and range is defined as the concentration range that is within
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the linear range [161]. The linear range should cover the concentrations that are expected
to be present in the samples, and LOQ should be within the linear range or the lowest
concentration point in the range [183].

Linearity and range can be determined by analyzing spiked calibration standards with a
minimum of 5 or more concentrations that are expected to cover the analyte concentration in
a sample [184]. Linear regression by the method of least squares can be used to describe the
response of the calibration standards, where the signal response is plotted as a function of the
analyte concentration. The correlation coefficient, R2, obtained from the linear regression is
an indication of the linear relationship between the data points.

2.14.6 Matrix effect

Matrix effect (ME) is defined as the effect of co-eluting matrix components on the ioniza-
tion efficiency and detection of the analyte [185, 186]. For instance, phospholipids are often
co-extracted from biological samples, and due to phospholipids’ ionic nature, they interfere
with the analyte during the ionization which subsequently affects the detected signal re-
sponse [162]. Moreover, ME will also affect the reproducibility and accuracy of the method
due to signal enhancement or suppression, which results in over- or underestimation of the
quantification of analyte concentrations [170]. However, ME can be reduced by proper sam-
ple preparation and post-extraction clean-up. Another way of minimizing the effect of ME
is the use of isotopically labeled IS to correct for losses during extraction and the analytical
method [163]. Another way of minimizing ME is to modify the chromatographic or detection
parameters, and one of the easiest ways to combat ME is to reduce the injection volume or
dilute the sample [185]. In LC-MS, ME is usually not avoidable, however, in some cases,
calibration curves can be made with matrix spikes or a proper matrix surrogate to tackle
ME.

One way of quantitatively evaluating ME is by the post-extraction addition method which
is conducted by comparing the signal response of the analyte in a standard solution to that
of a sample spiked post-extraction (matrix match) [187, 185]. The relative matrix effect, ME
(%), can be calculated by equation 9;

ME(%) =

(
AMM − AMB

AStd
− 1

)
· 100% (9)

the AMM is the peak area of the analyte in a post-extraction matrix spiked sample also
referred to as matrix matched (MM) sample, and AStd is the peak area of the analyte in
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a solvent. The peak area of the method blank AMB should be subtracted from the peak
area of MM sample to correct for any contamination introduced during the method. If the
calculated ME is 0% there is no matrix effect, however, if ME is above or below 0%, there is
an occurence of signal enhancement and suppression, respectively [185].

2.14.7 Recovery

Recovery of a method is defined as the percentage of the true concentration of an analyte
recovered during the analytical procedure, also referred to as extraction efficiency. The
recovery of a method accounts for analyte loss during sample preparation that leads to
errors in the results. Absolute recovery is calculated by using external standards, while
relative recovery is calculated by using the relative responses of the external standard and
IS.

Extraction efficiency can be quantitatively determined by comparing matrix samples
spiked pre- and post-extraction [188]. The absolute recovery, Rabs(%), can be calculated by
the following equation 10;

Rabs(%) =

(
ASSP − AMB

AMM − AMB

)
· 100% (10)

ASSP is the response for the sample spiked pre-extraction, and AMM is the response for
samples spiked post-extraction. The method blank, AMB, is subtracted from the peak areas
to correct for any contamination that has been introduced during the analytical method.
The relative recovery, Rrel(%), can be calculated the same way by using relative response
according to equation 11;

Rrel(%) =

(
ASSP

ASSP(IS)
− AMB

AMB(IS)

)
(

AMM
AMM(IS)

− AMB
AMB(IS)

) · 100% (11)

On a general basis, recoveries between 70-120% are regarded as acceptable, and this has
been recommended to use for analysis of pesticide residues in food by the Swedish National
Food Administration [177, 189].
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2.15 Statistical methods

2.15.1 Kruskal-Wallis test

The Kruskal-Wallis test is a rank-based non-parametric statistical method used for testing
if three or more independent sample groups of equal or different sample sizes originate from
the same distribution, named after Kurskal and Wallis (1952) [190, 191]. This test assumes
that the data deviate from a normal distribution, and therefore the null hypothesis postulate
that the median of all sample groups is similar. The alternative hypothesis assumes that at
least one of the median of the sample groups is different from one of the median of the other
sample groups. A significant test indicates that at least one sample group has a different
distribution. However, the test does not indicate for which groups this difference occurs and
for how many of the groups, therefore, a post-hoc analysis is normally conducted to identify
which groups differ. Several methods can be used for post-hoc analysis, one way is Dunn’s
test.

Dunn’s test (1964) is based on multiple pairwise comparisons using rank sums of inde-
pendent sample groups that indicate which sample groups are significantly different at a set
significance level α [191, 192]. However, when multiple pairwise comparisons are tested, the
probability of getting a "false positive" significant difference increases. This is called the
Family-wise error rate or type I error. The type I error is normally equal to α when one
comparison test is performed but increases with the number of comparisons. There are ways
of controlling the family-wise error rate, for instance by using adjusted p-values.

2.15.2 Principal component analysis

Principal component analysis (PCA) is a multivariate statistical technique that is based on
mathematical algorithms that analyzes a dataset that is described by several inter-correlated
quantitative dependent variables [193]. The basis of the dataset might be a matrix that
consists of y number of samples and x number of variables. A PCA reduces the dimensionality
of the data while retaining most of the variation by identifying directions, called principal
components (PCs) [194]. The PCs are new linear combinations of the original variables that
are represented as weighted averages. Moreover, the PCs are represented as new independent
variables. Multivariate analysis is used in a wide range of scientific fields. PCA aims to
extract the most important information from a dataset and to express this information
as new orthogonal variables that can be displayed in a pattern in which similarities and
dissimilarities can be observed. A PCA plot, therefore, simplify the description of the dataset,
by compressing the data while retaining important information [195].

The first principal component (PC1) is aligned along the direction with the maximum
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variances and therefore explains the largest possible variance of the dataset [193]. The
direction of PC1 is found by the least-squares method, a line that has the best fit to all
contributing data points. Principal component two (PC2) is the direction that explains the
second largest variance of the dataset and is computed orthogonally to PC1. Higher orders
of principal components (PC3, PC4, etc.) are orthogonal to the lower PCs and represent a
successively smaller variance that contains less information. When the principal components
are represented in a direction where the variance is so small that no information can be
obtained it is called noise. A PCA plot has a common origin, and the most common is the
average point which is the mean of all variables in all samples, called the mean center.

A PCA plot consists of both score and loading plots [196]. Scores are coordinates that
are projected to a PC that is derived from a coordinate in the original dataset. A sample in
a dataset has a coordinate that is relative to the PC origin and its own set of scores that are
determined by the variables in the PCA. The score plot contains the scores of all the samples.
Moreover, the score plot can also be used for outlier identification, identification of trends,
and groups, or finding similarities or variations between samples. A principal component
contains x variables, called loadings, which provide information about the relationship be-
tween the original variables and the PC [196]. In a loading plot, loading vectors are plotted
against each other, and the plot contains variables of the samples. Information that can be
drawn from the loading plot is how much each variable contributes to each PC.

The corresponding score and loading plots are complementary and should be used to-
gether for the interpretation of the data. The plots provide valuable information about the
samples and variables together, and the influence of original data can be explored [196]. One
way for interpretation is to look at the correlations along the principal components, i.e. to
see if variables and samples correlate positively or negatively.

The data should be preprocessed before PCA analysis which means the data will be
transformed to fit the analysis better [196]. This is especially important when variables are
measured in different units and of different magnitudes. One way of transforming the data
is to use a scaling factor, for instance, the inverse of the standard deviation that will ensure
each variable has the same variance. The variables become more comparable and avoid that
some variables dominate more than others and thereby influence the analysis. Another way
of transforming the data is by mean centering.
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3 Methods and Materials

3.1 Study area

Svalbard is an archipelago that is located in the Arctic Ocean and is situated between 74◦-
81◦ North and 10◦-35◦ East [197]. Spitsbergen is the largest island on Svalbard, and the
climate on the west coast is influenced by the warm water carried by the North Atlantic
current [128, 197]. About 60% of Svalbard is covered by glaciers and perennial ice cover
[10]. Most of the freshwaters are located on Spitsbergen, and it is estimated that around
400 km2 (0.06%) of Svalbard consist of freshwater [128]. The mean annual air temperature
at Spitsbergen is -6◦C, and annual precipitation is usually below 500 mm [197].

3.1.1 Sampling location

Mitrahalvøya is situated North of Kongsfjorden and on the west side of Krossfjorden. Lake
Diesetvatnet, which consists of two catchment areas, Nordre Diesetvatnet and Søre Dieset-
vatnet, is located at Mitrahalvøya approximately 35 km North of Ny-Ålesund settlement
and 21 m above sea level [130]. Nordre- and Søre Diesetvatnet are connected, and both
catchment areas receive meltwater and sediment particles from nearby glaciers during the
spring and summer seasons [10]. Furthermore, from Søre Diesetvatnet an approximately 3-4
km long river, Diesetelva, flows out into the Arctic Ocean with variable depth (0.1-1.5 m)
and width (5-40 m) [127, 130]. As a consequence, both anadromous and resident populations
of Arctic char coexists in Lake Diesetvatnet. Samples were collected in the mouth of Søre
Diesetvatnet (79.19308 ◦N, 11.34714 ◦E) at the beginning of the outflow of the Diesetelva.
The sampling location is shown in the map (Figure 11).

Pictures from the sampling location are provided in Figure 12. The water where Arctic
char were caught was shallow with reduced visibility. The surrounding area was covered by
an open tundra landscape with reindeer nearby and glacier-covered mountains. Moreover,
some patches of snow could be spotted by the river, Diesetelva, and seabirds flying over the
Lake water during the sampling.

3.2 Sampling

Permission for the sampling was provided by the Governor of Svalbard. Samples of Arctic
char were collected in Diesetelva 17th of August 2021. The sampling location is shown in
Figure 11. The sampling site was reached by boat from Ny-Ålesund to the west side of
Mitrahalvøya, by Laksebu. From there, the sampling location was reached by walking up
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Figure 11: Map of Svalbard archipelago (A) shows main settlements; Longyearbyen (blue circle)
and Ny-Ålesund (green circle). The study area is located on Mitrahalvøya, highlighted with a black
box in map A and enlarged in map B.

along the river. Water samples from Diesetelva were collected and analyzed for different
water parameters (Table 3).

Table 3: Water parameters from the sampling location at Diesetelva: coordinate of the sampling
location given in decimal degree (DD). Measured water parameters included acidity (pH), conduc-
tivity (µS/cm), turbidity (NTU), and redox conditions (mV).

Coordinate pH Conductivity Turbidity Redox
79.19308 ◦N,
11.34714 ◦E 8.03 97.7 217 7.94

Arctic char was caught with a fishing rod and spinning baits. Spinning baits for freshwater-
and river fishing were used; copper- and yellow-colored spinning baits of size 6.5 to 12 g.
The sampling of fish was conducted according to ISO 23893-1:2007(E) [198]. Blood samples
were taken immediately after the fish was caught. Disposable syringes (2 mL) with 23G 1
1/4 inch needle and Eppendorf tubes (1.5 mL) were rinsed with heparin (40 mg mL−1). 1-3
mL of blood was drawn from the caudal vertebral vein, and the fish was killed right after
the blood sampling was conducted. Biometric measurements of the fish were taken: body
mass and length were measured with a kitchen scale and measuring tape (Table 4). For
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Figure 12: Pictures from the sampling location.

sample collection of organs, the body cavity was cut open, taking care not to damage the
gall bladder. Liver, gonad, and kidney were carefully taken out from the abdominal cavity,
weighed and packed in alumina foil, and kept cold on snow in the field (Table B1). The skull
was cut open to collect the brain, and the dorsal fin was collected. After the fieldwork, organ
samples were stored at -20◦C, and blood samples were kept in the fridge for 8 days at 4-5◦C
before the plasma was separated from whole blood. Samples ID are given in Table B2.

Table 4: Biometric measurements of individual Arctic char collected at the sampling location.
Length of the fish is given in centimeters (cm), weight in grams (g), and gender given as female (F)
or male (M).

Fish Length (cm) Weight (g) Gender
1 45.0 900 F
2 47.5 1050 F
3 51.5 1350 F
4 36.0 350 M
5 49.0 950 F
6 49.0 1040 F
7 52.5 1390 F

3.3 Sample pretreatment

3.3.1 Centrifugation of blood samples

Plasma was separated from whole blood with an EppendorfTM Centrifuge 5804 R. Whole
blood samples WB-1, WB-3B, and WB-6B were centrifuged at 1000 rounds per minute (rpm)
at 4◦C for 4 minutes. Blood sample WB-3B was hemolysed and showed no clear separation,
and was centrifuged again at 1000 relative centrifugal force (rcf) at 4◦C for 5 minutes. Blood
samples WB-2, WB-3A, WB-4, WB-5, WB-6A, and WB-7 were centrifuged at 1000 rcf at
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4◦C for 5 minutes. Blood sample WB-7 had no clear separation of the plasma, therefore
sample WB-7 together with WB-3B were centrifuged again at 2000 rcf at 4◦ for 5 minutes.
Plasma samples were subsampled into aliquotes of 100 µL (Table B2), and both plasma and
red blood cell samples were stored at -80◦C until further analysis.

3.3.2 Freeze-drying of organ samples

Gonad, hard roe (eggs), liver, and kidney samples were slightly thawed and cut with a
titanium grade 2 knife into smaller pieces, and weighed out into metal-free Coulter® plastic
cups (VWR). Brain samples were weighed out into the plastic cups without cutting. The
equipment used for cutting was rinsed with nitric acid (HNO3, 1 M), Milli-Q H2O (ultrapure),
and then EtOH between all samples to avoid cross-contamination. Sample cups were covered
with parafilm and a lid, and kept at -21◦C for two days prior to freeze-drying. A hole was
made in the parafilm with the titanium grade 2 knife to let vapor out during drying. Samples
were freeze-dried with Christ ALPHA 1-4 LD plus under vacuum (0.94 mbar) at -21◦C for 28
hours followed by final drying under vacuum (0.090 mbar) at -43◦C for 15 minutes. Samples
were weighed after freeze-drying to determine the water content of samples, and stored at
-21◦C until further analysis. The water content of the samples is given in Table C7.

3.3.3 Homogenization of organ samples

Organ samples were crushed to powder using an agate mortar and pestle. A porcelain spatula
covered in plastic foil was used to transfer the samples back into the plastic containers. The
mortar and pestle were washed with soap and water, then five times with Milli-Q H2O
(ultrapure), and dried with dust-free paper tissues in between all samples. The plastic foil
used outside the spatula was exchanged between all samples.

3.4 Determination of PFAS in plasma

3.4.1 Preparation of standard solutions

Stock solution of 1 µg mL−1 of 43 PFAS target analytes (TA) (Table B4) were prepared in
MeOH as solvent. A 1 µg mL−1 IS mix of 3 isotopically labelled PFAS compounds were
prepared in MeOH (Table B6).

3.4.2 Extraction of PFAS in plasma

Plasma samples were thawed slowly on the ice at room temperature. 100 µL of plasma
was spiked with 20 ng mL−1 of IS. For protein precipitation, 450 µL MeOH containing
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0.1% ammonium formate (AF, NH4CO2H) was added, and the mixture was vortexed for 30
seconds and centrifuged at 4000 rcf for 10 minutes at room temperature with an Eppendorf
Centrifuge 5810. Superclo HybridSPE®-Phospholipid cartridge (30 mg, 1 mL) was rinsed
with 1 mL of MeOH. The supernatant was transferred to the HybridSPE cartridge and
the eluent was collected directly into amber LC-vials for analysis. For quality control, a
recovery test of pooled plasma samples following the same extraction and clean-up protocol
as described above was conducted. The recovery test included a method blank (MB) and a
sample (S1) spiked with 20 ng mL−1 IS pre-extraction, and three replicates of samples spiked
(SP1, SP2, SP3) with 20 ng mL−1 TA and 20 ng mL−1 IS pre-extraction, and two replicates
of samples spiked with 20 ng mL−1 TA and 20 ng mL−1 IS post-extraction, referred to as
matrix matches (MM1 and MM2). A calibration curve of PFAS TA with concentrations in
the range of 0.1-50 ng mL−1 in MeOH containing 0.1% ammonium formate was prepared, in
which all were spiked with 20 ng mL−1 of IS.

3.4.3 Analysis of PFAS with UPLC-ESI-MS/MS

UPLC-ESI-MS/MS was carried out by a protocol adopted by Vike-Jonas with minor mod-
ifications [163, 164]. Analysis of 43 PFAS TA in sample extracts was performed with an
Acquity UPLC (Waters, Milford, USA) coupled to a XevoTM TQ-S triple quadrupole mass
spectrometer. Separation of TA was performed on a Kinetex C18 column (30 mm x 2.1
mm, 1.3 µm, 100 ÅPhenomenex) connected to a Phenomenex C18 guard column (2.1 mm).
The column temperature was set to 30◦C with a mobile phase mixture consisting of 2 mM
ammonium acetate in H2O (A) and MeOH (B), with an injection volume of 4 µL and a flow
rate of 0.2 mL min−1 with gradient elution according to Table 5.

Table 5: Gradient eluent program for UPLC-ESI-MS/MS analysis of PFAS compounds.

Time Flow A (%) B (%) Step
Initial 0.25 80 20 Initial

0.1 0.25 80 20 6
0.2 0.25 50 50 6
0.8 0.25 30 70 6
1.5 0.25 20 80 6
2.8 0.25 15 85 5
4.5 0.25 0 100 6
5.5 0.25 0 100 6
5.6 0.25 80 20 6
6 0.25 80 20 6

Mass spectrometric detection was performed using electrospray ionization in negative
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mode (ESI-) with a Zspray (Waters, Milford, CT, USA), and a capillary voltage of 2 kV,
cone voltage of 25 V, and source offset of 40 V. Desolvation temperature was held at 450◦C,
and the desolvation gas flow was set to 650 L h−1. The source temperature was set to 150◦C
and the cone gas flow was maintained at 150L h−1. The nebuliser gas flow was set to 6.0 bar.
The tuning parameters for the ESI- are given in Table 6. Data were obtained by MassLynxTM

4.1 software and processed in TargetLynx (Waters, Milford, USA). Quantification of PFAS
was performed using the IS method.

Table 6: Tuning parameters for ESI (-) during analysis of PFAS compounds with UPLC-ESI-
MS/MS.

ESI (-)
Capillary (kV) 2

Cone (V) 25
Source offset (V) 40

Desolvation temperature (◦C) 450
Desolvation gas flow (L/h) 650

Cone (L/h) 150
Nebuliser (Bar) 6

Source temperature (◦C) 150

3.5 Determination of steroid hormones in plasma

3.5.1 Preparation of standard solutions

Stock solution of 1 µg mL−1 of 18 steroid TA (Table B5) were prepared in MeOH as solvent.
A 1 µg mL−1 IS mixture of 3 isotopically labelled steroid hormones were prepared in MeOH
(Table B7).

3.5.2 Extraction of steroid hormones in plasma

Plasma samples were thawed slowly on the ice at room temperature. 100 µL of plasma
was spiked with 20 ng mL−1 IS. 450 µL MeOH containing 0.1% ammonium formate (AF,
NH4CO2H) was added, and the mixture was vortexed for 30 seconds and centrifuged at 4000
rcf for 10 minutes. Superclo HybridSPE®-Phospholipid cartridge (30 mg, 1 mL) was rinsed
with 1 mL of MeOH. The supernatant was transferred to the Hybrid SPE cartridge and
the eluent was collected directly into amber LC-vials for analysis. For quality control, a
recovery test of pooled plasma samples following the same extraction and clean-up protocol
as described above was conducted. The recovery test included a method blank (MB) and
sample (S1) spiked with 20 ng mL−1 IS pre-extraction, three replicates of samples spiked
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(SP1, SP2, SP3) with 20 ng mL−1 TA and 20 ng mL−1 IS pre-extraction, and two replicates of
samples spiked with 20 ng mL−1 TA and 20 ng mL−1 IS post-extraction, referred to as matrix
matches (MM1 and MM2). A calibration curve of steroid hormone TA with concentrations
in the range of 0.1-50 ng mL−1 in MeOH containing 0.1% ammonium formate was prepared,
in which all were spiked with 20 ng mL−1 of IS.

3.5.3 Analysis of steroid hormones with UPSFC-ESI-MS/MS

Ultra-Performance supercritical fluid chromatography-tandem mass spectrometry (UPSFC-
MS/MS) analysis was adopted from de Kock et al. (2018) with minor modification [173].
Analysis of 18 steroid hormone TA in sample extracts was performed with an Acquity UPC2

(Waters, Milford, USA) system coupled to a XevoTM TQ-S triple quadrupole mass spec-
trometer (Waters, Milford, USA). Separation of TA were performed on a Viridis® CSH
Fluoro-Phenyl UPC2 column (2.1 mm x 100 mm, 1.7 µm, 130 Å) connected to a Viridis®

CSH Fluoro-Phenyl VanGuardTM pre-column (2.1 mm x 5 mm). The mobile phase mixture
constituted of CO2 (A) and 0.1% formic acid in methanol:isopropanol (MeOH:i -PrOH, 1:1)
as co-solvent (B). The mobile phase had an injection volume of 1 µL and a gradient elution
program according to Table 7. The UPSFC system was equipped with an autosampler and
the automated back pressure was set to 2000 psi. Elution from the chromatographic sys-
tem into the MS system was supported by a make-up solvent consisting of 0.1% formic acid
(HCOOH) in MeOH:i -PrOH (1:1) at a flow rate of 0.2 mL min−1.

Table 7: Gradient eluent program for UPSFC-ESI-MS/MS analysis of steroid hormones.

Time (min) Flow (mL/min) A (%) B (%) Curve
Initial 1 98 2 Initial

0.5 1 98 2 6
3.0 1 83 17 6
3.5 1 83 17 6
4.0 1 98 2 6
5.0 1 98 2 6

Mass spectrometric detection was performed using electrospray ionization in the positive
mode (ESI+) with a Zspray (Waters, Milford, CT, USA), and a capillary voltage of 2.8 kV,
cone voltage of 20 V, and source offset of 80 V. The collision gas flow was maintained at
0.15 mL min−1. Desolvation temperature was held at 500◦C, and the desolvation gas flow
was set to 1000 L h−1. The source temperature was set to 150◦C and the cone gas flow was
maintained at 150L h−1. The nebuliser gas flow was set to 6.0 bar. The tuning parameters
for the ESI+ are given in Table 8. Data were obtained by MassLynxTM 4.1 software and
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3.6 Preparation of standard solutions

processed in TargetLynx (Waters, Milford, USA). Quantification of steroid hormones was
performed using the internal standard method.

Table 8: Tuning parameters for ESI(+) during analysis of steroid hormones with UPSFC-ESI-
MS/MS.

ESI(+)
Capillary (kV) 2.8

Cone voltage (V) 20
Source offset (V) 80

Source temperature (◦C) 150
Desolvation temperature (◦C) 500

Desolvation gas flow (L/h) 1000
Cone (L/h) 150

Nebuliser (Bar) 6.0
Collision gas flow (mL/min) 0.15

3.6 Method test for extraction of steroid hormones and PFAS in

liver samples

Three different techniques for extraction of steroid hormones and PFAS in biological samples
were assessed; Hybrid SPE, SPE, and SLE. The protocols were conducted on pooled liver
samples (wet weight) with a recovery test set-up according to Table 9. Method blanks were
used to monitor background contamination, while pre- and post-spiked samples were used
to assess the recovery of extracted compounds. Liver samples from Arctic char were used
to make up the pooled samples, and the combined liver samples were homogenized with an
agate mortar and pestle.

Table 9: Recovery test set-up for the three extraction protocols. Recovery samples; method blank
(MB), sample (S1), spiked samples (SP1, SP2, SP3), and matrix matches (MM1 and MM2). Pooled
liver sample were spiked with internal standard (IS) and target analytes (TA) pre-extraction (pre)
or post-extraction (post) accordingly.

Sample IS (pre) TA (pre) IS (post) TA (post)
MB x
S1 x x
SP1 x x x
SP2 x x x
SP3 x x x
MM1 x x x
MM2 x x x
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3.6 Solid-liquid extraction

3.6.1 Preparation of standard solutions

Stock solution of 0.5 µg mL−1 of 43 PFAS TA (Table B4) were prepared in MeOH as solvent.
A 1 µg mL−1 IS mixture of 3 isotopically labelled PFAS were prepared in MeOH (Table B6).
The same stock solution of TA and IS mixture of steroid hormones from the extraction
procedure in plasma were used, section 3.5.1 (Table B5 and B7).

3.6.2 Hybrid SPE

Extraction of steroid hormones and PFAS with Hybrid SPE was conducted with two different
precipitation agents, 0.1% AF in MeOH (w/v) and 0.5% citric acid (CA) in acetonitrile
(ACN) (w/v), adopted from the following method with minor modifications [163, 164]. Both
precipitation agents followed the same procedure. Approximately 100 mg of liver tissue
were weighed out in a 15 mL polypropylene tube on a precision scale. Liver samples were
spiked with 20 ng mL−1 IS and 20 ng mL−1 TA pre- or post-extraction according to Table
9. 450 µL of 0.1% AF in MeOH or 0.5% CA in ACN were added. The sample mixture was
vortexed for 30 seconds, ultrasonicated for 45 minutes with Branson 3510 Ultrasonic Cleaner,
and centrifuged at 4000 rcf for 10 minutes at room temperature. Superclo HybridSPE®-
Phospholipid cartridge (30 mg, 1 mL) were rinsed with 1 mL 0.1% AF in MeOH or 0.5%
CA in ACN. The supernatant was transferred to the pre-washed cartridge, and the eluent
was collected directly in amber LC-vial for analysis.

3.6.3 Solid-phase extraction

Extraction and clean-up protocol with solid-phase extraction (SPE) were conducted accord-
ing to Weisser et al. (2016) with minor modifications [199]. Approximately 100 mg of liver
tissue was weighed out in a 15 mL polypropylene tube on a precision scale. Liver samples
were spiked with 20 ng mL−1 with TA and 20 ng mL−1 IS pre- or post-extraction according
to Table 9, and added 1 mL of H2O:MeOH (25:75, v/v). The sample mixture was vortexed
for 30 seconds, ultrasonicated for 45 minutes with Branson 3510 Ultrasonic Cleaner, and cen-
trifuged at 4000 rcf for 10 minutes at room temperature. The supernatant was transferred
to a new 15 mL PP tube and diluted with 4 mL Milli-Q H2O (ultrapure) to a total volume of
5 mL. HyperSepTMC18 cartridge (50 mg, 1 mL) was pre-conditioned in the following order
with 3 mL heptane, 3 mL acetone, 3 mL MeOH, and 3 mL Milli-Q H2O. The supernatant
was transferred to the C18 SPE cartridge, and washed with 6 mL Milli-Q H2O and thereafter
6 mL H2O:MeOH (75:25, v/v). The analytes were eluted with 3 mL H2O:MeOH (20:80, v/v)
and concentrated to approximately 500 µL under a gentle stream of nitrogen gas at 60◦C
with a Stuart block heater SBH200D/3, and transferred to amber LC-vials for analysis.

53



3.7 Microwave digestion of plasma and red blood cells with UltraCLAVE

3.6.4 Solid-liquid extraction

A generic protocol for solid-liquid extraction (SLE) was conducted with minor modifications
[200]. Approximately 100 mg of liver tissue was weighed out in a 15 mL PP tube on a
precision scale. Samples were spiked according to Table 9, and added 3 mL of Methyl tert-
butyl ether (MTBE). The sample mixture was ultrasonicated for 45 minutes with Branson
3510 Ultrasonic Cleaner. The extract was transferred to a new polypropylene tube, and the
extraction procedure of the liver sample was repeated 3 times to the combined extract volume
of 9 mL (3 x 3 mL). The combined extract was centrifuged at 4000 rcf for 10 minutes at room
temperature, and the extract was transferred to a new polypropylene tube and evaporated
to near dryness under a gentle stream of nitrogen gas at 40◦C with a Stuart block heater
SBH200D/3. The analytes were reconstituted with 500 µL of H2O:MeOH (1:1, v/v), vortex
mixed and transferred to amber LC-vials for analysis.

3.6.5 Analysis of sample extracts

Sample extracts from the three extraction techniques were analyzed for steroid hormones
with UPSFC-ESI-MS/MS and PFAS with UPLC-ESI-MS/MS as decribed in sections 3.5.3
and 3.4.3, respectively.

3.7 Determination of trace elements

3.7.1 Microwave digestion of organ samples with UltraCLAVE

The acid digestion procedure followed the standard routine NS-EN 13805:2014 [201]. Organ
samples (40-350 mg) were weighed out into 15 mL acid-washed Teflon tubes on a precision
scale. 2 or 5 mL of Scanpure HNO3 50% was added to each sample depending on sample
weight (approximately 1.25 mL HNO3 per 100 mg sample). Three replicates of a CRM
(DORM-5, fish protein, NRC) were prepared the same way. 6 blanks (3 replicates with 5
mL and 3 replicates with 2 mL of HNO3 50% w/w) were prepared and randomly distributed
among the samples. Samples were digested in high pressure (160 bar) and high temperature
(240◦C) microwave unit (UltraCLAVE Milestone, Shelton, CT, USA) for 1.5 hours. After
digestion, the samples were diluted with ultrapure Milli-Q water 10±5% times the added
volume of 50% HNO3 w/w to reach a final concentration of 0.6 M HNO3. The samples were
placed in a 15 mL polypropylene tube for ICP-MS analysis.
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3.8 Data treatment and statistical methods

3.7.2 Microwave digestion of plasma and red blood cells with UltraCLAVE

Red blood cells (RBC) and plasma samples were weighed out into 15 mL acid-washed Teflon
tubes on a precision scale and added 2 mL and 1 mL of Scanpure HNO3 65% w/w, re-
spectively. Three replicates of CRM (Seronorm, trace elements in whole blood L-2), two
replicates of CRM (Seronorm, trace elements in serum), and 1 replicate of CRM (DOLT-3,
Dogfish liver, NRC) were prepared. 6 blanks (3 replicates with 2 mL and 3 replicates with
1 mL of HNO3 65% w/w) were prepared. Samples were digested in high pressure (160 bar)
and high temperature (240◦C) microwave digestion reactor (UltraCLAVE, Milestone, GmbH,
Leutkirch, Germany) for 1.5 hours. After digestion, the samples were diluted with ultrapure
Milli-Q water 24±5% times the added volume of 65% w/w HNO3 to a final concentration of
0.6 M HNO3. The samples were placed in a 15 mL polypropylene tube for ICP-MS analysis.

3.7.3 Analysis of trace elements with ICP-MS

Samples were analyzed for elemental composition using an 8800 Triple Quadrupole induc-
tively coupled plasma mass spectrometry (ICP-MS) system (Agilent, USA) equipped with
prepFAST M5 autosampler (ESI, USA). The accuracy of the analysis was determined using
CRM; DORM-5 fish protein (NRC), DOLT-3 dogfish liver (NRC), SeronormTM trace ele-
ments whole blood L-2 (Sero), and SeronormTM trace elements serum (Sero) (Table C10).
Samples were diluted 10-25 times prior to analysis depending on the sample type. System
parameters during analysis are listed in Table 10.

Table 10: System parameters during ICP-MS analysis.

General parameters
RF Power 1550 W
Nebulizer Gas 0.80 L/min
Makeup Gas 0.38 L/min
Sample depth 8.0 mm
Ion lenses x-lens

H2 mode
H2 gas flow 4.5 mL/min
He gas flow 1.0 mL/min

O2 mode
O2 gas flow 0.525 mL/min

55



3.8 Data treatment and statistical methods

3.8 Data treatment and statistical methods

Topographic base map services were provided by the Norwegian Polar Institute and processed
with ArcGIS Desktop (ArcMAP) by Esri Version 10.8.1. Processing of chromatograms ob-
tained from UPLC-MS/MS and UPSFC-MS/MS analyses were conducted with MassLynxTM

4.1 software and processed in TargetLynx (Waters, Milford, USA). The chromatographic data
were processed using Microsoft Excel version 2207. Statistical analyses and visualization of
the data were performed using R version 4.2.0 with RStudio version 2022.02.3. The data
were tested for normality with the Shapiro-Wilks test with a significance level set at p <

0.05. Non-parametric data were tested with Kruskal-Wallis to test for significance in trace
element levels between tissues of Artic char. Pairwise multiple comparisons using Dunn’s
test post-hoc analysis with Holm adjustments were conducted to find which tissues that were
statistically significantly different. The PCA analysis was performed in Aspen Unscrambler
version 12.1. The data was preprocessed prior to PCA analysis by mean centering and
weighted as the inverse of the standard deviation (1/σ), and cross-validated. The algorithm
singular value decomposition (SVD) was applied.
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4.1 Steroid hormones in plasma of Arctic char

4 Results

4.1 Steroid hormones in plasma of Arctic char

Quantification of steroid hormone TA were accomplished based on the IS method. In to-
tal, 4 out of 18 analyzed steroids were observed in plasma samples. Concentrations of
11-Ketotestosterone (11-KetoTS), 5α-Dihydrotestosterone (DHT), testosterone (TS), and
androstenedione (AN) in individual plasma samples are listed in Table 11. AN was ob-
served in all plasma samples, and TS was observed in 8 out of 9 plasma samples (Table
12). 11-KetoTS and DHT were observed in 1 and 4 individual plasma samples, respectively.
Concentrations of DHT and TS in plasma sample P-5c were 34.2 ng mL−1 and 47.0 ng mL−1,
respectively, and both concentrations were above the estimated LOD from the calibration
curve method. The rest of the steroid hormone concentrations in the plasma samples were
below the estimated LOD calculated from the calibration curve method.

Values for LOD, LOQ, absolute recovery, relative recovery, and matrix effect are listed in
Table C1 in Appendix for 11 out of 18 steroid hormones. The remaining steroid hormones:
ALDO, A5, DHEA, P5, E1, and E2, are not reported due to missing signals and poor sepa-
ration and are therefore written as NA (not applicable). The absolute recovery percentages
for steroid hormones in plasma ranged from 52% to 12 000%, whereas the relative recoveries
ranged from 42% to 510%. Matrix effects were negative for all steroids and ranged from
-2.0% to -100%.

Table 11: Concentrations in ng mL−1 ww of 4 steroid hormones observed in individual plasma
samples. All concentrations are < LOD, based on the estimation of LOD with the calibration curve
method, except for DHT and TS in plasma sample P-5c which are > LOD.

Sample ID 11-KetoTS DHT TS AN
P-1c 18.7 11.5 19.0 11.0
P-2c 5.13 3.36
P-3Ac 6.56 4.22
P-3Ba 5.16 3.38
P-4a 2.69
P-5c 34.2 47.0 12.2
P-6Ad 17.8 16.0 8.86
P-6Bc 16.7 17.8 8.87
P-7c 5.60 3.33
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4.3 Method test for extraction of steroid hormones and PFAS in liver samples

Table 12: Observation rate (OR) of steroid hormones in plasma samples (n=9), and mean, standard
deviation (SD), median, minimum, and maximum concentration in ng mL−1 ww of 3 steroids in
plasma samples. Calculation of mean, median, minimum, and maximum are based on values in
Table 11. 11-KetoTS was only observed in one plasma sample and is not included.

Compound OR Mean SD Median Min Max
DHT 4/9 20.0 8.50 17.3 11.5 34.2
TS 8/9 15.3 13.2 11.3 5.13 47.0
AN 9/9 6.43 3.55 4.22 2.69 12.2

4.2 PFAS in plasma of Arctic char

The mean total PFAS concentration in plasma of Arctic char from Diesetvatent was 26.8±5.98
ng mL−1, and the concentration of PFAS ranged from 20.8 to 38.7 ng mL−1 (Table C2). 9
out of 43 analysed PFAS were observed in plasma; 6:2 FTS, PFNA, PFOSA, PFOS, PFDA,
PFUnA, PFDoDA, PFTriDA, and PFECHS. Three PFAS compounds that were observed,
FOSAA, MeFOSAA, and DiSAMPAP, are excluded due to low recoveries (< 40%). All
the observed PFAS concentrations were below LOD. 6:2 FTS, PFNA, PFOS, and PFUnA
were observed in all individual plasma samples. Mean concentrations are given in Table 13
for PFAS with an observation rate above 60%, and the percentage composition of 9 of the
observed PFAS in individual plasma samples is shown in figure 13.

Table 13: Observation rate (OR) of PFAS in plasma samples (n=9) for PFAS with OR > 60%.
Mean, standard deviation (SD), median, minimum, and maximum concentrations in ng mL−1 ww
of PFAS compounds in plasma samples.

Compound OR Mean SD Median Min Max
6:2 FTS 9/9 9.64 0.204 9.61 9.28 9.97
PFNA 9/9 1.95 0.0862 1.98 1.85 2.09
PFOS 9/9 5.39 1.84 4.98 1.93 8.98
PFUnA 9/9 5.27 0.745 5.13 4.20 6.48

PFAS TA were quantified based on the IS method. The IS PFOA 13C8 was applied to
the respective PFOA TA, whereas the IS 6:2 FTS 13C2 was used for the TA 6:2 FTS. The IS
PFOS 13C8 was applied on all the other PFAS target analytes listed in table B4. Absolute
and relative recoveries of PFAS TA ranged from 1.2% to 130% and -82% to 120%, and matrix
effects of PFAS TA ranged from -110% to 22% (Table C3). LOD and LOQ were calculated
based on the calibration curve method.
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4.3 Extraction of steroid hormones in liver samples
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Figure 13: Percentage (%) composition of the 9 observed PFAS compounds: 6:2 FTS, PFNA,
PFOSA, PFOS, PFDA, PFUnA, PFDoDA, PFTriDA, and PFECHS, in individual plasma samples
of Arctic char. Overview of samples-ID are given in Table B2.

4.3 Method test for extraction of steroid hormones and PFAS in

liver samples

Absolute and relative recoveries and matrix effects for steroid hormones and PFAS for all 4
extraction methods are listed in Table C5 and C6.

4.3.1 Extraction of steroid hormones in liver samples

The IS 13C3-CORNE was not applied to any of the steroids due to irregular signals. IS
13C3-DHT was used for P4, DHT, TS, AN, DHEA, 17 OH-P5 steroid TA, while the IS
13C2-17α-OHP was used for COR, CORNE, ALDO, COS, 11-deoxyCOR, 17α-OHP, DOC,
11-KetoTS steroid TA. The Hybrid SPE extraction and clean-up of pooled liver samples
with 0.1% ammonium formate (AF) in MeOH provided absolute recoveries ranging from -
34000% to 150% and relative recoveries ranging from -1500% to 190%. All steroid hormones
provided negative matrix effects ranging from -1.5% to -100%. The same extraction and
clean-up method with 0.5% citric acid (CA) in ACN provided recoveries of steroid hormones
ranging from 38% to 100% and 66% to 160% for absolute and relative, respectively. All
steroids had negative matrix effects ranging from -6.1% to -95% except for ALDO which had
a positive matrix effect of 6.1%. Recoveries for steroid hormones with SPE extraction and
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4.4 Trace elements in Arctic char

clean-up ranged from 19-200% and 30-2500% for absolute and relative, respectively. Matrix
effects were negative for all steroids and ranged from -34% to -83%. The SLE extraction
provided absolute and relative recoveries of steroid hormones ranging from 21-110% and
63-240%, respectively. Most of the steroids had negative matrix effects in the range of -12%
-89% except for DHT and DHEA which had matrix effects of 6.2% and 115%, respectively.

4.3.2 Extraction of PFAS in liver samples

The IS 13C8-PFOS was not applied to any of the PFAS TA due to inconsistent signals.
IS 13C8-PFOA was applied to all PFAS TA except for 6:2 FTS in which IS 13C2 6:2 FTS
was applied. The Hybrid SPE extraction and clean-up with 0.1% AF in MeOH provided
absolute and relative recoveries ranging from 13-250% and 17-530%, respectively. All PFAS
compounds provided strong negative matrix effects ranging from -43% to -100% except for
MeFOSA, EtFOSA, PFHxDA, and SAMPAP which had positive matrix effects of 84% ,
140% , 72% , and 2.3%, respectively. The same extraction with 0.5% CA in ACN provided
absolute and relative recoveries in the range 16-510% and 15-480%, respectively. Most PFAS
had strong positive matrix effects. Matrix effects ranged from 59000% to -70%. The SPE
extraction and clean-up provided absolute and relative recoveries ranging from -0.1% to 160%
and -0.2% to 160%, respectively. Most PFAS had negative matrix effects ranging from -12%
to -250%, and a few PFAS with positive matrix effects ranging from 1.6-1300%. Absolute
and relative recoveries for SLE ranged from 2.9-340% and 2.0-170%, respectively. Matrix
effects were mainly negative ranging from -12% to -120%, and a few PFAS with positive
matrix effects ranging from 23% to 190%.

4.4 Trace elements in Arctic char

The elemental composition was analyzed in 7 tissues from Arctic char including the brain,
gonad, hard roe, liver, kidney, plasma, and red blood cells for 41 elements in total (Table
C8). LOD values for the elemental analysis with ICP-MS are given in Table C9, and the
percentage recovery for the certified reference material used including; DORM-5, DOLT-3,
seronorm whole blood L-2, and seronorm serum are presented in Table C10.

In the present study, one of the objectives was to determine the distribution of non-
essential trace elements including Hg, Cd, Pb, and As in the listed organs of Arctic char,
and to determine whether the concentration is higher in the liver and kidney compared to
other matrices. In addition, the distribution of a selection of essential trace elements Cu,
Zn, Se, Ni, Cr, Mn, Tl, and Co are included.
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4.4 Trace elements in Arctic char

Table 14: Concentration of trace elements in µg g−1 in various tissues of Arctic char. For each
sample type (matrix) number of samples above LOD (n > LOD), and mean±standard deviation
(SD), median, and range of concentrations are given. Concentrations in samples of brain, gonad,
hard roe, liver, and kidney are given in dry weight, whereas RBC and plasma are given in wet
weight.

Element Matrix n >LOD Mean±SD Median Range

Hg

Brain 6 0.0229±0.0072 0.0176 0.00533-0.0561
Gonad 6 0.0233±0.030 0.00855 0.00180-0.0877
Hard roe 4 0.00804±0.0032 0.00706 0.00506-0.0130
Liver 7 0.0786±0.12 0.0392 0.0118-0.365
Kidney 7 0.0966±0.079 0.0668 0.0117-0.272
RBC 9 0.0165±0.011 0.0127 0.00776-0.0246
Plasma 4 0.00457±0.0035 0.00343 0.000796-0.0106

Cd

Brain 6 0.0181±0.014 0.0153 0.00630-0.0468
Gonad 7 0.0481±0.057 0.0177 0.00255-0.142
Hard roe 4 0.0344±0.038 0.0214 0.00148-0.0931
Liver 7 0.305±0.36 0.169 0.0913-1.17
Kidney 7 1.98±1.1 1.73 0.861-4.20
RBC 3 0.000325±0.00013 0.000319 0.000183-0.000473
Plasma 3 0.000594±0.000072 0.000588 0.000510-0.000685

Pb

Brain 5 0.298±0.38 0.131 0.00661-1.02
Gonad 5 0.161±0.14 0.132 0.0118-0.418
Hard roe 2 0.0176±0.015 0.00237-0.0328
Liver 6 0.0266±0.043 0.00739 000239-0.122
Kidney 7 0.195±0.19 0.0935 0.00169-1.64
RBC 9 0.00525±0.002 0.00299-0.00942
Plasma 2 0.0602±0.035 0.0251-0.0952

Se

Brain 6 1.54±0.58 1.33 1.11-2.82
Gonad 7 1.76±1.1 1.42 0.348-3.60
Hard roe 4 4.24±0.85 3.98 3.46-5.52
Liver 7 4.09±3.3 2.73 1.95-12.1
Kidney 7 6.77±3.5 5.65 3.47-14.9
RBC 9 0.810±0.43 0.723 0.383-1.82
Plasma 7 0.444±0.31 0.381 0.0338-0.974
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4.4 Trace elements in Arctic char

Table 14 continued from previous page
Element Matrix n >LOD Mean±SD Median Range

As

Brain 6 0.619±0.33 0.478 0.293-1.20
Gonad 7 3.51±4.3 1.86 0.421-14.0
Hard roe 4 1.18±1.0 0.972 0.204-2.56
Liver 7 0.787±0.35 0.748 0.199-1.25
Kidney 7 1.69±0.46 1.59 1.09-2.52
RBC 9 0.0581±0.030 0.0555 0.0107-0.124
Plasma 7 0.101±0.061 0.0812 0.0235-0.201

Cu

Brain 6 9.72±0.80 9.90 8.60-10.6
Gonad 7 6.60±9.9 2.00 0.183-30.3
Hard roe 4 25.8±17 21.5 9.20-51.2
Liver 7 27.0±10 29.6 8.54-40.7
Kidney 7 5.34±1.5 5.10 2.31-7.68
RBC 9 0.212±0.036 0.201 0.158-0.280
Plasma 7 0.416±0.17 0.407 0.223-0.807

Zn

Brain 6 44.6±4.4 43.9 38.4-51.1
Gonad 7 75.3±47 61.0 8.04-168
Hard roe 4 139±74 126 62.8-243
Liver 7 84.4±19 82.1 59.3-122
Kidney 7 110±28 95.2 86.1-157
RBC 9 7.67±1.6 6.71 5.80-14.0
Plasma 7 13.6±4.9 11.7 7.66-22.8

Ni

Brain 6 0.241±0.27 0.147 0.0340-0.803
Gonad 6 0.0745±0.057 0.0653 0.00976-0.159
Hard roe 4 0.0202±0.018 0.0143 0.00280-0.0494
Liver 4 0.0467±0.072 0.00711 0.00105-0.172
Kidney 7 0.472±0.56 0.327 0.0724-1.81
RBC 9 0.00849±0.0057 0.00587 0.00410-0.0214
Plasma 6 0.0278±0.030 0.0145 0.00747-0.0925

Co

Brain 6 0.200±0.18 0.118 0.0455-0.548
Gonad 7 0.157±0.20 0.107 0.0213-0.634
Hard roe 4 0.0463±0.25 0.198 0.0869-0.707
Liver 7 0.150±0.10 0.120 0.0955-0.391
Kidney 7 1.20±0.50 1.25 0.0823-1.73
RBC 9 0.0278±0.036 0.0150 0.00754-0.118
Plasma 7 0.109±0.15 0.0493 0.0328-0.474
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Table 14 continued from previous page
Element Matrix n >LOD Mean±SD Median Range

Cr

Brain 6 0.565±0.84 0.186 0.00294-2.40
Gonad 7 0.0832±0.085 0.0580 0.00819-0.261
Hard roe 1 <LOD <LOD <LOD
Liver 1 <LOD <LOD <LOD
Kidney 7 0.242±0.17 0.197 0.0263-0.559
RBC 8 0.00613±0.0050 0.00361 0.00196-0.0166
Plasma 4 0.00677±0.0075 0.00379 0.000241-0.0193

Mn

Brain 6 6.6±7.0 3.34 1.22-21.2
Gonad 7 6.38±8.5 2.93 0.413-26.4
Hard roe 4 5.14±2.4 5.20 2.55-7.61
Liver 7 4.31±2.5 2.67 1.71-7.72
Kidney 7 4.95±1.9 4.74 2.51-8.48
RBC 9 0.0527±0.025 0.0533 0.0163-0.130
Plasma 6 0.0320±0.017 0.0244 0.0149-0.0645

Tl

Brain 6 0.0175±0.014 0.0104 0.00498-0.0383
Gonad 7 0.0158±0.026 0.00467 0.000692-0.0789
Hard roe 4 0.00406±0.00091 0.00426 0.00277-0.00497
Liver 7 0.0751±0.10 0.0208 0.319-0.0103
Kidney 7 0.0489±0.070 0.0151 0.00912-0.217
RBC 7 0.000246±0.00039 0.000125 0.0000214-0.00106
Plasma 2 0.000319±0.00031 0.0000131-0.000624

4.4.1 Mercury (Hg)

Mean concentration of Hg in the different tissues of Arctic char presented in increasing order
were 0.00457 µg g −1 wet weight (ww) in plasma (n=4), 0.00804 µg g −1 dry weight (dw) in
hard roe (n=4), 0.0165 µg g −1 ww in red blood cells (RBC) (n=7), 0.0229 µg g −1 dw in
brain (n=6), 0.0233 µg g −1 dw in gonad (n=6), 0.0786 µg g −1 dw in liver (n=7), and 0.0966
µg g −1 dw in kidney (n=7). The distribution of Hg in tissues of Arctic char are presented
in Figure 14.

The data was tested for normality with the Shapiro Wilks test that indicated deviation
from normality (p < 0.05). Kruskal-Wallis test showed that there was a statistical significant
difference in median Hg concentrations between the different organs in Arctic char: χ2 (6) =
19.30, n = 41, p = 0.00369 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc
analysis with Holm adjustments indicated that there was a statistically significant difference
in the median concentrations between kidney and plasma (p = 0.00743) (Figure 14). None
of the other Hg tissue concentrations were statistically significantly different.
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Figure 14: Distribution of Hg in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Hg in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.

4.4.2 Cadmium (Cd)

Mean concentration of Cd in the different tissues of Arctic char presented in increasing order
were 0.000325 µg g −1 ww in RBC (n=3), 0.000594 µg g −1 ww in plasma (n=3), 0.0181 µg
g −1 dw in brain (n=6), 0.0344 µg g −1 dw in hard roe (n=4), 0.0481 µg g −1 dw in gonad
(n=7), 0.305 µg g −1 dw in liver (n=7), and 1.98 µg g −1 dw in kidney (n=7) (Table C8).
The distribution of Cd in tissues of Arctic char are presented in Figure 15.

The data was tested for normality with the Shapiro Wilks test that indicated deviation
from normality (p < 0.05). Kruskal-Wallis test showed that there was a statistical significant
difference in median Cd concentrations between the different organs in Arctic char: χ2 (4)
= 22.94, n = 31, p = 0.0001302 [202]. Pairwise multiple comparisons using Dunn’s test
post-hoc analysis with Holm adjustments indicated that there was a statistical significant
difference in the median concentrations between the kidney and brain (p = 0.00114), the
kidney and gonad (p = 0.00444), and the kidney and hard roe (p = 0.00444) (Figure 15).
None of the other tissue Hg concentrations were statistically significantly different.
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Figure 15: Distribution of Cd in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Cd in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.

4.4.3 Lead (Pb)

Mean concentration of Pb in the different tissues of Arctic char presented in increasing order
were 0.00525 µg g −1 ww in RBC (n=7), 0.0176 µg g −1 dw in hard roe (n=2), 0.0266 µg g
−1 dw in liver (n=6), 0.0602 µg g −1 ww in plasma (n=2), 0.161 µg g −1 dw in gonad (n=5),
0.195 µg g −1 dw in Kidney (n=7), and 0.298 µg g −1 dw in brain (n=5) (Table C8). The
distribution of Pb in tissues of Arctic char are presented in Figure 16.

The data were tested for normality with the Shapiro Wilks test that indicated deviation
from normality (p < 0.05). Kruskal-Wallis test showed that there was no statistically sig-
nificant difference in median Pb concentrations between the different organs in Arctic char:
χ2 (4) = 12.9, n = 30, p = 0.01178 [202].
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Figure 16: Distribution of Pb in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Pb in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration.

4.4.4 Arsenic (As)

Mean concentration of As in the different tissues of Arctic char presented in increasing order
were 0.0581 µg g −1 ww in RBC (n=7), 0.101 µg g −1 ww in plasma (n=7), 0.619 µg g −1 dw
in brain (n=6), 0.787 µg g −1 dw in liver (n=7), 1.18 µg g −1 dw in hard roe (n=4), 1.69 µg
g −1 dw in Kidney (n=7), and 3.51 µg g −1 dw in gonad (n=7) (Table C8). The distribution
of As in tissues of Arctic char are presented in Figure 17.

The data was tested for normality with the Shapiro Wilks test that indicated deviation
from normality (p < 0.05).Kruskal-Wallis test showed that there was statistically significant
difference in median As concentrations between the different organs in Arctic char: χ2 (6)
= 34.61, p = 5.137e-06 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc
analysis with Holm adjustments indicated that there was a statistical significant difference
in the median concentrations between the gonad and plasma (p = 0.00178), the gonad and
RBC (p = 0.000159), the kidney and plasma (p = 0.00415), and the kidney and RBC (p =
0.000422) (Figure 17).

66



4.4 Essential trace elements in Arctic char

pHolm−adj. = 1.78e−03

pHolm−adj. = 1.59e−04

pHolm−adj. = 4.15e−03

pHolm−adj. = 4.22e−04

0

5

10

15

Brain
(n = 6)

Gonad
(n = 7)

Hard roe
(n = 4)

Kidney
(n = 7)

Liver
(n = 7)

Plasma
(n = 7)

RBC
(n = 7)

C
on

ce
nt

ra
tio

n 
(µ

g 
g−

1 ) Sample

Brain
Gonad
Hard roe
Kidney
Liver
Plasma
RBC

As in Arctic char

Figure 17: Distribution of As in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of As in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.

4.4.5 Essential trace elements in Arctic char

The data of the selected elements Cu, Zn, Se, Ni, Cr, Mn, Tl, and Co were tested for
normality with the Shapiro Wilks test that indicated deviation from normality (p < 0.05).

Copper (Cu): Kruskal-Wallis test showed that there was statistically significant dif-
ference in median Cu concentrations between the different organs in Arctic char: χ2 (6) =
36.84, p = 1.896e-06 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc analy-
sis with Holm adjustments indicated that there was a statistical significant difference in the
median concentrations between the brain and RBC (p = 0.00422 ), the hard roe and plasma
(p = 0.0191), the hard roe and RCB (p = 0.00124), the liver and plasma (p = 0.00193), and
the liver and RBC (p = 0.0000403) (Figure C21).

Zinc (Zn): Kruskal-Wallis test showed that there was statistically significant difference
in median Zn concentrations between the different organs in Arctic char: χ2 (6) = 35.11, p
= 4.102e-06 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc analysis with
Holm adjustments indicated that there was a statistical significant difference in the median
concentrations between the gonad and RBC (p = 0.0314), the hard roe and plasma (p =
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0.0411), the hard roe and RCB (p = 0.00243), the kidney and plasma (p = 0.000108), and
the liver and RBC (p = 0.00221) (Figure C22).

Selenium (Se): Kruskal-Wallis test showed that there was statistically significant dif-
ference in median Se concentrations between the different organs in Arctic char: χ2 (6) =
35.33, p = 3.719e-06 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc anal-
ysis with Holm adjustments indicated that there was a statistical significant difference in
the median concentrations between the hard roe and plasma (p = 0.00655), the kidney and
plasma (p = 0.0000297), the kidney and RCB (p = 0.000941), and the liver and plasma (p
= 0.00776) (Figure C23).

Nickel (Ni): Kruskal-Wallis test showed that there was statistically significant difference
in median Ni concentrations between the different organs in Arctic char: χ2 (6) = 24.13, p
= 0.0004948 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc analysis with
Holm adjustments indicated that there was a statistical significant difference in the median
concentrations between the brain and RBC (p = 0.0476), the kidney and hard roe (p =
0.0476), the kidney and liver (p = 0.0476), and the kidney and RBC (p = 0.00146) (Figure
C24).

Chromium (Cr): Kruskal-Wallis test showed that there was statistically significant
difference in median Cr concentrations between the different organs in Arctic char: χ2 (4)
= 17.77, p = 0.001369 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc
analysis with Holm adjustments indicated that there was a statistical significant difference
in the median concentrations between the brain and RBC (p = 0.0432), the kidney and
plasma (p = 0.0262), and the kidney and RBC (p = 0.00805) (Figure C25).

Manganese (Mn): Kruskal-Wallis test showed that there was statistically significant
difference in median Mn concentrations between the different organs in Arctic char: χ2 (6)
= 27.64, p = 0.0001097 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc
analysis with Holm adjustments indicated that there was a statistical significant difference
in the median concentrations between the brain and plasma (p = 0.0314), the gonad and
plasma (p = 0.0479), the hard roe and plasma (p = 0.0314), the kidney and plasma (p =
0.00699), the kidney and RBC (p = 0.0174), and the liver and plasma (p = 0.0314) (Figure
C26).

Thallium (Tl): Kruskal-Wallis test showed that there was statistically significant dif-
ference in median Tl concentrations between the different organs in Arctic char: χ2 (5) =
22.50, p = 0.0004201 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc anal-
ysis with Holm adjustments indicated that there was a statistical significant difference in the
median concentrations between the kidney and RBC (p = 0.00440), and the liver and RBC
(p = 0.000873) (Figure C27).
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Cobalt (Co): Kruskal-Wallis test showed that there was statistically significant differ-
ence in median Co concentrations between the different organs in Arctic char: χ2 (6) = 24.57,
p = 0.0004096 [202]. Pairwise multiple comparisons using Dunn’s test post-hoc analysis with
Holm adjustments indicated that there was a statistical significant difference in the median
concentrations between the kidney and plasma (p = 0.0196), and the kidney and RBC (p =
0.0000983) (Figure C28).

4.4.6 Molar ratio Se:Hg in Arctic char

The molar ratio of selenium:mercury (Se:Hg) in various tissues of Arctic char from Lake
Disetvatent is listed in Table 15, and was calculated from the measured concentration of Se
and Hg in tissues from Table C8.

Table 15: Mean±SD molar ratio of Se:Hg in the various tissues of Arctic char, and n is the number
of samples.

Tissue (n) Molar Se:Hg
Brain (6) 250±200
Gonad (6) 1200±1500
Eggs (4) 1600±700
Liver (7) 300±200
Kidney (7) 290±220
RBC (9) 92±12
Plasma (4) 560±650
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5 Discussion

5.1 Steroid hormones in plasma of Arctic char

The 4 steroid hormones that were observed in the plasma of Arctic char are a group of andro-
gen steroid hormones (AN, TS, 11-Keto TS, and DHT) that stimulate male characteristics
[203]. Even though these hormones are considered "male hormones", females synthesize
these hormones as well, and the androgens are involved in the reproductive cycle of both
genders. In female teleost fish, androgen hormones such as TS support the growth and
development of oocytes [204]. Moreover, androgens are involved in several other biological
functions in fish including growth and osmoregulation. Arctic char, both anadromous and
landlocked, are spawning in late September and October. Arctic char from this study was
caught on the 17th of August, the timing of fieldwork is therefore expected to be prior to
spawning for most of the sexually mature fish [11]. Sexual maturity could be confirmed for
4 of the individuals (fish number 3, and 5-7) in which hard roes (eggs) were observed by
the ovaries of the fish. Sexual maturation and the reproductive cycle are processes that are
associated with an increase in circulating steroid sex hormones i.e androgen and estrogen
steroids, and it is therefore expected to see elevated levels of sex steroids in these individuals
[11]. As described previously, the plasma levels of these steroid hormones are also constantly
changing during the reproductive cycle. Moreover, some individuals might spawn earlier or
later compared to the what is the normal average for Arctic char.

In this study, 11-Keto TS was observed in one plasma sample. In teleost fish, 11-Keto
TS is considered to be the major androgen hormone and has proven to be more potent than
TS [204, 203]. Male fish usually have higher plasma 11-Keto TS levels than females, and
the levels are normally seasonally dependent [203]. For example, male Arctic char begins
to increase 11-Keto TS plasma levels in early Spring several months before spawning, and
studies have shown that the hormone level is peaking up until pre-spawning [11, 203]. 11-Keto
TS is converted from TS, and this hormone is responsible for stimulating secondary sexual
characteristics (i.e. thicker epidermis, breeding color), spermatogenesis, gonadal growth,
and reproductive behavior [205]. A study conducted on Arctic char found that 11-Keto TS
plasma concentrations were ranging from approximately 7-15 ng mL−1 in males in August,
and that the concentration was at the highest in October [205]. A study conducted on coho
salmon detected 11-Keto TS blood concentration up to 22 ng mL−1 in females [203]. In the
present study, 11-Keto TS was only detected in a female char at a concentration of 18.7 ng
mL−1. However, only one male fish were caught and this was also the smallest fish that
might not have been sexually mature. Additionally, the male fish also had the poorest body
condition and might have taken a decision not to spawn due to low energy reserves (Table
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B1). A previous study indicated that the condition factor and energy stores can have an
impact on whether Arctic char decides to reproduce [205]. This might be the case for the
male fish caught in the present study.

Testosterone was observed in 6 out of 7 individuals, and the mean plasma TS concentra-
tion was 15.3 ± 13.2 ng mL−1. In female teleost fish, TS plasma levels have shown to be of
the same magnitude as TS plasma levels in males, and for some species, TS plasma levels in
females can exceed that in males [204, 203]. TS supports male sexual characteristics but is
also involved in the metabolism of carbohydrates, fat, and protein, as well as in osmoregula-
tion. Interestingly, TS was not observed in the one male Arctic char in the present study. In
a study conducted on fathead minnow, mean plasma TS concentrations have been measured
in males and females to be 7.53 ± 2.81 ng mL−1 and 9.56 ± 9.16 ng mL−1, respectively [206].
A study conducted on Arctic char found that TS plasma concentration peaked in October for
males and females which is the time of spawning, and the levels of TS in males and females
ranged from approximately 15-30 ng mL−1 and 20-50 ng mL−1 in August, respectively. [205].
In both of these studies mean TS plasma concentrations were higher for females. Moreover,
these concentrations are in the same order of magnitude as the present study.

AN was observed in all individuals with a mean plasma concentration of 6.43 ± 3.55 ng
mL−1. AN is one of the metabolic precursors of testosterone, and the levels of AN in plasma
were lower than TS in the present study, in accordance with previous studies [204, 203].
Additionally, an observation that was made is that the male Artic char in the present study
had the lowest AN plasma concentration of all the individuals, which further supports that
this individual might not have been sexually mature or is spawning this year.

DHT was observed in 4 out of 9 plasma sample, however, two of the plasma samples
were from the same individual, and was therefore only observed in three individuals. The
mean plasma DHT concentration was 20.0 ± 8.50 ng mL−1 and was only observed in female
Arctic char. DHT is an androgen steroid hormone that is converted from testosterone, and
this steroid hormone is understudied in fish. However, a few studies have suggested that
various fish species synthesize this hormone, as gene expressions and enzymatic activity
of enzymes that convert TS into DHT have been detected in various tissue of teleost fish
[204]. The main role of this hormone in the reproductive cycle of fish is still uncertain. An
exposure study conducted on fathead minnow demonstrated that DHT is a potent androgen
leading to sexual male characteristics such as dorsal fin spots and nuptial tubercle formation
(small, raised, epidermal structures on regions of the head, body, or fin rays). Moreover,
DHT caused females to induce male physiological characteristics [207]. A later study by
Margiotta-Casaluci et al. (2013) measured DHT in plasma of fathead minnow with mean
plasma concentrations of 0.59 ± 0.17 ng mL−1 and 0.42 ± 0.17 ng mL−1 in male and female,
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respectively. The levels observed in the present study are therefore about two orders of
magnitude greater compared to the levels in that study, however, nothing that this study
was conducted on a different species, and levels might vary considerably between species.
Additionally, hormone concentrations also vary greatly with the time of sampling. Borg
(1994) also suggested that DHT might be an important androgen in some teleost species,
however, still to this date, few studies have looked into this hormone as a potential important
androgen in fish [203]. However, in mammals, DHT is one of the major androgens.

None of the estrogen steroid hormones were detected. Androgens are precursors of es-
trogenic steroids, for instance, TS is a metabolic precursor of E2. Similar to the androgens,
previous studies on Arctic char have reported that E2 plasma concentrations begin to in-
crease in female Arctic char during early spring to prepare for reproduction and that the E2
plasma concentration peak in August/September before spawning [11, 205]. An increase in
E2 in plasma will lead to the growth of the oocytes and induce the production of Vitellogenin
that will be incorporated into the oocytes. Moreover, a study has reported that E2 declined
1 month earlier than TS plasma concentration in females and that the E2 plasma concen-
trations in female Arctic char were approximately ranging from 12-20 ng mL−1 in August
[205]. The earlier decline of plasma E2 compared to TS and potentially low concentrations of
this steroid hormone could explain why this estrogen was not observed in the present study.
Additionally, the method could affect the observation as well, some steroid hormones have
been reported to have poor ionization due to carbonyl- and hydroxyl-groups that have low
proton affinity [173, 176].

Due to the limited number of Arctic char samples in the present study, and the great
variation in the individual samples it is difficult to determine if the steroid levels presented
in this study reflect the levels of sexually mature Arctic char. Steroid hormone levels are
dynamic and show natural fluctuations within a day, month, and year, as well as with the life
stage. Additionally, different species will exhibit different levels of steroid hormones during
the reproductive stage. Moreover, comparison within the same species might be difficult
as there could be variation between different Arctic char populations at different locations.
For example, Arctic char from mainland Norway usually migrate and reproduce about one
month earlier than populations at Svalbard. This is mainly due to the difference in ice
conditions [11]. Therefore it is expected that their timing of peak steroid hormone plasma
concentrations will vary as well.

The stress hormone cortisol (COR) was not detected in the present study, however, this
hormone will be discussed briefly as it was initially a part of the project to look at COR and
contaminants in the blood of Arctic char. Unfortunately, the method was not optimal for
COR to be detected. First of all, both the absolute and relative recoveries were far above
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120%, and the compound had strong negative matrix effects -98% (Figure C1 and C3).
This indicates that co-extracted matrix compounds were interfering with the ionization of
this compound, causing strong suppression of the signal. Moreover, several of the lowest
calibration curve concentration had to be excluded from the calibration curve as no peak
could be distinguished from the noise. This resulted in high LOD and LOQ estimations, a
calibration curve with only three points, and a linear range of 5-20 ppb for this compound.
There was also a problem with the highest calibration curve concentration; 50 ppb, the
signal was lower and had more background noise compared to 20 ppb. LOD and LOQ
were estimated from the calibration curve method; 3.67 and 11.1 ppb, respectively (Table
C4). This method for estimation of LOD and LOQ depends on the number of concentration
points in the calibration curve, the concentration range used, the number of measurements,
and the variability in the data points in the calibration curve [181]. With 3 calibration
points and a narrow concentration range, this method for LOD/LOQ estimation may not
be suitable. There is no standard procedure on how LOD and LOQ estimations should be
conducted in research. This method was mainly chosen because it provided robust LOD and
LOQ estimation. Most studies use the S/N ratio or the standard deviation of the blanks
to estimate LOD and LOQ as it often provides lower values. However, different practices
for LOD/LOQ estimations make comparison challenging, especially in method validation
studies as different estimations will inevitably provide different LOD/LOQ values. Therefore,
estimations based on S/N peak height were also conducted to see how much variation there
is between the different estimation methods, the results are summarized in Table C4. For
COR, estimations of LOD and LOQ based on S/N peak heights provided values 3- and
4-orders of magnitude lower compared to estimations from the calibration curve method.
However, the LOQ value provided by the S/N peak heights is outside the linear range which
is not optimal. It is therefore clear that the method was not optimal for COR.

Another explanation that COR was not observed in the plasma is that the levels were
not high enough. Several studies and critical reviews indicate that basal plasma COR levels
in wild teleost fish are less than 40 ng mL−1 [137, 157]. However, some studies report
that levels might be lower than 10 ng mL−1, and even in the range 0-5 ng mL−1 [157].
A study conducted on anadromous Arctic char from mainland Norway, that were divided
into social ranks, demonstrated that the dominant Arctic char had a lower basal COR
level of approximately 10 ng mL−1, whereas intermediate and subordinate Arctic char had
approximate basal COR levels in the range of 20-35 ng mL−1 [208]. The LOD estimation in
the present study was 3.67 ppb which corresponds to approximately a concentration of 18 ng
mL−1 in the plasma. This LOD value is quite high which means that the method might not
be sensitive enough to detect low levels of COR. Moreover, the blood samples were taken
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immediately and conducted within 5-10 minutes after Arctic char was caught. Therefore,
the COR level might not have had the time to increase by the time the blood sampling
was conducted. It might vary how fast the COR levels rise after exposure to acute stress
between species, ranging from a few minutes to hours [137]. However, a review by Pankhurst
(2011) indicates that most teleost fish have a measurable increase in plasma COR within 10
minutes [137]. The study on Arctic char from mainland Norway was exposed to stress in the
form of dip-netting and transferred to a small holding tank, and showed an increase in COR
plasma levels after 30 minutes. However, how fast the COR levels increased was different
for dominant and subordinate char. After exposure to stress, the COR levels increased
significantly for dominant char to approximately 40 ng mL−1. The study demonstrates that
basal plasma COR levels and the amount of COR increase after exposure to stress vary
within a species and that it might be influenced by social rank. Bigger and dominant fish
might be less stressed compared to smaller fish [208]. Moreover, COR levels have been
shown to vary considerably within a day and can depend on life stage, time since feeding,
gender, and maturity. Some studies have shown that an increase in COR levels coincides
with smoltification and reproduction [156, 138]. The timing of blood sampling is therefore
important, and only reflects the levels at a specific time, and it may not necessarily reflect
their basal COR levels as many factors can influence the COR levels. The sampling was
conducted in August which is a pre-spawning period for Arctic char, and it might be that
their COR levels are increased during this reproductive state and would not have reflected
their basal COR levels. Additionally, stress exposure studies conducted on teleost fish have
been conducted on captive fish, and wild fish may experience stress differently from captive
fish [157, 155]. Captive fish exposed to confinement experiments are exposed to unnatural
stress, whereas natural stressors such as food limitation, contamination, and increased water
temperatures are more modest and might increase COR levels over time.

The internal QA and QC in sample analysis for steroid hormones included laboratory
procedural blanks and spiked matrix samples. The recoveries of TA were controlled with the
use of isotope-labeled IS that was introduced into samples before extraction. The choice of
IS for steroid hormone TA was based on similarity in retention time. The IS 13C3-CORNE
with a retention time of 2.83 minutes was excluded due to inconsistent signals. The two other
IS that were applied, 13C3-DHT and 13C3-17α-OHP, have retention times of 1.68 minutes
and 2.37 minutes, respectively. Steroid hormone TA had retention times in the range of 1.69
minutes (DHT) to 3.29 minutes (COR). The use of IS is usually recommended to reduce the
matrix effect, however, there might be a slight downside of using IS if a limited amount of
IS is used for multi-compound analysis [163]. This is mainly attributed to the fact that a
few IS are not enough to cover the whole range of retention times for TA with a wide range
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of retention times. Therefore the IS used will not be optimal for all TA. Moreover, if the
IS produces inconsistent signals, this might lead to uncertainty in the quantification of the
analyte concentrations.

Recoveries are considered as acceptable in the range of 70-120% [177, 189]. Overall,
acceptable relative recoveries were obtained for 5 out of 18 steroids; 17α-OHP, P4, DHT,
AN, and DHEA (Figure C1). Matrix effects indicated strong matrix suppression during
ionization for most steroid TA except for AN and P4 which had weak negative matrix
effects of -19% and -2.0%, respectively (Figure C2). DHT had a positive matrix effect of
22%, indicating a slight matrix enhancement of the signals of this steroid hormone. COR,
CORNE, COS, 11-deoxyCOR, 17α-OHP, DOC, 11-KetoTS, TS, and 17 OH-P5 had strong
negative matrix effects; -98%, -93%, -100%, -91%, -57%, -37%, -92%, -65%, and -68%,
respectively. This indicates that co-extracted matrix components are strongly interfering
with the ionization of these compounds at the ESI interface, causing an underestimation
of the signal response. A previous study has indicated that matrix effects of less than ±
30% are considered acceptable without leading to considerable inaccurate results [209]. Two
of the compounds that were observed, 11-KetoTS and TS, had high recoveries (> 120%).
Therefore, the quantification of these compounds might be biased and uncertain due to high
recoveries and a strong matrix effect. Additionally, 11-Keto TS was only observed in one
plasma sample. The quantified concentrations of these compounds should therefore be taken
into consideration before being applied in any way. DHT and AN on the other hand had
acceptable recoveries and weak matrix effects of 22% and -19%, respectively. This indicated
that the signal response of DHT was slightly overestimated and that the signal response
of AN was slightly underestimated. Moreover, when analyzing biological samples, matrix
effects are unavoidable and can therefore not be eliminated without considerable loss of the
analyte. Similarly to the discussion with COR, the LOD and LOQ estimations of the TA
with the calibration curve method provided high LOD/LOQ values for the observed steroid
hormones. For example, DHT and 11-KetoTS had LOQ values that were in the upper part
of the linear range, almost outside of the linear range (Table C4). Moreover, these two
compounds had 4 points in the calibration curve, and therefore the estimation of LOD/LOD
with the calibration curve method is not optimal. AN and TS also had high LOD/LOQ
values that were estimated from the calibration curve, and these compounds had 7- and 6-
point calibration curves, respectively. For all of the observed steroid hormones, LOD/LOQ
estimations from the S/N peak height provided lower LOD/LOQ values.
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5.2 PFAS in plasma of Arctic char

Mean total PFAS concentration in plasma of Arctic char from Lake Diesetvatent was 26.8±5.98
ng mL−1, and the 9 PFAS compounds that were observed in the plasma were dominated by
carbon chain lengths of C8 to C13. Accumulation of longer chain PFAS compounds (6 C ≥
for PFSA and 8 C ≥ for PFCA) is in accordance with previous studies where increased accu-
mulation has been observed with increasing alkyl chain length [37, 36]. FOSAA, MeFOSAA,
and DiSAMPAP were also observed in the plasma, however, due to recoveries <40% and
low observation rate these compounds have been excluded due to considerable uncertainty
(Table C3). In total 5 of the 9 observed PFAS compounds were PFCAs (carboxylate com-
pounds), and both odd- and even numbers of carbons were detected and included; PFNA
(C9), PFDA (C10), PFUnA (C11), PFDoDA (C12), and PFTriDa (C13). In total 3 PF-
SAs (sulfonate compounds) were detected and included only C8 chain length; PFOS (C8),
PFECHS (C8), and PFOSA (C8). Additionally, one fluorotelomer sulfonate compound was
observed, namely 6:2 FTS (C8). Four of the PFAS compounds were observed in all in-
dividual plasma samples with a mean percentage composition of total PFAS burden: 6:2
FTS (38%), PFUnA (20%), PFOS (20%), and PFNA (8%). The other 5 PFAS compounds
were only detected in 1-3 individual samples, and their percentage composition constituted:
PFOSA (17%, n=1), PFDA (16%, n=1), PFDoDA (12%, n=2), PFTriDa (11%, n=3), and
PFECHS (14%, n=3). Taking only PFAS compounds that were observed in all plasma sam-
ples into account, sulfonate and carboxylate compounds accounted for 58% and 28% of the
total PFAS burden, respectively. This is in agreement with previous exposure and wildlife
studies indicating that PFSA of the same chain length as PFCA have greater accumulative
properties. PFOS is more frequently detected than PFOA of the same carbon chain length,
which could be confirmed by the present study [37, 36, 6].

Other studies conducted on wild Arctic char from Arctic regions have mainly looked at
PFAS in edible muscle, whole body homogenates, or liver (Table A.1). It is worth noting
that the concentration in these studies is given as ng g−1 wet weight (ww), whereas the
present study has measured the concentration of PFAS in ng mL−1 plasma ww. Blood
plasma has a density close to 1 (approximately 1.025 g mL−1), hence, the concentration in
plasma in this study is comparable with other studies without correction for density. One
study conducted in the Canadian Arctic by Lescord et al. (2015) studied PFAS levels in
muscle of Arctic char from six different Lakes [46]. Two of the Lakes; Lake Meretta and Lake
Resolute are located downstream of an airport contaminated with PFAS, and Arctic char
from these lakes had a total PFAS concentration about two orders of magnitude higher than
the other Lakes that receive PFAS from atmospheric deposition. Lake Resolute had mean
PFAS concentrations of 122±65 ng g−1 ww compared to Lake 9 Mile, Lake North, Lake
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Small, and Lake Char which had mean concentrations of 0.28±0.09 ng g−1, 0.32±0.12 ng
g−1, 0.36±0.15 ng g−1, and 3.7±2.4 ng g−1, respectively [46]. Moreover, PFOS dominated in
Arctic char from contaminated Lakes. For the other Lakes, PFNA was the most dominating
sulfonate compound. In juvenile Arctic char, PFOA constituted the biggest fraction in
contaminated lakes, while PFNA and total FTS made up the biggest fraction in the non-
contaminated Lakes. In this study, they also detected PFECHS in juvenile Arctic char
from non-contaminated Lakes, and 6:2 FTS was detected in juvenile char from one of the
contaminated lakes. Moreover, PFSA dominated in contaminated Lakes whereas PFCA
dominated in non-contaminated Lakes. The study indicates that the difference in PFAS
composition is caused by different sources and that the location and the vicinity to point
pollution sources are important factors affecting the levels in char. Similarly, Veillette et al.
(2012) found that PFNA, PFUnA, PFDA, and PFOS dominated in muscle and whole body
homogenates of Arctic char from two Lakes, Lake A and Lake C2, in the Candian Arctic
[65]. Total PFAS levels were 0.203 ng g−1 in Lake A and 0.481 ng g−1 in Lake C2. These
two lakes are open Lake systems where anadromous Arctic char residents as well. Ahrens
et al. (2016) observed a similar mean concentration of total PFAS 0.53±0.073 ng g−1 ww
in the muscle of Arctic char from Linnevatnet at Svalbard, and the major detected PFAS
compounds were PFOS, PFUnA, and PFDA [66].

Bossi et al. (2014) studied PFAS in the liver of landlocked Arctic char from the Faroe
Islands and southwest Greenland [40]. In this study, they found that Arctic char from Lake
á Myranar had the highest concentrations of PFTeA and PFTrA, while Arctic char from
Greenland had the highest concentration of PFTrA followed by PFUnA, and PFTeA. The
mean total PFAS concentration in Arctic char from Faroe Island was 5.67±1.6 ng g−1 w.w
and 5.27±2.8 ng g−1 w.w in Arctic char from Greenland [40]. This study indicated that
the concentration fraction of PFAS in the liver to muscle tissue is a factor of about 10 or
more. This might be a result of higher protein content in the liver compared to muscle.
They also found higher concentrations of odd-number carbon homologs that might be a
result of the source from atmospheric input of volatile long-chain FTOH, which have been
reported to produce even- and odd-chain-length PFCA when degraded [49]. LRAT is the
only pathway for terrestrial and closed Lake systems to receive PFAS contamination. This
study also highlighted that ecosystem parameters such as fish age and trophic level must
be taken into account together with geographical location and deposition pattern that can
modify the input of PFAS compounds. A study conducted by Stock et al. (2007) supported
the hypothesis that volatile FTOH are transported to the Arctic by the atmosphere and
degraded to PFSA and PFCA compounds [210].

To the best of my knowledge, PFAS has not been analyzed in the blood or plasma of
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Arctic char previously. However, a few studies have been conducted on other wild fish species.
One study conducted by Labadie et al. (2011) studied tissue distribution of PFAS in the
freshwater fish species European chub and reported the highest total PFAS concentration
in plasma, followed by liver > gonad > muscle [211]. In this study they found that PFOS
accounted for the greatest proportion of all PFAS analyzed (approx. 70%), followed by
PFDoA, PFDA, and PFUnA. PFSA bioaccumulated to a greater extent than PFCA of
equivalent perfluoroalkyl chain length, as observed previously [37]. These results are in
agreement with an exposure study performed on rainbow trout by Martin et al. (2009) who
also found the highest total PFAS concentration in blood followed by kidney > liver [37].
Taniyasu et al. (2003) also reported higher PFOS concentration in blood compared to the
liver for several of the fish species that were studied, however, the concentration of PFOS
varied more than two orders of magnitude, and depended on the species and location [212].
Moreover, some of the fish species were piscivorous and might not reflect the same trophic
level as Arctic char. Hung et al. (2018) also found the highest mean concentration of total
PFAS in blood, followed by liver, egg, and muscle [213]. Furthermore, PFOS contributed
the greatest to the total PFAS composition, and PFDA and PFUnA were also detected.
This study investigated 10 different fish species and found considerable species differences in
accumulation levels and PFAS composition [213].

When comparing results across studies conducted on different species one must be careful
not to draw any conclusions as there might be considerable species differences in toxicoki-
netics i.e. absorption versus elimination, metabolic capacities, diet, and location. Moreover,
differences in the uptake route i.e. diet or bioconcentration, highly depend on the location
and food availability and have shown to affect the tissue distribution [37, 36]. However,
PFAS compounds have a high affinity for proteins and are therefore expected to accumu-
late in tissues with higher protein content. PFAS compounds have shown to exhibit a high
binding affinity for albumin, an abundant protein in the blood, and liver fatty acid binding
proteins in humans [69]. The elevated levels observed in the plasma of Arctic char in the
present study compared to previous studies on Arctic char where PFAS has been analyzed
in muscle, whole body, or liver might be explained by the reason that the protein content is
higher in matrices such as blood and liver compared to muscle tissue. Labadie et al. (2011)
analyzed the protein content in the various matrices and found the highest protein content
in plasma [211]. In this study they reported that normalizing the PFAS concentration for
protein content reduced the PFAS level differences between organs, however, the highest
PFAS level was still observed in plasma after protein correction. Moreover, correcting for
protein content has been suggested by several studies indicating that it improves comparison
across studies when determining the distribution of PFAS in different matrices [214, 211].
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Protein correction has not been conducted in the present study, and therefore comparing
PFAS levels across studies is challenging. Moreover, other studies conducted on Arctic char
mentioned here have not corrected for protein content to the best of my knowledge, and
therefore it seems to be different practices among researchers [46, 40]. Similarly, legacy
organohalogenated compounds have often been corrected for lipid content due to their affin-
ity for fatty tissues. It is therefore preferred to correct PFAS concentration for the protein
content in samples to account for differences in protein content. Additionally, in the study
by Labadie et al. (2011), they also suggested that it is more appropriate to normalize PFAS
concentrations to specific proteins such as fatty acid binding proteins or plasma albumin as
these proteins have proven to be important in binding PFAS compounds [211].

In the present study 6:2 FTS, PFOS, PFUnA, and PFNA were the most frequently
detected PFAS compounds, and from the studies mentioned above PFOS, PFUnA, and
PFNA are compounds that have been detected frequently in Arctic char [46, 40, 66, 65].
In the present study, 6:2 FTS accounted for 38% of the total PFAS burden in plasma of
Arctic char, this is in contrast with previous studies where PFOS seems to be the greatest
contributor to total PFAS concentration. However, this observation might be biased as
PFOS is the PFAS compound that is the most studied. Moreover, there are also some
methodological differences between the number of PFAS and which PFAS compounds have
been analyzed which hamper the comparison between studies. For example, in the present
study plasma samples were analyzed for 43 different PFAS compounds, whereas the study
by Lescord et al. (2015) analyzed 19 PFAS compounds, and the study by Bossi et al. (2014)
analyzed 17 PFAS compounds [46, 40]. Even though PFOS almost is a part of the PFAS
analyses, analyzing for varying PFAS compounds might affect the PFAS composition and
the total PFAS concentration detected. Additionally, different methodologies have been
employed for PFAS determination. Amongst different methodologies, are different practices
when it comes to extraction and clean-up methods, and analytical techniques. Differences
in PFAS composition in Arctic char from different locations might be caused by differences
in sources i.e. different air currents might result in LRAT from different sources in Svalbard
and Canada as an example. Another important factor that affects the difference in both
PFAS levels and PFAS composition is that previous studies in Arctic char have analyzed
PFAS in other biological matrices such as muscle, whole body, and liver. It is expected that
the affinity and distribution of PFAS compounds are different between various matrices due
to protein content. Furthermore, none of the newer PFAS substitutes such as Deca S, PFBA,
PFBS, and GenX were detected in the present study. Exposure studies on various teleost
fish have shown that the newer PFAS compounds are less bioaccumulative and eliminated
faster compared to the legacy PFAS compounds [73, 74].
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The levels of total PFAS in the plasma of Arctic char observed in the present study
were low. Additionally, the PFAS concentrations were below LOD when the estimation
of LOD with the calibration curve method was used. However, concentrations were above
LOD if estimated with S/N peak heights (Table C4). The methodological aspects will be
discussed later on. Nonetheless, narrow and well-separated peaks were observed which means
that Arctic char from Lake Diesetvatnet are exposed to chemicals that are synthesized by
humans and not naturally found in the environment. Lake Diesetvatnet is located 35 km
North of Ny-Ålesund settlement and this Lake is considered to be remote and not impacted
by any human activity. Due to the remote location of Disetvatnet, the Lake is expected
to receive input of PFAS contamination mainly from LRAT as there are no point-pollution
sources in the vicinity. With the increased rate of global warming, secondary emission from
glacial meltwater might contribute to the input of PFAS, as Lake Disetvatnet is connected
to several glaciers [54, 53]. These two sources of input are regarded as the main input
of PFAS, additionally, other minor sources might contribute to PFAS contamination. In
Lake Disetvatnet, both resident and anadromous Arctic char coexist, and anadromous char
migrate to the sea in the summer to feed. Some reports state that Arctic char do not migrate
any longer than 30 km from the Lake, however, migrating Arctic char might be exposed to
different sources of PFAS in the marine environment [128]. It is difficult to predict in which
direction or how far the char will migrate, however, if they manage to migrate about 30 km
they could reach close to Ny-Ålesund. Therefore, migrating Arctic char could act as a vector
for contamination to Lake Diesetvatnet [215]. In Ny-Ålesund PFAS has been measured in
the air at the Zeppelin station and there are a few point sources at the settlement that have
been identified to contribute to PFAS contamination [28, 6]. Both the FFTS in which fire
fighting foams are used as fire extinguishers and the wastewater plant has been identified as
PFAS contamination sources in Ny-Ålesund. Moreover, Lake Diesetvatnet is a popular place
for people that like to fish in their leisure time. People could potentially bring contamination
from the clothes and the equipment they are using. PFAS compounds are used in a wide
range of products due to their water- and oil-resistant properties i.e. gore-tex clothing and
shoes which are often used by people doing outdoor activities [6]. Additionally, humans could
act as a vector for contaminants from one place to another, for example walking with shoes
on the contaminated ground could potentially bring the contaminants to Lake Diesetvatnet.
Furthermore, during fieldwork seabirds were observed flying over Lake Diesetvatnet to find
food, and they were especially interested when we caught the fish. This might be expected
as Lake Diesetvatent is only located 3-4 km away from the Ocean. Previous studies on
the highly contaminated Lake Ellasjøen at Bjørnøya have identified seabirds as a source
of contamination [12]. In this Lake, seabird colonies are nesting and breeding during the
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spring and will therefore leave behind nutrients and contamination from the guano and
other excretory materials. Both Hg and PCB levels are elevated in Lake Ellasjøen due to
high seabird activities, and high levels of these contaminants have been found in Arctic
char from this Lake. Unlike Ellasjøen, no known seabird colonies are located close to Lake
Diesetvatnet. However, if seabirds are flying over Lake Disetvatnet now and then they might
contribute with minor input of both nutrients and contamination. All of these mentioned
potential sources of PFAS contamination are only minor sources, however, it is uncertain
how much they contribute to the total contamination load in Lake Disetvatnet. Moreover,
Lakes are closed aquatic ecosystems that have minimal movement and replacement of water
compared to marine ecosystems. Contaminants might accumulate easier in these ecosystems
and might become a deposit of a mixture of contaminants.

PFAS compounds were quantified based on the IS method with three different isotopically
labeled IS; PFOA 13C8, PFOS 13C8, and 6:2 FTS 13C2 (Table B6) with retention times of
approximately 1.46, 1.60, and 1.45 minutes, respectively. The PFAS TA had retention times
ranging from 0.89 minutes (PFBA) to 3.68 minutes (diSAMPAP). PFOS 13C8 was used as IS
for most of the PFAS TA except for PFOA and 6:2 FTS in which the respective PFOA 13C8

and 6:2 FTS 13C2 IS were used. Most (35 out of 43) of the PFAS TA had acceptable relative
recoveries within the range of 70-120% (Figure C3) [177, 189], the method, therefore, proved
to be suitable. A few PFAS compounds; FOSAA, MeFOSAA, and diSAMPAP had relative
recoveries of 1.4%, 11%, and 11%. Even though these PFAS compounds were observed
in a few plasma samples, they were excluded from the concentration of the total sum of
PFAS (Table C2) and from the percentage PFAS composition in plasma (Figure 13) due
to the high uncertainty of recoveries < 40%. Percentage matrix effects for PFAS TA were
either slightly positive or negative. The majority of PFAS compounds that were observed
in plasma had matrix effects < ±20%, except for PFDA which had a negative matrix effect
of -39% indicating that this compound was suppressed during ionization which might have
led to underestimation when the compound was quantified. A previous study indicated that
matrix effects below ±30% are acceptable without resulting in considerable errors in the
quantification [209].

QA and QC steps have been employed during the analytical procedure to avoid con-
tamination, analyte loss, and erroneous quantification. Concentrations were corrected for
recovery and matrix effect by quantification based on the IS method, and background con-
tamination has been corrected by subtracting the method blank [163]. Polypropylene tubes
and equipment are recommended to use for PFAS determination and were therefore used
during the extraction as some PFAS compounds have proven to adsorb irreversibly to glass
materials [216]. Moreover, samples were stored at -20◦C until sample preparation and anal-
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ysis to avoid any degradation or loss of analytes as some precursor PFAS compounds can
degrade into the more stable PFAS compounds PFOS and PFOA if stored inappropriately.
Moreover, a suitable method for extraction and analysis of PFAS was selected. The hybrid
SPE technique has proven to reduce matrix effects in plasma matrix compared to protein
precipitation and SPE methods [217]. Hybrid SPE is effective in removing phospholipids
which often can interfere with the ionization of analytes [163, 164, 165, 162].

LOD and LOQ were estimated from the calibration curve method. This method uses the
standard deviation of the y-intercept of the regression line from the calibration curve divided
by the slope of the regression line which is subsequently multiplied by 3.3 or 10 for LOD
and LOQ, respectively [180, 182, 179]. Some limitations with this LOD/LOQ estimation
method are that it depends on the number of concentration points in the calibration curve,
the concentration range, the number of measurements, and the variability of the data points
in the calibration curve [181]. In the present study, all PFAS compounds were below LOD
when this method was used for the estimation of LOD. However, most studies use the S/N
peak height or standard deviation of the blanks to estimate LOD/LOQ, therefore LOD and
LOQ were also estimated based on S/N peak heights to compare the values the two different
methods provide. Estimations of LOD/LOQ provided considerably lower values (about 1 to
5 orders of magnitude) when S/N peak heights were used (Table C4). All observed PFAS
compounds in the present study would have been above LOD if the S/N peak height were
used to estimate LOD/LOQ. Moreover, in the present study, the number of calibration points
for observed PFAS compounds were ranging from 8 to 10, and the linear concentration range
was from 0-0.2 ppb in the lower range and 50 ppb in the upper range (Table C4). Therefore,
the number of calibration points and the concentration range should not limit the calibration
curve method for the estimation of LOD/LOQ to a great extent. Nonetheless, the calibration
curve method provides higher estimations for LOD/LOQ, which might explain why the PFAS
compounds were below LOD. Therefore, this method might not be the most suitable method
for the estimation of LOD and LOQ. However, these methods are estimates that are used to
predict the sensitivity of the analytical method, and there are no standard practices that are
used among researchers. Therefore comparison across studies is challenging when different
LOD/LOQ estimation methods are used. It is also challenging to determine which method
provides the most accurate and true values for LOD/LOQ. These values should therefore
not be blindly trusted and preferably evaluated together with other parameters. An issue
with the S/N peak height estimation is that it provided LOQ values that were below the
linear range for several of the PFAS compounds (PFOSA, PFDA, MeFOSAA, PFDoDA,
PFTriDA, DiSAMPAP, and PFECHS), which is not optimal. LOQ should be the lowest
concentration in the linear range or within the linear range. On the contrary, the calibration
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curve method produced LOQ values that were considerably high. This might indicate that
none of these estimates is a good fit. Nevertheless, the observed PFAS compounds in the
plasma of Arctic char had symmetrical, narrow, and well-separated peaks, which indicates
that Arctic char in Lake Diesetvatnet are exposed to PFAS compounds.

However, there are some limitations with the methodology used in this study as well
as challenges with analyzing PFAS compounds. Equipment used in the laboratory may
introduce PFAS contamination as they are ubiquitous, and controlling the source of con-
tamination can be challenging [218]. Furthermore, the use of isotopically labeled IS has
been recommended to reduce matrix effects. Matrix effects are a problem that is evident
and possibly inevitable in biological samples, however, strong matrix effects can hamper the
quantification considerably. In the present study, only three isotopically labeled IS were
available for the analysis of 43 different PFAS compounds. The effect of IS might be biased
when using a small number of IS for a large number of compounds. The IS might not be
a suitable match for all PFAS compounds due to a wide range of retention times. It is
preferable to use IS that is close in retention time to the compounds that are analyzed [161].
The retention times of IS did not cover the whole range of retention times for PFAS com-
pounds. Therefore, quantification of PFAS TA with considerably lower or higher retention
times than the IS might lead to inaccurate quantification compared to the PFAS compounds
with a more similar retention time to the IS. Moreover, IS are expensive and it is not always
feasible to have an IS for each PFAS compound, and not all PFAS compounds on the market
have an available IS [216]. Besides, exogenous matrix effects i.e. compounds that are not
a part of the sample matrix, can contribute to the matrix effect when analyzing plasma
samples. For instance, polymers contained in different brands of plastic tubes and the an-
ticoagulant lithium heparin have proven to produce matrix effects when analyzing PFAS in
blood or plasma as heparin is often used to wash the syringe before blood sampling to avoid
the blood from coagulating. Lithium heparin was also used in the present study to wash the
syringe and tube prior to blood sampling of Arctic char [219].

5.3 Method test for extraction of steroid hormones and PFAS in

liver samples

The purpose of the method test for extraction of steroid hormones and PFAS was to find
the most suitable extraction technique to apply on more complex matrices as there are no
standardized extraction techniques for steroid hormones and PFAS in biological tissues such
as the liver. The purpose of sample preparation is to maximize the extraction efficiency of
TA from a sample matrix and minimize matrix effects. In the following subsections, the
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different protocols will be discussed based on performance. The emphasis will be directed to
the extraction efficiency and matrix effects, as well as the time efficiency of the extraction
and clean-up techniques. The analytical techniques used will be discussed briefly.

Several authors have described that a recovery ranging from 70-120% is considered ac-
ceptable [177]. The same recovery requirement is recommended for the analysis of pesticide
residues in food by the Swedish National Food Administration [189]. Therefore this re-
quirement will be used when evaluating the recoveries obtained in this study. Moreover,
environmental and biological samples are complex matrices that contain trace amounts of
the target analyte(s) of interest, therefore matrix effect might cause inaccurate results if
they are strong. Matrix effects will not be considered significant if ionization is enhanced or
suppressed by less than ±30% as this was suggested by a previous study [209]. This will be
the basis when the results in the present study are evaluated based on extraction method
performance.

5.3.1 Steroid hormones

The IS 13C3-CORNE had to be excluded due to inconsistent signals. Therefore IS 13C3-
DHT and 13C3-17α-OHP were applied to the steroid target analytes, with retention times
of approximately 1.68 minutes and 2.28 minutes, respectively. The 18 steroid hormone TA
had retention times ranging from 1.69 minutes (DHT) to 3.29 minutes (COR), and the
choice of IS was based on similarity in retention times. For the Hybrid SPE extraction
and clean-up with 0.1% AF in MeOH, 7 out of 18 steroids including 17α-OHP, DOC, P4,
DHT, TS, AN, DHEA were within the acceptable range for relative recoveries, while only
11-deoxyCOR had an absolute recovery within this range (Figure C5). The same extraction
and clean-up protocol with 0.5% CA in ACN had in total 9 steroids within the acceptable
range for relative recoveries including; COR, CORNE, ALDO, 17α-OHP, 11-KetoTS, DHT,
AN, DHEA, and 17 OH-P5 (Figure C6), and 8 steroids were within this range for absolute
recoveries (COR, CORNE, ALDO, 17α-OHP, P4, 11-KetoTS, DHT, and TS). For the SPE
extraction and clean-up protocol, 3 steroids were within 70-120% recovery range for relative
recoveries; 11-deoxyCOR, 17α-OHP, and DOC, while 5 steroids (P4, DHT, TS, AN, and
DHEA) were within the range for absolute recoveries (Figure C7). For the SLE extraction
protocol, 6 steroids were within the acceptable range for relative recoveries including ALDO,
COS, 17α-OHP, DOC, P4, and 11-KetoTS, while 8 steroids were within the acceptable range
for absolute recoveries (COR, CORNE, ALDO, 11-deoxyCOR, 17α-OHP, 11-KetoTS, TS,
17 OH-P5 (Figure C8). For all of the extraction techniques, strong negative matrix effects
(> -30%) were evident for most compounds (Figure C9, C10, C11, and C12). This indicates
that there was a strong negative suppression of the signal response due to the presence of co-
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extracted matrix components. In general, recoveries were improved when using IS compared
to external standards, but the results might be biased as only two IS were available. The two
IS did not cover the whole range of retention times for the steroid hormone TA, especially
for the TA with the highest retention times such as COR. In summary, the best relative
recoveries were obtained for Hybrid SPE extraction and clean-up with 0.5% CA in ACN
concerning the number of steroid hormones with acceptable recoveries. However, it is worth
noting that the signals for this method were low which might be caused by suppression of
the signal due to the presence of citric acid. Moreover, this extraction method also provided
strong matrix effects. The overall performance of all extraction methods based on extraction
efficiency and matrix effects was not optimal for steroid hormones in liver samples. The
sample preparation step, therefore, needs further improvements.

The use of UPSFC-MS/MS for analysis of steroid hormones has increased recently [173].
Previously more traditional techniques such as immunoassays have been used for the quan-
tification of steroid hormones. The advantage of immunoassays is that they are simple,
quick, and cost-effective, as well as sensitive and specific analytical techniques. However,
the disadvantage of immunoassays is the cross-reactivity of the antibodies used in the assays
that can react to several endogenous steroid hormones [155]. Additionally, the application
is limited to analyzing one hormone at a time, and the technique is prone to matrix effects
i.e. the presence of lipids can interfere with the estimation of steroid hormone levels. Gas
chromatography with mass spectrometric (GC-MS) detection has been a commonly used
analytical technique for the determination of steroid hormones. The advantage of chromato-
graphic methods is that they offer simultaneous determination of several steroid compounds.
However, analyzing steroid hormones with GC-MS requires time-consuming sample prepa-
ration steps. Derivatization of steroid hormones is necessary due to the active hydrogen in
hydroxyl- and phenolic groups, and to increase the volatility of steroid hormones [176]. On
the other hand, GC-MS is environmentally friendly as only inert carrier gas such as nitro-
gen and helium are used. During the last decades, LC-MS has become more popular as
derivatization steps are not needed prior to analysis. However, GC-MS provides increased
resolution compared to LC-MS [161]. In addition, LC-MS is not able to separate all isomeric
endogenous steroid hormones. The recently increased use of UPSFC-MS/MS provides a
combination of LC and GC properties, with efficient separation, high resolution, and reduc-
tion in analytical time, due to supercritical fluids properties. Several authors have recently
highlighted the use of UPSFC-MS/MS in steroid profiling due to the increased sensitiv-
ity and chromatographic efficiency compared to UPLC-MS/MS [173, 174, 175]. Moreover,
UPSFC-MS/MS has proven to improve the separation of isomers and enantiomers. This is
an important feature of UPSFC-MS/MS because steroid hormones are similar in structure
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as they share the same basic four-ring structure, and the only distinct differences in their
chemical structure are functional groups and their location, and double bonds on the ring
structure [149].

5.3.2 PFAS

The IS PFOS 13C8 had inconsistent and missing signals and was therefore not applied. IS
PFOA 13C8 was applied for all PFAS TA except for 6:2 FTS in which the respective IS
6:2 FTS 13C2 was applied. For the Hybrid SPE extraction and clean-up with 0.1% AF
in MeOH, 18 out of 43 PFAS TA had relative recoveries in the acceptable range 70-120%,
whereas 21 PFAS TA had absolute recoveries within that range (Figure C13). For the same
extraction method with the solvent 0.5% CA in ACN, both absolute and relative recoveries
of the majority of PFAS TA were below 70% except for PFHpS and PFTDA which had
relative and absolute recoveries within the acceptable range (Figure C14). A similar trend
was observed for the SPE extraction and clean-up technique that had 5 PFAS TA (6:2 FTS,
PFUnA, PFDoDA, 10:2 FTS, and PFDS) with both absolute and relative recoveries in the
acceptable range (Figure C15). For the SLE method, 4 and 5 PFAS TA had relative and
absolute recoveries in the acceptable range, respectively (Figure C16). Another observation is
that absolute recoveries were higher than relative recoveries in general for all the extraction
methods, this is the opposite trend of steroid hormones. However, only two isotopically
labeled IS were available; PFOA 13C8 and 6:2 FTS 13C2, which had similar retention times,
1.44 minutes and 1.43 minutes, respectively. The use of IS, therefore, provided a limitation
in that the retention times of PFAS TA were not covered. Percentage matrix effects were
strong negative for most PFAS TA (> -30%) on all extraction and clean-up techniques, with
the exception of Hybrid SPE with 0.5% CA in ACN which provided strong positive matrix
effects (Figure C17, C18, C19, and C20). In summary, the best relative recoveries were
obtained for Hybrid SPE extraction and clean-up with 0.1% AF in MeOH concerning the
number of PFAS compounds with acceptable recoveries. However, this extraction method
also provided strong matrix effects. The overall performance of all extraction methods based
on extraction efficiency and matrix effects was not optimal for PFAS in liver samples, and
therefore needs further improvements.

The use of HPLC/(UPLC)-ESI-MS/MS has shown to be applicable for analyzing a broad
range of PFAS in biological samples due to high sensitivity and selectivity and is by far the
most used technique for PFAS in environmental and biological samples [171, 172, 163, 220].
However, the inherent downside of the analytical techniques is that ESI ionization is prone
to matrix effects [216].
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5.3.3 Discussion of extraction methods and improvements

Biological samples are complex matrices that contain high amounts of proteins and phos-
pholipids that can interfere with the ionization of TA during the ESI ionization. A proper
sample preparation method is required to provide accurate results. Extraction and clean-up
are important parts of sample preparation that can affect the recovery and matrix effect if
inappropriate.

Low recovery of the steroid hormones and PFAS in the present study might be attributed
to several factors. Firstly, insufficient homogenization might have affected the extraction
negatively. The pooled liver samples were homogenated by hand with a mortar and a
pestle. This way of homogenizing the sample may not have provided small enough pieces.
The liver samples were homogenized as wet tissue which made it challenging to crush the
samples into small pieces. The extraction efficiency is dependent on the surface area of the
sample. Smaller sample particles will facilitate improved extraction [166, 83]. Moreover,
the extraction is influenced by the choice of solvent as the solvent used should dissolve the
analytes of interest. In the present study, the different extraction methods used various
solvents: Hybrid SPE used MeOH and ACN, and during the SPE method a mix of H2O
and MeOH was used. During SLE, the MTBE solvent was used for extraction. Organic
solvents will cause proteins to precipitate from the solution, removing some of the interfering
matrix components. Steroid hormones are lipophilic compounds that are soluble in non-polar
solvents (n-hexane and octanol), however, the use of highly non-polar solvents will also cause
more matrix components to be co-extracted, such as lipids present in the liver [220]. Alcohols
such as MeOH and EtOH are usually good at solving steroid hormones, and are therefore
often used as fewer lipid matrix components will co-extract [220]. PFAS compounds are
amphiphilic compounds that consist of a non-polar fluorinated carbon chain and a small
polar functional group. Moreover, PFAS are regarded as both hydrophobic and lipophobic
compounds. In the review by Valsecchi et al. (2013) that summarized different methods used
in the analysis of PFAS in aquatic organisms, solvents such as MTBE, ACN, and MeOH or a
mix of MeOH and H2O were frequently used among researchers [220]. However, the use of AF
in MeOH or a mix of MeOH and H2O often resulted in poorer extraction and lower recovery of
long-chained PFAS. This was also observed for some of the PFAS in the present study; PFNA,
PFUnA, and PFDS had a low recovery for the Hybrid SPE extraction method with AF in
MeOH (Table C13). Moreover, matrix effects have also been reported to occur when MeOH
was used for extraction [220]. ACN is a good solvent for protein precipitation of biological
samples, whereas the use of MTBE as a solvent might cause analyte loss because solvent
evaporation and exchange are required before the chromatographic analysis. In the review
by Valsecchi et al. (2013) they also reported that using alkaline digestion before extraction
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enhanced the recovery of PFAS, as the PFAS binding to proteins in tissues is broken when
using alkaline solutions. Additionally, a mix of THF and water also proved to produce
good recoveries for a wide range of PFAS compounds. On the contrary, poor recoveries
in the present study might reflect suppression of the signal response during the ionization
i.e. matrix effects. Techniques that were implemented during the sample preparation that
is known to enhance the extraction are agitation of the sample mixture by vortexing and
ultrasonication, and these were applied to all of the extraction methods in the present study
[166].

Hybrid SPE is a novel extraction and clean-up method that is simple and time efficient.
This method has previously been used in biological samples for analysis of PFAS and has
proven to be efficient in removing phospholipids, and reducing ME [163, 164, 165]. Before
the sample extract is applied to the Hybrid SPE cartridge, the sample is mixed with a PP
agent. In the present study, 0.1% AF in MeOH and 0.5% CA in ACN were used to remove
proteins and to inhibit the analytes of interest from co-retaining with the phospholipids on
the Zr sorbent [165]. The Hybrid SPE method has been recommended for use on biological
liquid samples such as plasma and serum by the manufacturer, and not for solid matrices.
However, a recent study that extracted PFAS with Hybrid SPE in liver samples provided
good recoveries, however, positive matrix effects were evident for some PFAS compounds
[163]. In the present study, recoveries were low and matrix effects were strong negative when
Hybrid SPE was used on liver sample extracts. It might be that this method is not designed
to tackle the greater amount of matrix components present in solid samples compared to
liquid samples, resulting in less efficient removal of interfering matrix components. Moreover,
hydrophilic interaction liquid chromatography (HILIC) interactions have been observed for
Hybrid SPE when using ACN as a PP agent i.e. the analyte interacts with the sorbent in
the Hybrid SPE cartridge, and this could potentially lead to lower recoveries [165]. This
might explain the low recoveries provided by the Hybrid SPE extraction with CA in ACN
for the PFAS compounds. On the contrary, there are several advantages of using the Hybrid
SPE method; it is simple and fast, and the consumption of solvents is minimal. Moreover,
authors have reported that this method is less expensive compared to the traditional SPE
method.[162].

The more traditional SPE extraction and clean-up method is a more time-consuming
method compared to the Hybrid SPE as several conditioning steps of the cartridge need to
be conducted before the sample can be loaded onto the cartridge [161, 83]. The solvent con-
sumption is greater and requires different types of solvents from non-polar to polar. However,
the SPE method is widely used, as it efficiently separates target analytes from interfering
compounds. There are different sorbents available for SPE, however, reversed-phase is ap-
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plied to non-polar and moderately polar compounds. However, as the reversed-phase sorbent
is based on hydrophobic interactions, other hydrophobic and C-H-rich compounds such as
phospholipid can be retained as well [162]. Therefore, SPE removes proteins and only small
amounts of phospholipids. This can also be observed in the present study where strong
negative matrix effects were evident for both steroid hormones and PFAS in liver samples
prepared with the SPE method.

SLE is an easy but more time-consuming extraction method as repeated extractions of
a solid sample are carried out. SLE is an inexpensive method that removes most protein
in a sample, but the consumption of solvents is greater compared to Hybrid SPE and SPE.
However, the absence of a clean-up step to remove matrix components such as phospho-
lipids other than centrifugation is not included. Therefore, this method will mainly remove
proteins. Additionally, this method also included a critical step; evaporation and solvent
change from MTBE to a mix of MeOH and H2O which can cause analyte loss. Moreover,
the extraction efficiency of SLE is dependent on the choice of solvent, extraction time, and
sample particle size [166]. In the review by Valsecchi et al. (2013) suggestion for clean-up of
the extracts after SLE is to include a freezer incubation step that facilitates the precipitation
of both proteins and phospholipids and to combine the SLE with SPE [220].

In the present study, both steroid hormones and PFAS compounds demonstrated strong
negative matrix effects except for a few compounds, and the Hybrid SPE method with 0.5%
CA in ACN produced mostly positive matrix effects for PFAS compounds. Matrix effects are
often related to insufficient clean-up of the sample solution extract, and therefore co-eluting
matrix components can interfere with the ESI ionization causing suppression or enhancement
of the signal response [219]. The problem with matrix effect is that it negatively affects
the quantification, linearity, accuracy, and precision of the method. Co-extracted matrix
components can also affect the chromatography by modifying the retention time and the
peak shape compared to the analyte in a pure solvent [221]. Moreover, both steroid hormones
and PFAS were analyzed with the use of ESI ionization. ESI is a soft ionization technique
that is prone to matrix effect [219]. For example, sometimes it is necessary to derivatize the
steroid hormones due to poor ionization of some steroids, such as estrogens [176]. In addition,
ionization of steroids can be difficult due to carbonyl- and hydroxyl-groups that have low
proton affinity [173]. In biological samples, matrix effect derives mainly from proteins and
phospholipids that interfere with ESI ionization. There are several methods available for the
removal of proteins; the addition of organic solvents and PP agents, and SPE. However, few
methods are available to remove phospholipids which are the major reason for ion suppression
during chromatographic analyses [162]. Another way to reduce the matrix effect is to modify
and optimize the chromatographic and mass spectrometric parameters to shift the retention
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time of target analytes from the area where the chromatogram is affected by matrix effect,
and to enhance the separation of chromatographic peaks [219]. However, this is beyond
the scope of this project, and will therefore not be discussed further. Another way that
could reduce the matrix effect is to simply reduce the injection volume or to dilute the
sample [185]. However, the analytical methods used in the present study for both steroid
hormones and PFAS compounds with UPSFC-MS/MS and UPLC-MS/MS, respectively,
have been optimized previously for these compounds. Furthermore, the application of the IS
method has been recommended to reduce matrix effects and to correct for loss of analytes
during extraction and the analytical method [219]. In the present study, two isotopically
labeled were available for the analysis of steroid hormones and PFAS, which might have been
insufficient for the multi-compound analysis of 18 steroid hormones and 43 PFAS compounds.
A further improvement could therefore be to implement a few more IS. However, having a IS
for every compound is not feasible as isotopically labeled IS are expensive and do not exist for
all compounds. Moreover, the analysis of CRM of the analytes could have been implemented
for better quality control, and to verify the performance of the method [83]. However, CRM
was not available to use for this project. In the present study, steroid hormones and PFAS in
the liver samples were not quantified as no calibration curves were analyzed, though, the use
of matrix-matched calibration curves has been recommended to reduce the effects of matrix
effects.

To summarize, both SPE and SLE extraction methods are more time-consuming, and
the consumption of solvents is greater compared to the Hybrid SPE method. Additionally,
SPE and SLE extraction methods are inadequate at removing phospholipids compared to
Hybrid SPE which are designed to remove phospholipids. However, Hybrid SPE has been
recommended to use for liquid samples and in the present study, the method did not prove
to improve matrix effects compared to the other methods. None of the tested extraction
methods can therefore be recommended. The results indicated the need for improvements
in both extraction efficiency and matrix removal. However, as ion suppression of the signal
response might cause the impression of low recoveries, implementing an additional clean-up
step might improve the performance outcome. Due to time limitations in the present study,
further investigation were not conducted.

5.4 Trace elements in Arctic char

Several trace elements in Lake Diesetvatnet might derive from both natural and anthro-
pogenic sources, however, the relative contributions are difficult to ascertain. In high arctic
areas such as Svalbard, natural sources due to erosion of the bedrock and sediment may rep-
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resent an important source for some trace elements. The bedrock at Mitrahalvøya constitutes
metamorphic rock types such as marble, phyllite, metapelitic schist, and small amounts of
quartzite [88]. These types of rock consist of several major elements and trace elements. A
study conducted in Svalbard by a previous Master’s student that analyzed elemental compo-
sition in soil from Lake Nordre Diesetvatent found that trace elements such as As, Ni, Pb, and
Zn were elevated compared to other locations at Svalbard [222]. Additionally, trace elements
such as Cd, Cr, and Cu were also measured in the soil close to Lake Nordre Diesetvatnet.
Therefore, the local bedrock geology, sediment, and soil environment might contribute to
elevated levels of some trace elements found in Arctic char at Lake Diesetvatnet. Due to the
special bedrock on Svalbard, several Artic Lakes have a high content of dissolved ions [10].

The anthropogenic input mainly derives from the atmospheric deposition from LRAT of
contaminants from distant sources at lower latitudes. The main sources that contribute to
trace element contamination are the combustion of fossil fuels such as coal, oil, and gaso-
line, non-ferrous metal production, and waste incineration [84]. The industrial activities in
Svalbard are limited. However, Ny-Ålesund which is in proximity to Mitrhalvøya, about 35
km South, has a previous history of coal mining and burning. Similarly, Longyearbyen has
mine 7 in operation, and the local power generation derives from coal burning. The anthro-
pogenic activities at Svalbard might have a minor contribution to the total LRAT at Lake
Diesetvatnet. Coal combustion can contribute to the emission of elements such as Cr, Hg,
Pb, Mn, Sb, Se, Sn, and Tl [84]. Moreover, some studies have suggested that the size of the
Lake catchment area is an indicator for the input of atmospheric wet and dry deposition to
Artic Lakes that can affect the bioaccumulation of trace elements in Arctic char [94, 95, 91].
Atmospheric deposition is thought to be the main input of Hg to Arctic Lakes. Hg is mainly
released as gaseous elemental mercury and can be transported to the Artic within a few
days by LRAT [1]. In addition to LRAT of contaminants, secondary sources such as thaw-
ing glaciers, permafrost, and snow might contribute with the input of water and sediment
particles that contain trace elements to Lake Diesetvatnet. Additionally, the accumulation
and distribution of trace elements in fish are influenced by the total concentrations in the
aquatic environment as well as physiological factors inherent in the fish [14, 15].

The main focus in the following subsections will be to discuss the distribution of non-
essential trace elements: Hg, Cd, Pb, and As, and a selection of essential elements in tissues
of Artic char. Moreover, the distribution pattern and levels will be compared with pre-
vious studies. However, comparison across studies can be challenging as there are great
variations in trace elements and tissues of fish that have been analyzed. Moreover, species
differences and variations in trace element concentrations and speciation between locations
make comparison difficult.
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5.4.1 Mercury

The distribution of Hg in organs of Arctic char from Lake Diesetvatnet can be ranked ac-
cordingly from highest to lowest based on mean Hg concentration; kidney > liver > gonad >

brain > RBC > hard roe > plasma. From Figure 14 it can be observed that Hg concentra-
tion is enriched in the kidney (0.0966±0.079 µg g −1 dw) and liver (0.0786±0.12 µg g −1 dw)
compared to the other tissues, however, there was only statistically significant difference in
the median Hg concentration between the kidney and plasma. This might be explained by
the great variation in the dataset, and that there are several outliers in the Hg concentration
of all tissues which increases the concentration range.

There is a limited number of studies that have analyzed the distribution of Hg in various
organs of Arctic char and other fish species. Most of the existing studies have analyzed Hg in
muscle tissue as this is of high relevance for human consumption. A study conducted in Rus-
sia on salmon trout, a species from the same Salmonidae family as Arctic char, measured the
highest Hg concentration in kidney and liver 0.197±0.028 µg g−1 dw and 0.196±0.034 µg g−1

dw, respectively [92]. The Hg concentration measured in the kidney and liver was one order
of magnitude greater than what was measured in the muscle tissue of salmon trout. This
study also examined other fish species indicating that Hg accumulation was species-specific
and that the overall accumulating properties of Hg for all fish species analyzed were liver >
muscle > kidney > gills. Another study that looked at heavy metal distribution in various
tissues of different freshwater fish species found that Hg concentrations were highest in mus-
cle tissue (0.031-0.159 µg g−1 ww), and lowest in the gonad (0.005-0.01 µg g−1 ww) [223]. Hg
concentrations found in kidney and liver ranged from 0.021-0.081 µg g−1 ww and 0.011-0.072
µg g−1 ww, respectively. Moreover, the distribution of Hg in tissues was as follows across
all five species; muscle > gills > kidney > liver > gonad. In some freshwater species, Hg
muscle concentration can be higher than in the kidney and liver. A study conducted on
different freshwater fish species; roach, perch, and chub from both a low and high contami-
nated location found that Hg was differently distributed between the liver and muscle tissue
from the different locations [224]. Fish from the highly contaminated location had higher
levels of Hg in the liver compared to muscle, whereas in fish from the low contaminated
location the distribution between the two tissues was opposite. The distribution of Hg in
muscle and internal organs might depend on the degree of contamination in the surrounding
environment. The liver plays an important role in the storage, redistribution, metabolism,
and detoxification of contaminants, and might become more involved if the contaminant
load in the surrounding environment is high. Additionally, Hg has shown to accumulate in
muscle tissues over time. For example, an exposure study on fish demonstrated that initially
after exposure to MeHg, concentrations are highest in the blood, kidney, and liver. After
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a few weeks, MeHg is redistributed and accumulates in muscle tissue bound to cysteine, a
sulfur-rich amino acid [101, 102].

A study by Adams et al. (2010) found the following Hg distribution in tissues of spotted
seatrout; kidney > liver > muscle > brain > gonad > RBC [225]. This distribution trend
is similar to what was detected in the present study, where the highest Hg concentration
was found in the kidney followed by the liver, and the lowest concentrations were found
in RBC, gonad, and plasma. The Hg concentration in the RBC was 0.07±0.01 µg g −1 in
spotted seatrout from the contaminated location and 0.02±0.01 µg g −1 in the reference site
[225]. The Hg concentration in RBC from the reference site is similar to what was detected
in RBC in Arctic char from Lake Diesetvatenet; 0.0165 µg g −1 ww. In the present study
and the study by Adams et al., a higher concentration of Hg was observed in the brain
compared to RBC. This might indicate the potential of Hg to cross the BBB. MeHg is a
known neurotoxic compound that can cross the BBB due to the ability of MeHg to mimic
the amino acid methionine [122, 34]. However, the MeHg content was not examined in the
present study, but the presence of Hg in the brain might indicate that Artic char from Lake
Diesetvatnet are exposed to MeHg.

In the present study, the mean Hg concentration was lower in hard roe (0.008±0.003
µg g −1 dw) compared to the gonad (0.02±0.03 µg g −1 dw). This might indicate that a
limited amount of Hg is transferred from the ovaries to the hard roes. The critical review
by Crump and Trudeau (2009) found that the amount of Hg transferred maternally is low,
approximately 0.2-3% of the total body burden [122]. Additionally, maternal transfer of Hg
is mainly in the form of MeHg (> 90%), and the study indicated that the diet of the fish
during egg growth and development is the predominant factor determining the MeHg load
in hard roes rather than the remobilization of stored MeHg in the body [225]. Similarly,
Khadra et al. (2019) indicated that MeHg could be maternally transferred to the hard roes
[226].

Several of the mentioned studies indicate high concentrations of Hg in muscle tissue and
some even higher than in the kidney and liver [227, 223, 224, 101, 102]. Moreover, the
distribution of Hg in tissues might depend on the environmental Hg load and speciation
[15]. Muscle tissue was not examined in the present study and it is, therefore, difficult to
predict whether concentrations would have been higher or lower in the muscle compared to
the kidney and liver. A study conducted by Hudleson et al. (2019) on landlocked Arctic
char in the Canadian Arctic from six different lakes showed great variation in Hg muscle
concentration. Arctic char Hg concentration in Amituk Lake (1.28±0.23 µg g−1 ww) was
significantly higher compared to the other Lakes with concentrations ranging from (0.12-0.43
µg g−1 ww) [91]. Additionally, Hg concentration was significantly correlated to dissolved and
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particulate organic carbon concentration in the water, which supports the fact that abiotic
factors might affect exposure and uptake of Hg in fish.

In the present study, kidney and liver Hg concentrations were measured; 0.0966±0.079
µg g −1 and 0.0786±0.12 µg g −1 in dry weight, respectively. In the Canadian study, Hg
concentrations in Arctic char were measured in wet weight and are still higher than the
concentrations in kidney and liver in the present study by one to two orders of magnitude
[91]. Even though this comparison is drawn across the same species it is expected to observe
different Hg levels between Arctic char populations at different locations. Several confound-
ing factors might affect the difference in Hg levels. First of all, comparing Hg levels between
various tissues is challenging due to the two tissues’ different accumulation potentials. In
addition, concentrations were measured in dry weight in the present study and wet weight
in the Canadian study [91]. There might be different water content between individual fish
and tissues which complicates the comparison. Additionally, there might be considerable
differences in size and age between the Arctic char that was caught at different locations.
As previously mentioned, in the study by Hudelson et al. (2019) only landlocked Arctic
char was caught, whereas in the present study Arctic char was caught from Lake Dieset-
vatnet where both landlocked and anadromous Arctic char residents. In the present study,
the lifestyle of Arctic char caught was not determined. Several studies have reported that
landlocked Arctic char have higher Hg concentrations than anadromous Arctic char. This
could be explained by the slower growth and smaller size of landlocked Arctic char [11].
Furthermore, landlocked Artic char often have poorer body conditions because they feed
on oligotrophic Lakes which could increase their susceptibility to contaminant accumulation
[106, 107, 108, 1]. Several field studies have reported a negative correlation between MeHg
concentration in tissue and body condition of the fish [104, 140]. On the contrary, anadro-
mous Arctic char grow quicker due to their annual sea migration where they can double
their size after feeding intensively for several weeks [84]. Moreover, Hudelson et al. (2019)
indicated that the elevated Hg levels found in Amituk Lake could be explained by the differ-
ence in the trophic level of Arctic char compared to the other Lakes [91]. A study on Arctic
char from Greenland found that landlocked Arctic char had 10-15 times higher Hg muscle
concentrations compared to anadromous char [108, 84]. Additionally, landlocked Arctic char
have a bimodal growth pattern as some individuals become cannibalistic when they reach
a certain size or age. Cannibalistic Arctic char have higher Hg levels as their diet change
to a higher trophic level [113, 140]. Furthermore, Arctic char has an opportunistic diet,
therefore, the location and their diet could considerably affect the bioaccumulation of Hg.
For instance, benthic invertebrates have high Hg levels compared to pelagic invertebrates at
some locations [112]. In oligotrophic Arctic Lakes, the food availability could be different
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between Lakes at different locations. Additionally, there are also environmental factors that
can affect the bioavailability and bioaccumulation of Hg at a location. For example, wa-
ter parameters such as pH, temperature, organic matter, salinity, ionic strength, and metal
speciation can affect the bioavailability of Hg in fish [84, 89, 90, 91, 15].

As mentioned, the speciation of Hg affects its bioavailability and is dependent on several
water parameters. Moreover, the bioavailability of Hg is also dependent on the magnitude
of methylating bacteria that can transform inorganic Hg to MeHg, which is the more toxic
form of mercury [92]. Arctic freshwater ecosystems are considered to be more inorganic
systems due to low primary production and less nutrient content, therefore, it is expected
that there might be less organic carbon content. Hg methylation has shown to be depen-
dent on organic carbon in the water and sediment, as a consequence, there might be less
methylation in freshwaters compared to marine environments [96, 92]. Additionally, some
studies have indicated that there is increased evasion of Hg from freshwaters compared to
marine ecosystems [97]. Moreover, photochemical reactions can also modify the speciation
and mobility of Hg, and the reduction of Hg in freshwaters is mainly caused by photoreduc-
tion [97, 98]. Furthermore, higher concentrations of humic acids have shown to favor the
transport and retention of Hg in the water phase as organic complexes, which may increase
the bioavailability of Hg [84]. The uptake and bioaccumulation of Hg in Arctic char are also
affected by Hg speciation. For example, MeHg is mainly absorbed from the diet through the
intestine, and the absorption of MeHg is efficient (approximately 80%) [99, 100]. MeHg on
the other hand is not efficiently taken up through the gills. In the present study, total Hg
was determined, and it is, therefore, difficult to predict whether the Hg is present in organic
or inorganic form. However, several studies indicate that MeHg has higher bioaccumulative
properties and is more efficiently absorbed. MeHg is also of the highest concern due to the
neurotoxic effect and the ability to cross the BBB. A study conducted on landlocked Arctic
char from Greenland, found that 72% to 92% of total Hg concentration constituted of MeHg
[108]. The relative percentage of MeHg might vary from location and depend on the diet
and the abiotic environment.

In the present study, the selenium: mercury (Se:Hg) ratio in various tissues of Arctic
char was determined and found to be > 1 in all tissues (Table 15). The highest Se:Hg molar
ratio was found in the hard roe and gonads, and the lowest Se:Hg molar ratio was found in
RBC. Similar Se:Hg molar ratios were found in the kidney, liver, and brain of approximately
250-300. A previous study analyzed Se:Hg ratio in various tissues in bluefish, and found
the highest Se:Hg ratio in the kidney and the lowest in the muscle [228]. Several studies
have indicated that excess levels of Se compared to Hg might have protective effects against
mercury toxicity. A Se:Hg molar ratio of > 1 has been described as beneficial with regards
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to MeHg toxicity [119]. The explanation behind this is that Se binds to Hg with a high
binding affinity to form insoluble mercury selenide, which reduces the bioavailability of Hg
in an organism [118]. Due to the important role of Se in antioxidant enzymes, an excess of
Se is needed to maintain the enzyme activity [118]. However, the Se:Hg ratio in all tissues
of Arctic char from Lake Dieesetvatnet was well above 1, ranging from 92-1600. The excess
Se levels indicate that Arctic char in the present study might be protected from Hg toxicity.
Additionally, the Se distribution in tissues of Arctic char was similar to that of Hg (Figure
14 and C23) except for hard roe in which Se levels were much higher than Hg levels. This
might be attributed to the protective effect of Se in the hard roe. Moreover, Se is an essential
trace element that is an important cofactor in antioxidant enzymes, which can be beneficial
in several ways, including the growth of hard roes. Zhang et al. (2020) found a similar trend
with high levels of Se in the roes and lower levels of Hg compared to other tissues [229].
Even though Se is an essential trace element, high concentrations could lead to decreased
hatching success and survival, and embryo deformities. Covington et al. (2018) indicated a
Se threshold level for deformities in offsprings from brown trout in the range 21.1-21.8 µg
g−1 dw [230]. Se levels measured in all tissues in Arctic char from Lake Disetvatnet were
below these values indicating no risk for a negative effect of Se. Se is transferred from the
liver to the gonads during vitellogenesis, production of a egg yolk protein vitellogenin that is
needed for oogenesis growth and development [226]. This is important as early-life stages are
particularly sensitive to exposure to contaminants, and could potentially lead to impairment
of the development of the fish if they are exposed to high concentrations. However, even
though hard roe Hg concentrations were low, exposure of the roes could also occurs in the
water after spawning. Furthermore, the different distributions of Se and Hg indicate different
accumulation and metabolic pathways of these trace elements. The study also suggested that
a lower Se:Hg molar ratio could indicate the increased formation of Hg-Se compounds [118].
For example, in the present study lower Se:Hg molar ratios were observed in the kidney,
liver, and brain which might be attributed to the Se binding of Hg.

5.4.2 Cadmium

The distribution of Cd in tissues of Arctic char from Lake Diesetvatnet can be ranked
accordingly from highest to lowest based on mean concentrations; kidney > liver > gonad >

hard roe > brain > plasma > RBC. From Figure 15 it can be observed that Cd concentration
is enriched in the kidney with a mean concentration of 1.98±1.1 µg g −1 dw. The median
Cd concentration in the kidney was statistically significantly higher than the median Cd
concentration in the brain, gonad, and hard roe. Liver Cd concentrations were lower than
the kidney Cd concentrations, however, no statistically significant difference between these
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tissues was found, probably due to an outlier than increased the Cd concentration range
of the liver tissue. Plasma and RBC samples were not included in the distribution plot or
statistical test due to low sample numbers (< 4).

A study by Moiseenko et al. (2020) found the highest Cd concentration in the kidney of
several fish species, followed by liver, gill, skeleton, and muscle tissue [92]. Another study
that looked at heavy metal distribution in various tissues of several freshwater fish species
found that Cd concentrations were highest in the kidney (0.037-0.498 µg g−1 ww). Yin et
al. (2018) also found the overall highest concentration of Cd in the kidney where 9 different
tissues were analyzed in 8 different freshwater fish species [223]. Similarly, Hasyimah et al.
(2011) found the highest concentration of Cd in the kidney followed by the liver [231]. The
kidney is usually regarded as the main target for Cd accumulation, and this argument could
be supported by the present study that also observed the highest mean Cd concentration in
Arctic char from Lake Diesetvatnet [14, 232]. However, studies report different levels of Cd
in the kidney which indicates species differences in the bioaccumulation and differences in
the exposure level from the aquatic environment they live. Martyniuk et al. (2020) analyzed
several trace elements in the liver and dorsal muscle of anadromous Arctic char, and found
significantly higher levels of Cd in the liver compared to muscle; 0.52±0.41 µg g −1 dw and
0.03±0.03 µg g −1 dw [233]. The Cd concentration in the liver of this study is similar to
what was found in the liver of the present study; 0.305±0.36 µg g −1 dw. Similarly, Jia
et al. (2017) found that Cd accumulated in the liver of the three freshwater fish species
that were analyzed [14]. Elevated uptake of Cd in muscle tissue of fish has been observed
to be seasonally dependent, and increased uptake has been observed with elevated water
temperatures [233]. Köck et al. (1996) also observed increased uptake of Cd in the summer,
which could be explained by increased metabolic rate and greater bioavailability of Cd due
to changes in water chemistry [90]. However, Cd seems to accumulate in the kidney and
liver over time [233, 227]. This observation could be explained by the role the kidney and
liver have as metabolic active organs that are responsible for detoxification of contaminants,
it is therefore expected to see elevated concentrations of heavy metals in these tissues [15].
Moreover, higher concentrations of Cd observed in the kidney and liver could be attributed
to high levels of MT binding proteins in these tissues that sequester Cd [14].

The uptake and bioaccumulation of Cd are dependent on both endogenous and exoge-
nous factors i.e. the physiology of the fish and the aquatic environment. Different water
parameters in the aquatic environment affect the speciation and bioavailability of Cd. For
example, one study indicated that Cd has increased bioavailability in freshwaters with low
pH and Ca2+ concentration [92]. Several studies have also shown that Cd accumulation in
fish is enhanced in aquatic systems with low concentrations of Ca2+ [232, 92, 15]. This might
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implicate that Cd is more bioavailable in freshwaters than in marine environments, and that
anadromous Arctic char might be less exposed to Cd during their seaward migration. How-
ever, the pH in freshwaters is dependent on the bedrock and the surrounding environment.
The study by Moiseenko et al. (2020) indicated that Cd is present mainly in ionic form
in oligotrophic waters with pH ≤ 7.3. Moreover, Cd is readily bioavailable in ionic form
as Cd2+. In the present study, the pH in Lake Diesetvatnet was measured at 8.03, which
might indicate that Cd is less bioavailable as the pH is similar to marine waters (Table 3).
Furthermore, the bioaccumulation of Cd depends on the rate of uptake and elimination.
Dietary uptake of Cd is low (<5%), whereas Cd is readily taken up by the gills due to the
interaction with Ca2+ metabolism [92]. Cd is normally slowly excreted, which results in
accumulation over time. Additionally, low dietary intake of Ca, Fe, Zn, Cu, and proteins can
enhance the uptake of Cd [92, 34]. Therefore, diet is also an important factor that impacts
the bioaccumulation of Cd indirectly. Moreover, high levels of Cd in the kidney can lead
to nephrotoxicity and growth reduction [14, 92]. Furthermore, Cd has shown to affect the
foraging behavior and induce MT gene expression and production in fish [116, 117, 115].

5.4.3 Lead

The distribution of Pb in tissues of Arctic char from Lake Diesetvatnet can be ranked ac-
cordingly from highest to lowest based on mean concentrations; brain > kidney > gonad
> plasma > liver > hard roe > RBC. From Figure 16, it can be observed that Pb concen-
trations are enriched in the brain, kidney, and gonad. However, no statistically significant
difference was found in the median Pb concentrations between the tissues. This might be
caused by the several outliers that increase the concentration range of the tissues. Hard roe
and plasma samples were not included in the distribution plot or statistical test due to low
sample numbers (< 4).

Interestingly, the highest Pb concentration was measured in the brain of Arctic char
in the present study with a mean concentration of 0.298±0.38 µg g −1 dw. Pb, therefore,
exhibits the ability to cross the BBB from these results. Yin et al. (2018) also found the
highest concentration of Pb in the brain in several of the freshwater fish species that were
analyzed [234]. The author suggested that the accumulation of heavy metals, particularly
Pb, in the brain could be attributed to the high lipid content in this tissue. Some trace
elements might accumulate in lipid-rich tissue, such as MeHg. Moreover, Pb can mimic
other essential elements such as Ca and Fe, which could be another explanation for the
observation of Pb in the brain [92]. A similar mimicry of endogenous compounds has been
observed with MeHg that bind to cysteine, which can pass the BBB due to the similarity
of the amino acid methionine [122, 34, 123]. In the present study, Pb concentrations were
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quite high in the kidney of Arctic char; 0.195±0.19 µg g −1 dw, however, lower levels were
observed in the liver 0.0266±0.043 µg g −1 dw. A study conducted in Russia on several fish
species found the highest Pb concentration in the kidney followed by the liver [92]. Similarly,
Hasyimah et al. (2011) detected the highest concentration of Pb in the kidney followed by
the liver [231].

On the contrary, Martyniuk et al. (2020) analyzed several trace elements in anadromous
Arctic char in the liver and dorsal muscle and found no significantly higher levels of Pb in the
liver compared to muscle tissue; 0.03±0.02 µg g −1 dw and 0.05±0.07 µg g −1 dw, a similar
Pb concentration that was measured in the liver of Arctic char in the present study [233]. In
the study, they indicated that low levels of Pb in the liver could be a result of the uptake of
Pb by the gills and that Pb has a higher affinity to mucosal membranes such as gills, skin, fin,
and intestine [233]. A study by Has-Schön et al. (2006) also indicated no accumulating trend
of Pb in any of the tissues of freshwater fish [227]. A study by Jia et al. (2017) indicated
that Pb accumulates in gills and that this might indicate that the main uptake route of Pb
is from the surrounding water [14]. Another study conducted on six freshwater fish species
found the highest Pb concentrations in the gills [223]. A similar trend was observed in a
study conducted on European catfish where high Pb concentrations were found in the gill,
kidney, and liver [232]. Gills are the main site for the uptake of metal species from the water
due to their large surface areas that enable the transport of metals. Pb is analogous to
Ca2+ in processes of uptake and accumulation in the fish. Ca2+ is adsorbed and transported
through the membrane in the gills. Because of the strong similarity of Pb2+ to Ca2+, Pb can
penetrate the organism and can get involved in metabolic processes [92]. Additionally, lower
pH at the gill surface due to respired carbon dioxide could increase the dissolved Pb leading
to enhanced uptake of this metal [232]. Moreover, a short-term exposure study conducted on
shorthorn sculpins found the highest levels of Pb in the gills followed by muscle tissue, and
liver [145]. Their findings also indicated an elevated level of Pb in the blood after exposure,
which might indicate that blood is a good indicator of recent exposure. In the present study,
low levels of Pb were measured in RBC and plasma which might indicate that exposure has
occurred over time. The liver and kidney are involved in the detoxification of toxic elements,
and therefore chronic exposure to high levels of Pb might be reflected in the levels measured
in these tissues. In the present study, lower levels of Pb in the liver might indicate that
Artic char from Lake Diesetvatent are not exposed to high levels of Pb. However, a higher
Pb concentration was detected in the kidney which might indicate that Pb is preferably
accumulated in the kidney of Arctic char from Lake Diesetvatnet.

Additionally, in the present study elevated Pb concentration was detected in the gonad,
which might indicate the potential for maternal exposure to the hard roes. A study by
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Has-Schön et al. (2008) conducted on six freshwater fish species also found high levels of
Pb in gonads ranging from 0.024 to 0.1 µg g−1 ww in the different fish species. However,
in the present study higher levels were detected in the gonad with a mean Pb concentration
of 0.161±0.14 µg g −1 dw [223]. That study also found that Pb is higher in muscle and
gonads compared to Cd in these tissues [223]. Moreover, Has-Schön et al. (2008) also
indicated that Cd accumulated more in the kidney and liver compare to Pb, this was also
observed in the present study. A previous study found that Pb accumulated in the gonad
and brain of five tissues that were analyzed in two cyprinid freshwater fish [235]. Moreover,
the authors indicated that the high trace element load in the gonad negatively affected the
steroidogenesis of sex steroid hormones such as estradiol and testosterone. Heavy metals
could act directly on the HP-axis or the gonads that produce sex hormones. These effects
might disrupt the reproductive success of the fish[235]. Pb has also been suggested to disturb
the Ca2+-homeostasis, similar to Cd [92].

The different accumulation and distribution of Pb in organs might be caused by species
differences in uptake and excretion, differences in environmental concentration and specia-
tion, and other environmental factors such as diet and habitat use. Moreover, Pb concentra-
tions are generally lower in the marine environment compared to freshwater systems which
might lead to less bioaccumulation of Pb in anadromous Arctic char in the summer [233].
Pb bioaccumulation had shown to be dependent on the salinity in the water, with increased
uptake at low Ca2+ concentrations [92].

5.4.4 Arsenic

The distribution of As in tissues of Arctic char from Lake Diesetvatnet can be ranked ac-
cordingly from highest to lowest based on mean concentrations: gonad > kidney > hard roe
> liver > brain > plasma > RBC. From Figure 17 it can be observed that As concentrations
are enriched in the gonad and kidney. The median As concentration in the gonad and kidney
was statistically significantly higher than the median As concentration in the plasma and
RBC, but none of the other tissues.

Martyniuk et al. (2020) analyzed As in the liver and dorsal muscle of anadromous
Arctic char from Canada [233]. The study reported statistically significantly higher As
concentrations in the liver than in the dorsal muscle with a mean As concentration in the
liver of 2.3±0.75 µg g −1 dw. In the present study, As concentrations in the gonad and kidney
of Artic char from Lake Diesetvatent were elevated with mean concentrations of 3.51±4.3
µg g −1 dw and 1.69±0.46 µg g −1 dw, respectively. The reported As concentration in the
gonad and kidney of the present study is higher and lower, respectively, compared to the
As concentration in the liver of Artic char from the Canadian study [233]. Furthermore,

100



5.4 Essential trace elements in Arctic char

the Canadian study reported a mean As concentration in the dorsal muscle of 1.93±0.60 µg
g −1 dw, which is similar to the levels measured in the kidney of the present study. The
high levels of As in the gonad of the present study might indicate the potential for maternal
transfer and exposure to the hard roes to As. The mean As concentration in the hard roe of
the present study was 1.18±1.0 µg g −1 dw, higher than the measured As concentration in
the liver. However, the As concentration in hard roe was not statistically significantly higher
than any of the organs. A previous exposure study conducted on freshwater fish exposed to
As through the diet found that As accumulated in the gonads with a mean As concentration
of 7.4±0.2 µg g−1 dw [236]. On the contrary, a study by Has-Schön et al. (2006) found no
tendency for As to accumulate in gonads in any of the five freshwater fish species that were
analyzed. However, this study indicated that As showed a slight tendency to accumulate in
muscle tissue compared to the other analyzed organs (kidney, gills, liver, and gonad) [227].
Similarly, a study conducted on European catfish found the highest levels of As in the muscle
tissue [232]. Furthermore, another study conducted on freshwater fish found low levels of
As in all tissues that were analyzed with concentrations ranging from 0.003 to 0.161 µg g −1

ww [223].
The inconsistent findings of As accumulation in fish might reflect that there are con-

siderable species differences in the accumulation and distribution pattern among tissues.
Moreover, most of the presented studies are conducted in different aquatic freshwater envi-
ronments, in which the levels of As might varyconsiderable. Water parameters in the aquatic
environment affect the speciation and bioavailability of As. The speciation of As is impor-
tant for the bioaccumulation potential and toxicity. The bioavailability of As is often higher
in the marine environment as organic complexes which might implicate higher exposure of
As for anadromous Arctic char during seaward migration in the summer [233]. Moreover,
organic forms of As are less toxic compared to inorganic forms of As such as trivalent arsenic
(As3+) or pentavalent arsenic (As5+). However, several studies suggest that the content of
inorganic As in fish only accounts for a minor part of the total As levels [14, 15, 237, 238].

5.4.5 Essential trace elements in Arctic char

In contrast to non-essential trace elements that are toxic even at low concentrations, essential
elements such as Cu, Zn, Se, Ni, Cr, Mn, Tl, and Co are required in a specific concentra-
tion range for an organism to be in homeostasis. Deficiency or exceedance of the required
concentration of essential trace elements can potentially have negative implications and lead
to toxic effects in fish [34]. Essential trace elements are therefore under strict homeostatic
control and do not display large variations in the concentrations [83, 34].

Several factors affect the trace element bioaccumulation and bioconcentration in Arctic
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char from Lake Diesetvatent, some of which have been mentioned previously. Firstly, the
local bedrock and sediment of the Lake are important factors that influence the input of
trace elements [88]. Moreover, the aquatic environment and water parameters determine the
speciation and bioavailability of the trace elements [15]. Additionally, some trace elements
might be enriched in the Lake due to anthropogenic input from dry and wet deposition of
LRAT of trace elements. Trace elements are emitted as aerosols with different particle sizes or
in gas form [84]. The potential for LRAT of trace elements, therefore, depends on the particle
size. Trace elements emitted as gases have the potential to be transported longer distances,
such as Hg [1]. Physiological variables of the fish such as size, age, length, trophic level, body
condition, and life stage affect the uptake and bioaccumulation of trace elements [109, 110, 91,
111]. Moreover, trace element concentrations in Arctic char might vary with season and diet.
Lake Diesetvatnet is characterized as oligotrophic, the food availability is therefore limited
and the diet of Artic char might change during the season [233]. Moreover, the nutrition
and trace element content is dependent on the diet. For example, benthic invertebrates
might contain higher elemental concentrations compared to pelagic invertebrates due to
differences in habitat use. Additionally, the uptake and bioaccumulation might be seasonally
dependent. Some studies have suggested that the uptake of trace elements might be more
efficient during the summer with higher water temperatures leading to increased feeding,
metabolic rate, and growth of the fish [89, 92, 90]. For instance, anadromous Arctic char
seasonal migration to the sea might affect the uptake of trace elements due to differences
in water chemistry, food availability, and trace element concentration between marine and
freshwater environments. Trace element concentrations are lower in marine waters due to the
salinity, therefore, migration might reduce the trace element exposure of anadromous char
in the summer [15]. However, the trace element concentration might be higher in the food
they consume during their sea residency. On the contrary, during the winter when the food
is limited, Arctic char might be depleted for energy and essential trace elements. However,
emaciation and reduced body condition in the winter might cause increased trace element
concentration or redistribution of certain trace elements within the body [11]. Moreover,
persistent trace elements might become concentrated with a reduced body mass.

Trace elements except for Hg are understudied in Arctic char, therefore the basis of
comparison within this species is scarce. However, Martyniuk et al. (2020) analyzed several
essential and non-essential trace elements in the liver and dorsal muscle of anadromous Arctic
char from Canada [233]. This study found that trace element concentrations of Cu, Ni, and
Zn in the liver were statistically significantly greater than in the dorsal muscle. However,
no significant differences were found for Cr. In the present study, Cu concentrations in the
liver and hard roe; 27.0±10 µg g −1 dw and 25.8±17 µg g −1 dw, respectively, of Arctic
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char were elevated and found to be statistically significantly higher than Cu concentrations
in the RBC and plasma. Moreover, the brain also exhibited elevated Cu levels with a
mean concentration of 9.72±0.80 µg g −1 dw. The brain Cu concentration was found to be
statistically significantly higher than the Cu concentration in RBC. Additionally, the mean
Cu concentration of 27.0±10 µg g −1 dw in the liver of Arctic char from the present study was
of similar magnitude to that reported in the liver of Arctic char from Canada; 21.3±64.7µg
g −1 dw.

Furthermore, the Ni concentration was elevated in the kidney of Arctic char in the present
study with a mean Ni concentration of 0.472±0.56 µg g −1 dw. The Ni concentration in the
kidney was statistically significantly higher than Ni concentrations in the liver, hard roe,
and RBC. Moreover, the Ni concentration in the brain was also slightly elevated with a
mean concentration of 0.241±0.27 µg g −1 dw, which was significantly higher than the Ni
concentration in RBC. The mean Ni concentration in the kidney from the present study
was higher than the Ni concentration in the liver of Arctic char from Canada with a mean
concentration of 0.23±0.14 µg g −1 dw, whereas the mean Ni concentration in the brain of
Arctic char from the present study was in the same order of magnitude as the liver in Arctic
char from Canada [233].

In the present study, elevated levels of Zn were observed in hard roe, kidney, liver, and
gonad with mean Zn concentrations of 139±74 µg g −1 dw, 110±28 µg g −1 dw, 84.4±19 µg g
−1 dw, and 75.3±47 µg g −1 dw, respectively. Zn concentrations in hard roe and kidney were
statistically significantly higher than levels in plasma and RBC, whereas Zn concentrations
in the liver and gonad were statistically significantly higher than the Zn concentration in
RBC. The Zn concentration in the liver of Artic char from Canada; 115.68±28.00 µg g −1

dw was similar to what was measured in the kidney of Arctic char from the present study
but higher than the Zn concentration in the liver of Artic char from the present study [233].

Moreover, elevated levels of Cr were observed in the brain and kidney of Artic char with
mean Cr concentrations of 0.565±0.84 µg g −1 dw and 0.242±0.17 µg g −1 dw respectively.
The kidney Cr level was statistically significantly higher than Cr concentrations in plasma
and RCB, whereas the Cr concentration in the brain was statistically significantly higher
than the Cr level in RBC. The Cr concentration detected in the kidney of Artic char from
the present study is similar to the Cr concentration reported in the liver of Arctic char
from Canada; 0.26±0.04 µg g −1 dw [233]. The Cr concentration in the liver of Artic char
from Lake Diesetvatnet was one order of magnitude lower than the Cr concentration in the
liver of Artic char from Canada, which indicate that these two populations have a different
distribution pattern of Cr in tissues.

Elevated levels of Tl were also measured in the liver and kidney in Artic char from Lake
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Diesetvatnet with mean concentrations of 0.0751±0.10 µg g −1 dw and 0.0489±0.070 µg g −1

dw, respectively. The Tl concentrations in the kidney and liver were statistically significantly
higher than the Tl concentration in RBC but none of the other organs. A previous study by
Barst et al. (2016) conducted on landlocked Arctic char from four different Lakes in Canada
measured Tl in the liver [239]. In the study, Arctic char from Amituk Lake had elevated
levels of Tl in the liver with a mean concentration of 0.058 µg g −1 ww compared to the
other Lakes where the liver Tl concentration ranged from 0.004-0.014 µg g −1 ww [239]. In
the Canadian study, Tl concentrations are measured in wet weight whereas in the present
study concentrations are measured in dry weight. This indicated that Tl concentrations in
the liver and kidney of Artic char from Lake Diesetvatnet are higher compared to Artic char
from Canada. Barst et al. (2016) indicated that higher levels of Tl in the liver of Artic
char from Amituk Lake caused histological changes in the liver tissue in the form of hepatic
fibrosis which indicates chronic cell injury. Moreover, subcellular analysis of the liver samples
of Artic char from Amituk Lake indicated that Tl was detoxified at a greater fraction than
in the other Lakes [239]. However, the liver damage was not only caused by the presence
of Tl, but also higher concentrations of Hg in the liver of Artic char from Amituk Lake
caused the injury of the liver tissue. The results from this study might indicate that the
levels of Tl measured in Artic char from Lake Diesetvatent might have the potential to cause
liver damage in the presence of other trace elements found at elevated levels in the liver.
Moreover, Se was also measured in the liver of Arctic char from the four Canadian Lakes and
exhibited the same trend as Hg and Tl with the highest concentrations in Artic char from
Amituk Lake [239]. The mean Se concentration measured in the liver of Artic char from the
present study was in the same order of magnitude as the Canadian study with a mean Se
concentration of 4.09±3.3 µg g −1 dw and 3.64 µg g −1 ww, respectively [239].

A few studies conducted on different tissues in other freshwater fish species found higher
levels of Co in the liver compared to other analyzed tissues (kidney, gill, muscle), this is
in contrast to the present study that detected the highest Co concentration in the kidney
of Artic char with about one order of magnitude greater than the other tissues [240, 241].
Furthermore, this study also found the high levels of Mn in the kidney, however, in the
present study, no significantly higher concentrations were found in this tissue. Moreover,
all the analyzed organs had significantly higher Mn concentrations than the plasma in the
present study. Yin et al. (2018) found elevated levels of several trace elements; Cu, Cr, Ni,
and Pb at higher levels in tissues such as kidney, liver, and brain in 8 freshwater fish species
in which 9 different tissues were analyzed [234]. Other studies have found that trace elements
such as Mn, Co, Cu, Zn, and Cr have higher accumulating potential in liver tissue compared
to muscle tissues [240, 232, 242, 241, 243]. Moreover, some studies have also found elevated
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levels of the trace elements Zn and Cr in the gonads [242, 241]. Some of these studies have
also reported that the gonads were abnormal and found histological changes in this tissue.
In the present study, the highest Zn levels were found in the hard roe, kidney, and liver,
whereas the highest Cr levels were detected in the kidney and brain.

The different distributions of trace elements in the mentioned studies are affected by
several factors. Firstly, different accumulation patterns in fish might reflect species-specific
bioaccumulation. Moreover, the aquatic environments in some of the studies are very dif-
ferent from Artic Lakes. The difference in bioaccumulation and bioconcentration might be
caused by differences in water parameters and the surrounding bedrock that affect the speci-
ation and bioavailability of trace elements [15]. Moreover, the environmental concentrations
are also different between studies, as some of the freshwaters are located at lower latitudes.
The exposure of trace elements to these aquatic environments is therefore expected to be
different as they are closer to anthropogenic and industrial activities. Additionally, diet and
habitat use are also factors that affect the uptake of trace elements in fish [112, 113]. There
are methodological differences between studies and high variability in which tissues have
been analyzed in fish. Therefore, the different distribution patterns of trace elements in fish
are also caused by the various methods used. However, the general trend among studies is
that trace elements accumulate to a higher degree in the liver and kidney. These organs are
metabolic active organs that are involved in detoxification and excretion of toxic elements,
and it is therefore expected to detect higher levels of trace elements in these tissues [15].
Moreover, these organs are the main site for metal storage due to the high content of MT
metal binding proteins [14, 233].

5.5 Principal component analysis

The PCA plot was used as an additional tool to study the distribution of trace elements in
tissues of Arctic char. PCA can provide information about the trend and similarity of the
accumulation of trace elements in tissues of Arctic char. Variables such as body condition,
hepatosomatic index, and gender are also included in the PCA. The respective PCA score
and loading plots should be used together when interpreting the PCA [196]. The main trends
observed in the PCA score and loading plots will be presented and discussed in the following
subsections.

5.5.1 PCA loading plot

The PCA loading plot (Figure 18) contains all the variables measured in the samples. In
the present study, several selected trace elements were investigated.
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Several groupings of trace elements can be observed in the PCA loading plot. Along
the first principal component (PC1), which explains 41% of the total variance, a visible
grouping of variables is the trace elements Se, Hg, Tl, and Cd that correlate positively. A
second grouping is trace elements Pb, V, Cr, Sn, Al, Ti, and Ba that correlates and are
strongly loaded on PC1 in the positive direction. Furthermore, trace elements U, Fe, Ni, and
Sb are grouped and loaded strongly on PC1 in the positive direction. The last group is the
trace elements Mg, Ca, and Mn that are grouped and loaded strongly on PC1 in the positive
direction. The other trace elements presented in the PCA plot are more spread out. For
example, Cu is loaded on PC1 in the negative direction, opposite of the other trace elements.
As is close to origo, and therefore does not display or contribute to a special distribution
pattern. Co is loaded on PC1 in the positive direction, same as Se, Hg, Tl, and Cd, and
these trace elements, therefore, correlate positively on PC1.

Along the second principal component (PC2), which explains 20% of the total variance,
trace elements Se, Hg, Tl, and Cd are loaded strongly in the positive direction. Similarly,
the single elements Mo and Zn are also loaded strongly in the positive direction. The trace
element grouping Pb, V, Cr, Sn, Al, Ti, and Ba are loaded the strongest along PC2 in the
negative direction. These two groupings; Se, Hg, Tl, and Cd and Pb, V, Cr, Sn, Al, Ti,
and Ba are negatively correlated on PC2, which might indicate that these elements originate
from a different source or that they are distributed differently. The grouping U, Fe, Ni,
and Sb are also loaded positively on PC2, while Mg, Mn, and Ca are loaded weakly in the
negative direction on PC2.
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Figure 18: PCA loading plot showing all the variables included in the dataset. PC1 explains 41% of the total variance, and PC2 explains
20% of the total variance.
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5.5.2 PCA score plot

The PCA score plot (Figure 19) includes individual samples of Arctic char, and an overview
of the samples ID can be found in Appendix (Table D1). The most apparent observation
in the score plot is the three outliers R3, R21, and R28 (outside the circle) which are the
brain sample of Arctic char number 3, liver sample of Arctic char number 4, and kidney
sample of Arctic char number 4, respectively. The outliers were kept as they represent an
important part of the data and show that there can be variations between fish from the
same freshwater. PC1 explains 41% of the total variance and PC2 explains 20% of the total
variance, and the PCA plot, therefore, explains in total 61% of the variance.

Sample R21 and R28 were loaded strongly on PC2 in the positive direction and compared
together with the loading plot this sample correlates with trace elements Se, Hg, Tl, and
Cd that also are loaded strongly on PC2 in the loading plot. Both of the outliers were from
the liver and kidney of the same individual and indicate that these elements are elevated
in these two organs. This is as expected as Arctic char number 4 had the highest Hg and
Cd concentration in the liver and kidney of all the fish. Interestingly, this was also the
smallest individual that was caught with a body mass of 350 grams compared to the other
Arctic char with approximately body masses of 1000 grams. Arctic char number 4 also
had the poorest body condition and the lowest hepatosomatic index of all the fish (Table
B1). Moreover, in Arctic char number 4, tapeworms were observed in the stomach which
further supports the poor body condition of this individual (Figure B2). There might be an
explanation for this observation, one might be that this individual is older than other Arctic
char. Another possible explanation is that this individual might be landlocked Arctic char.
As mentioned previously, landlocked Arctic char grow much slower compared to anadromous
Arctic char [106, 107, 108]. Landlocked Arctic char is therefore often smaller compared to
anadromous Arctic char concerning their age. However, this is a hypothetical explanation
that unfortunately cannot be confirmed due to the lack of data on the age and lifestyle of
Arctic char that was caught. A previous study conducted on landlocked Arctic char from
Canada found that Hg muscle concentrations correlated with fish length, weight, age, and
Tl, Pb, and Se in Resolute Lake [111]. However, landlocked populations are different from
populations that consist of both anadromous and landlocked Artic char due to their difference
in growth. A correlation with age, length, and weight might not exist as anadromous Arctic
char grow much faster and are expected to have lower concentration due to body mass
dilution [84]. However, the high correlation of Se with Hg is expected as this element is
known to bind strongly to Hg, which can protect against Hg toxicity if Se:Hg ratio is > 1.
As previously mentioned, a Se:Hg ratio in excess (> 1) was found in all tissues which indicate
that Arctic char from Lake Diesetvatnet might be protected from Hg toxicity. Similar to Hg
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and Cd, Tl was enriched in the liver and kidney. Pb on the other hand did not correlate
with Hg and Cd in the present study, which indicates that Pb is distributed differently in
the tissues of Arctic char.

PCA score plot (Figure 20) displays the distribution of the organs but represents the
same individual samples shown in the previous PCA score plot. Due to the outliers, the
pattern of the other samples does not contribute as strongly. Nonetheless, the observation in
this plot is that organs such as the kidney and liver are grouped separately. Kidney samples
are loaded on PC1 and PC2 in the positive direction, while liver samples are loaded on PC1
in the negative direction. However, one of the liver samples is loaded positively on PC2.
The other organs are more spread out and overlap slightly. However, brain samples seem to
contribute in the positive direction of PC1, while gonad samples are slightly loaded on PC1
and PC2 in the negative direction. The egg samples on the other hand are loaded slightly
on PC1 in the negative direction, and most of the gonad samples are loaded on PC1 and
PC2 in the negative direction.

The main trend from this plot is that Cu from the loading plot seems to correlate with
liver samples from the score plot as they both are loaded on PC1 in the negative direction.
Similarly, the kidney samples correlate with Se, Hg, Tl, and Cd. PC1 and PC2 seem to
represent the loadings and contributions of trace elements in the various tissues. For example,
elements loaded strongly on PC2 in the positive direction are elevated in the kidney; Se, Hg,
Tl, and Cd, while elements loaded strongly on PC1 in the positive direction are elevated both
in the brain and the kidney, since kidney samples are loaded positively on both PC2 and
PC1. Furthermore, trace elements in the negative direction of PC1 are elevated in the liver,
namely Cu. This observation was confirmed as the highest concentration of Cu was detected
in the liver (Figure C21). Elements loaded negatively on PC2 are elevated in the brain,
this is attributed to the that brain samples are loaded positively on PC1 and negatively
on PC2. Additionally, elements close to origo such as As do not display any special trend
or distribution in the tissues of Arctic char. However, elevated levels of As of about one
order of magnitude were found in one of the gonad samples R14 (fish number 4), which
correlates with As in the loading plot. This is an interesting finding as this correlates with
the accumulation of other trace elements in fish number 4, and might reflect that fish with
poor body conditions are more prone to accumulate certain trace elements. However, as this
only represents one fish, the evidence in the present study is weak. But this assumption can
be backed up by previous literature on Arctic char that have found a negative correlation
with levels of for example Hg in fish muscle with body condition [109, 110, 91, 111].

Sample R3 is strongly loaded on PC1 in the positive direction, and if compared with
the loading plot this sample correlates with trace elements such as Pb, Sn, V, Cr, Al, Ti,
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and Ba. Interestingly, Pb levels were quite high in the brain of Arctic char, however, the
outlier R3 stands out compared to the other brain samples. Sample R3 had about one order
of magnitude higher Pb concentration compared to the other brain samples. In addition,
this one sample correlates with trace elements such as Al, Ba, and Ti. Similarly, these
elements were also enriched in this one sample compared to the other brain samples. Al, Ba,
and Ti are elements that often are enriched in the bedrock [83]. Moreover, the elevated Al
concentrations might derive from the alumina foil that the samples were packed in for storage,
and as brain samples were small they are more easily contaminated. This one outlier might
indicate possible contamination from the surrounding soil. Additionally, Pb did not correlate
with Hg and Cd as expected but correlated with other trance elements which might indicate
that Pb might originate from another source or that Pb accumulates differently compared
to the other non-essential elements. Because of the possibility of contamination from the
soil of sample R3, a new score and loading plot where this individual sample was removed
has been made. The respective PCA score and loading plot can be found in the appendix
(Figure D1, D2, D3).

The trends that can be observed in these PCA loading and score plots without sample
R3 are similar to the previous PCA plots, and PC1 now explains 42% of the total variance
whereas PC2 explains 17% of the total variance. Kidney samples are loaded strongly on PC1
in the positive direction of the score plot, and compared with the loading plot the kidney
samples correlate positively with a big group of trace elements; Cd, Co, Ni, Sb, Pb, V, Cr,
Sn, Se, Hg, Tl, and Fe. This agrees well with the observations of elevated concentrations
of Cd, Co, Cr, Ni, and Se in the kidney (Table 14). Cu is still the only trace element
that is loaded negatively on PC1, and the liver samples correlate with this element. One
of the outliers R21, a liver sample of fish number 4, is now loaded strongly on PC2 in the
negative direction and correlates with trace elements Mo, Fe, Tl, Se, Hg, and Zn that also
are loaded strongly on PC2 in the negative direction. Elevated levels of these elements were
also observed in the liver (Table C8). PC1 seems to explain the association of trace elements
with the kidney i.e. trace elements that are loaded strongly on PC1 in the positive direction
are enriched in the kidney. On the contrary, PC2 in the negative direction seems to explain
the association of trace elements that are enriched in both the liver and kidney. Brain, egg,
and gonad samples do not contribute to any trend of trace elements except for two brain
samples that are loaded in the direction of trace elements Ca, Ba, Ti, and Al. Pb was not
as strongly associated with brain samples after the outlier R3 was removed, which might
indicate that this sample was contaminated by soil.
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Figure 19: PCA score plot showing all the individual samples included in the dataset displayed as ID-numbers that can be found in
Table D1. PC1 explains 41% of the total variance, and PC2 explains 20% of the total variance.
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Figure 20: PCA score plot showing all the individual samples included in the dataset displayed as sample type i.e brain, gonad (Gon),
hard roe (Egg), liver, and kidney. PC1 explains 41% of the total variance, and PC2 explains 20% of the total variance.
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5.5.3 Elemental methodology

Quality control steps included for the elemental analysis in fish tissues included analysis
of blanks, analysis of duplicates, and analysis of several reference materials that contain
certified ranges of trace elements. The accuracy of elemental analysis was tested using CRM;
DORM-5 fish protein, DOLT-3 dogfish liver, SeronormTM trace elements whole blood L-2,
and SeronormTM trace elements serum containing certified concentrations of trace elements.
Percentage recovery (%) of elements concentrations analyzed in CRM and information on
which element concentrations measured in CRM that fulfill the range of the certified values
are given in Table C10. The detected trace element concentrations in tissues of Arctic char
have not been corrected for recovery.

Samples were stored at -20◦C until sample preparation to avoid analyte loss. Gloves were
used during sample preparation to avoid contamination. During sample preparation, the
equipment used was washed in between samples to avoid cross-contamination. Moreover,
the sample preparation was conducted starting from the expected lowest to highest levels of
trace elements. Additionally, during sample preparation, EtOH was used to wash and dry
the knife that was used for cutting the organs into smaller pieces. However, the EtOH used
contained small amounts of trace elements (≤ 0.01-0.1 ppm); Al, Ba, Ca, Cd, Co, Cr, Cu, Fe,
and Mg, which can potentially constitute a source of contamination. However, as the EtOH
was properly evaporated after washing it is only regarded as a minor source. Similarly, the
HNO3 used for digestion of the samples also contains minor amounts of some trace elements
such as Si, Ti, Cr, and Fe, however, this was corrected for using method blanks. The use of
HNO3 for digestion is widely used for environmental and biological samples, however, HNO3

does not dissolve all elements completely, and the recovery for some trace elements might
be lower because of that. However, no precipitation was noticed in any of the samples after
acid digestion. Some deviations were seen in the levels measured compared to the certified
ranges for some elements, however, these differences were not notably great and considered
close to the certified value for most elements. However, in the CRMs DORM-5 and DOLT-3
recoveries (%) of Hg were outside the certified range, however, most notably for DOLT-3
with a recovery of 57%. Furthermore, after acid digestion, two of the samples were yellow
colored which might have been caused by the high lipid content in some of the samples.
Some studies have described that in samples containing a high amount of organic material,
improved recovery can be obtained by adding a strong oxidizing agent such as hydrogen
peroxide (H2O2) in addition to the mineral acids [169, 178, 167]. Furthermore, the agate
mortar and pestle used to crush the tissue sample might contribute to small amounts of
trace elements but the material is heterogenic therefore differences in the element content of
the mortars might occur. Studies have indicated that agate mortar and pestle is considered
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a good choice of material for soft samples that do not cause hard abrasion on the material
[244, 245, 246].

During sampling, quality control measures from an ISO 23893-1:2007(E) [198] on fish
sampling were followed as close as possible. Tissues of Artic char were collected and wrapped
in alumina foil for storage. Due to the possibility of contamination of Al from the alumina
foil, this element was not included in the results and discussion section [247]. Moreover, Al-
foil might contain some other trace elements, which can constitute a source of contamination.
Information on other trace elements in the alumina foil was not possible to find. However,
food-grade alumina foil has strict requirements concerning purity, and the Al content is
usually at least 99%. Therefore, other trace elements from the foil are regarded as a negligible
sources.

5.6 Limitations of the study and recommendations for improve-

ments in future work

The main limitation of this study is the number of samples. Seven Arctic char were caught
on one day of fieldwork. Due to economical constraints, only one day of fieldwork was
possible. Additionally, conducting fieldwork in the Arctic can be challenging sometimes
due to unpredictable weather. To get to the sampling location, boat transportation to the
west side of Mitrahalvøya was necessary, and from there we went to the sampling location.
The transport back and forth took some time, which meant less time for fishing. The
small number of samples might not represent the general health status of the Arctic char
population in Lake Diesetvatent as there are considerable variations in the fish that was
caught. Therefore, several assumptions are made on a small number of samples. An increased
number of samples would have improved the understanding of the accumulation patterns
in Arctic char from Lake Diesetvatnet. However, this study indicates that fish in remote
locations are exposed to contaminants transported from lower latitudes.

Several factors are not accounted for in this study which needs further investigation.
During fieldwork, biometric measurements such as the age of the fish were not conducted.
The original plan was to bring a biologist to fieldwork but due to an injury, this person could
not participate. Age is recommended to determine as it provides useful information when
evaluating contaminant levels in fish. Age can be determined by otolith readings [10]. The
length is also an indication of the age of the fish, however, the length relationship would
most likely be different for landlocked and anadromous Arctic char due to their different
growth pattern. One report from the Norwegian Directorate of Water Resources and Energy
provided a length- to age relationship (Figure 2-26, p.36) in anadromous and landlocked
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Arctic char from Lake Vårfluesjøen at Svalbard [10]. This length-age relationship shows that
anadromous Arctic char on a general basis is bigger than landlocked individuals. Landlocked
individuals from Vårfluesjøen have a growth that often stagnates at around 12-18 cm, whereas
anadromous Arctic char can become up to 50 cm. This might indicate that the Arctic char
collected from Lake Disetvatnet were anadromous as most of the individuals were around
±50 cm in length, except for individual number 4 (Table 4). However, these are results
that are taken from another Lake at Svalbard, and differences between these Arctic char
populations must be taken into account. The results from this report can therefore not be
extrapolated directly. Similarly, maternity could not be confirmed for all of the fish due
to the lack of a biologist during fieldwork. Moreover, the whole body of the fish could
not be brought back to NTNU for evaluation due to weight limitations on the flight from
Ny-Ålesund. Maternity was therefore only confirmed for 4 of the fish where hard roe was
observed in the body cavity of fish number 3, 5, 6, and 7. Moreover, the determination of
anadromous and landlocked Artic char would have provided useful information about their
lifestyle, however, this was not conducted. This is recommended to be included in future
studies as these two forms of Artic char grow differently. Additionally, anadromous Arctic
char are exposed to contaminants differently due to their annual migration to the Ocean.
The distinction between anadromous and landlocked forms can be conducted by analysis of
the relative abundance of carbon isotope ratio (δ13C), which will provide information about
their diet, feeding location, and habitat (marine or terrestrial). Additionally, measurement of
nitrogen isotope ratio (δ15N) in muscle or blood samples can provide information about the
trophic position of Arctic char [46]. Moreover, the difference in contaminant loads between
genders could not be evaluated because only one male fish was caught.

Some additional thoughts on the improvement of the study are the inclusion of muscle
samples as it would provide a better foundation for comparison to previous studies con-
ducted on Arctic char. Previous studies on Arctic char have mainly analyzed contaminants
in muscle tissue. Additionally, muscle samples would have provided useful regarding human
health and consumption of Artic char. However, this study aimed to determine which tis-
sues trace elements accumulate, and therefore metabolic and detoxifying tissues are more
relevant. Moreover, several studies suggest that gills are appropriate tissue for monitoring
trace elements in the water. Therefore it is recommended to include gills in the sampling as
it can provide information on the trace elements in the aquatic environment. Additionally,
including a field blank would have improved the quality control of the sampling procedure,
and possibly given more information about contamination from the soil and surrounding
environment. The dissection of the fish was conducted in the field, contamination from the
soil can therefore not be entirely excluded. However, quality control steps were included
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during the sampling to avoid contamination. The use of gloves to avoid contamination from
the hands, which were exchanged between each fish to avoid cross-contamination. The knife
was washed in the water in between each fish, and samples were stored in separate plastic
bags during transportation and further stored at -20◦C until sample preparation to avoid
contaminant loss and degradation of the samples. Furthermore, the inclusion of sediment
and water samples would have provided useful information regarding which trace elements
are enriched in the bedrock and water, which can provide additional information on which
trace elements that accumulate in fish. Water samples from Lake Diesetvatnet were taken,
however, these were only analyzed for water parameters such as pH, conductivity, turbidity,
and redox conditions. The outcome of this study could therefore be improved by collecting
an increased number of Arctic char and including biometric measurements in correlation
to contamination levels as well as samples from the abiotic environment that could provide
information about the exposure levels for Arctic char.
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6 Conclusion

In the present study levels of steroid hormones, PFAS, and trace elements were determined
in seven Artic char collected from Lake Diesetvatnet at Svalbard. Steroid hormones and
PFAS were quantified in plasma, and a total of 41 trace elements were measured in various
tissues of Artic char including the brain, gonad, hard roe, liver, kidney, RBC, and plasma.

Four steroid hormones were observed in the plasma of Arctic char including AN, TS, and
DHT with mean concentrations of 6.43±3.55 ng mL−1, 15.3±13.2 ng mL−1, and 20.0±8.50
ng mL−1. Additionally, 11-KetoTS was observed in one plasma sample at a concentration of
18.7 ng mL−1. The observed steroid hormones are androgen hormones that are responsible for
male sexual characteristics, and these hormones play an important role in the reproductive
cycle [203]. Moreover, androgens are precursors of estrogenic steroid hormones, and therefore
present in both male and female Arctic char. Sexual maturation and the reproductive cycle
are processes that are associated with an increase in circulating steroid sex hormones, and
the timing of sampling coincided with the pre-spawning season of Arctic char which might
reflect in the levels of steroid hormones [11].

To the best of my knowledge, this is the first study to report on PFAS contamination
in the plasma of Arctic char. Total PFAS concentration detected in the plasma of Arctic
char from Lake Diesetvatnet; 26.8±5.98 ng mL−1, was about 5 to 100 times higher compared
to previous studies on Arctic char that have analyzed PFAS in liver and muscle tissue. In
the present study, the higher levels of PFAS observed in Artic char might be explained by
the higher content of proteins in plasma compared to muscle and liver tissues [69, 211].
Previous studies have reported that PFAS tends to accumulate in protein-rich matrices such
as plasma. Protein levels in plasma were not measured in the present study, therefore, protein
content cannot be concluded to be the main cause of higher levels of PFAS. In total, 9 PFAS
compounds were observed in the plasma of Arctic char including 6:2 FTS, PFNA, PFOSA,
PFOS, PFDA, PFUnA, PFDoDA, PFTriDA, and PFECHS. The 9 PFAS compounds that
were observed in the plasma were dominated by carbon chain lengths of C8 to C13. The
observation of long-chain PFAS (6 C ≥ for PFSA and 8 C ≥ for PFCA) is in accordance
with previous literature indicating increased accumulation with increasing alkyl chain length
[37, 36]. Four of the PFAS compounds were observed in all individual plasma samples with a
mean percentage composition of total PFAS burden: 6:2 FTS (38%), PFUnA (20%), PFOS
(20%), and PFNA (8%). Perfluoroalkyl sulfonate and carboxylate compounds accounted
for 58% and 28% of the total PFAS burden, respectively. This observation supports the
literature indicating that sulfonate compounds are more frequently detected than carboxylate
compounds in Arctic animals [6, 37]. Arctic char from Lake Diesetvatnet are exposed to
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PFAS mainly from long-range transport due to its remote location. However, secondary
sources such as glacial meltwater might contribute to the input of PFAS in Lake Disetvatnet.
Moreover, minor sources such as fishermen, migrating anadromous Arctic char, and seabirds
might act as vectors for contamination to the Lake.

The concentration of steroid hormones and PFAS in plasma were below LOD estimated
from the calibration curve method, however, this method for estimating LOD was not opti-
mal, and provided unreasonable high values for LOD and LOQ. Estimations of LOD based
on S/N peak height provided concentrations above LOD. Additionally, extraction method
tests were performed to find a suitable extraction method for PFAS and steroid hormones
in liver tissue. However, none of the tested methods proved satisfactory regarding method
performance. Due to time limitations in the present study, further investigations on method
improvements were not conducted. The results indicated the need for improvements for both
extraction efficiency and matrix removal. Implementing an additional clean-up step might
improve the performance outcome.

Multivariate principal component analysis (PCA) was performed to investigate the distri-
bution of selected trace elements including Hg, Cd, Pb, As, Cu, Zn, Ni, Cr, Se, Mn Co, and
Tl in various tissues of Arctic char. The PCA analysis indicated that trace elements were
differently distributed within tissues of Arctic char. Kidney samples correlated strongly to
trace elements such as Hg, Cd, Se, and Tl, while Cu correlated with liver samples. This could
be confirmed by the higher levels measured in these tissues. Moreover, a strong correlation
between Hg and Se was found with PCA, this is expected due to the suggested protective
effect of Se on Hg toxicity [119]. The molar ratio of Se:Hg were above 1 in all tissues in
Arctic char, indicating a protective effect of Se against Hg toxicity.

The PCA also identified outliers, and of special interest elevated levels of Cd and Hg in
the kidney and liver of about one order of magnitude were observed in Arctic char number
4. Arsenic indicated no distribution pattern in the tissues of Arctic char. However, As
correlated strongly with the gonad sample of Arctic char number 4 which measured the
highest As the concentration of all samples. Arctic char number 4 which was the smallest
individual had the poorest body condition and hepatosomatic index. Moreover, tapeworms
were detected in the stomach of this fish. These findings might indicate that Arctic char
with poor body condition is more prone to accumulate contaminants. Another explanation
could be the age of this individual. However, this needs to be further investigated as no
data were available to conclude this. Pb did not exhibit the same distribution pattern as
Hg and Cd but was associated with the brain. However, elevated levels of Pb in the brain
might have been caused by one outlier that might have been contaminated by the soil. After
removing this outlier from the PCA, trace elements Co, Cr, and Ni were also associated with
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elevated levels in the kidney, while Tl, Se, Hg, and Zn correlated more strongly with the
liver samples. Interestingly, Co indicated the potential to accumulate in the kidney similar
to Cd.

The non-essential trace elements Hg, Cd, Pb, and As were expected to be found at
elevated levels in the kidney and liver. This was statistically tested with the non-parametric
Kruskal Wallis test followed by multiple pairwise comparisons using Dunn’s test for post-
hoc analysis with Holm adjustments. Hg concentration in kidney samples was significantly
higher than the Hg concentration in plasma (p < 0.01), but the Hg concentration in liver
samples was not significantly higher than in any of the tissues. The Cd concentration in the
kidney was significantly higher than Cd levels in the brain, gonad, and hard roe (p < 0.01).
The concentration of Cd in the liver was not significantly higher in none of the other tissues.
Concentrations of Pb were not significantly higher in the liver or kidney, or any of the other
tissues. The concentration of As in kidney samples was significantly higher than As levels
in RBC and plasma (p < 0.01). As concentration in the liver was not significantly different.
However, As concentration in the gonad was found to be significantly higher than the As
concentrations in RBC and plasma (p < 0.01). The results on trace element levels in Arctic
char from Lake Diesetvatnet indicate that Hg, Cd, and As have the potential to accumulate
in the kidney. Trace elements in Lake Diesetvatnet might derive from both natural and
anthropogenic sources, however, the relative contributions are difficult to determine without
samples from the local bedrock and sediment in the Lake.

This project outcome consists of a new batch of innovative data on contamination in
Arctic char from Lake Diesetvatnet and supports the scientific research on Arctic freshwater
ecosystems. Moreover, this study has contributed with data on elemental levels in various
tissues of Arctic char, and observations of PFAS in plasma of Arctic char. The levels of PFAS
and trace elements were low, however, the results indicate the presence of contaminants that
have been long-range transported to Arctic areas as no point sources have been identified in
the vicinity of Lake Diesetvatnet. Due to the low number of samples the results presented in
this study only provide preliminary indications, and therefore future studies are suggested
to continue the research of Arctic char from Lake Diesetvatnet. Future investigation of
biometric variables such as age, gender, length, and lifestyle in correlation to contaminant
levels is suggested to be implemented to better understand the accumulation patterns in this
population. Additionally, including samples from the Lake water and sediment for analysis
of these contaminants can provide a better understanding of the exposure level of Arctic
char in Lake Diesetvatnet.
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A Appendix - Theoretical background

A.1 Levels of PFAS in Arctic char

Table A1: Levels of PFAS in Arctic char from previous studies. Matrix and number of samples (n), total PFAS concentration (
∑

PFAS)
given in ng g−1 wet weight, the main detected PFAS compounds, location and Lake, and the reference of the study.

Matrix (n)
∑

PFAS Main detected PFAS Location Reference
Liver (10) 5.67±1.6 PFTeA, PFTrA, PFOS, PFUnA, PFDoA Lake a Myrarnar (Faroe Islands) [40]
Liver (10) 5.27±2.8 PFTrA, PFUnA, PFTeA, PFDoA, PFOS Greenland [40]
Muscle (21) 27±6.8 PFOS, PFNA, PFDS Lake Meretta (Canada) [46]
Muscle (18) 122±65 PFOS, PFNA, PFDS Lake Resolute (Canada) [46]
Muscle (13) 3.7±2.4 PFNA, PFDS, PFDA Lake Char (Canada) [46]
Muscle (20) 0.36±0.15 PFNA, PFDS Lake Small (Canada) [46]
Muscle (25) 0.32±0.12 PFNA, PFDS, PFDA Lake North (Canada) [46]
Muscle (23) 0.28±0.09 PFNA, PFDS Lake 9 Mile (Canada) [46]
Whole body (27), muscle (5) 0.203 PFNA, PFUnA, PFOS/PFDA Lake A (Canada) [65]
Muscle (14) 0.481 PFNA, PFOS, PFUnA, PFDA Lake C2 (Canada) [65]
Muscle (6) 0.53±0.073 PFOS, PFUnDA, PFDA Lake Linnevatnet (Svalbard) [66]
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2.1 Sampling

B Appendix - Method and Materials

B.1 Sampling

Table B1: Biometric measurements of Arctic char collected from Lake Diesetvatnet. The length of
the fish is given in centimeters, and the body mass and weight of organ samples are given in grams.
Organ samples include liver, kidney, and gonad (weight of the eggs are included for fish number 3,
5, 6, and 7). Brain samples and kidney and gonad sample 4 were weighed on a precision scale. The
brain sample of fish number 5 is missing. Body condition (K), gender of the fish are given as female
(F) or male (M), and hepatosomtic index (HSI).

Fish Length Body mass Liver Kidney Gonad Brain Gender K HSI
1 45.0 900 13 7 43 0.2236 F 0.99 1.44
2 47.5 1050 20 9 8 0.2543 F 0.98 1.90
3 51.5 1350 37 12 13 0.3672 F 0.99 2.74
4 36.0 350 4 0.65 0.39 0.2340 M 0.75 1.14
5 49.0 950 22 5 99 F 0.81 2.32
6 49.0 1040 25 7 96 0.3437 F 0.88 2.40
7 52.5 1390 30 10 17 0.3928 F 0.96 2.16
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Figure B1: Photos of individual Arctic char that was sampled at Lake Disetvatnet with their corresponding numbers (same as in Table
B1).
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2.1 Sampling

Figure B2: Tapeworms were observed in the stomach of Artic char number 4 from Lake Dieset-
vatnet.
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2.2 Sample ID

Figure B3: Observations of small circled spots on the liver of Arctic char number 6 which might
be nematode paracites.

B.2 Sample ID

Table B2: Sample-ID of Arctic char tissue samples including whole blood (WB), red blood cells
(RBC), brain, gonad, hard roe (eggs), liver, and kidney.

Fish WB Plasma RBC Brain Gonad Roe Liver Kidney
1 WB-1 P-1a, P-1b, P-1c RBC-1 B-1 G-1 L-1 K-1

2 WB-2
P-2a, P-2b, P-2c,
P-2d, P-2e

RBC-2 B-2 G-2 L-2 K-2

3
WB-3A,
WB-3B

P-3Aa, P-3Ab, P-3Ac,
P-3Ba, P-3Bb, P-3Bc,
P-3Bd, P-3Be, P-3Bf,
P-3Bg

RBC-3A,
RBC-3B

B-3 G-3 E-3 L-3 K-3

4 WB-4 P-4a, P-4b RBC-4 B-4 G-4 L-4 K-4
5 WB-5 P-5a, P-5b, P-5c, P-5d RBC-5 G-5 E-5 L-5 K-5

6
WB-6A,

WB-6B

P-6Aa, P-6Ab, P-6Ac,
P-6Ad, P-6Ae
P-6Ba, P-6Bb, P-6Bc,
P-6Bd, P-6Be

RBC-6A,

RBC-6B
B-6 G-6 E-6 L-6 K-6

7 WB-7
P-7a, P-7b, P-7c, P-7d,
P-7e

RBC-7 B-7 G-7 E-7 L-7 K-7
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B.3 List of chemicals and equipments used during sampling and sample preparation

Table B3: List of chemicals and equipments used during sampling and sample preparation.

Chemical/Equipment Specification CAS-number Supplier
Sampling
Heparin lithium salt From porcine intestinal mucosa 9045-22-1 Sigma-Aldrich
Alumina foil Kitchen foil. 45cmx10m 16,5my. Product-ID: 52012 Lyreco
Extraction of steroid hormones/PFAS
Milli-Q water (Type I) Ultrapure. Resitivity>18MΩ·cm, TOC<0.5 ppb.

Elga Purelab Flex Elga Chorus Millipore
Elix5/Elix10/MilliQ

Methanol Assay (on anhydrous substance) 100%, HPLC grade,
suitable for UPLC/UHPLC

67-56-1 VWR International

Acetonitrile Assay (on anhdrous substance) ≥ 99.9%, HPLC grade,
suitable for UPLC/UHPLC

75-05-8 VWR International

Acetone Assay (on anhydrous substances) 100%, HPLC grade 67-64-1 VWR International
Methyl tert-butyl ether Assay 100% 1634-04-4 VWR International
n-Heptane Assay 99.3% 142-82-5 VWR International
Ammonium formate Anhydrous, free-flowing Redi-Dri TM, reagent grad 97% 540-69-2 Sigma-Aldrich
Citric acid ASC reagent ≥ 99.5% 77-92-9 Sigma-Aldrich
Supelco HybridSPE®

Phospholipid Cartridge: 30 mg, 1 mL. 55261-U Sigma-Aldrich
HyperSepTM C18 SPE
column Cartridge: 50 mg, 1 mL. Particle size: 40-60 micro m Thermo Fisher Scientific
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Table B3 continued from previous page

Standards and internal standards used for extraction and analysis of steroid hormones/PFAS
Steroid hormones target
analytes

1) DHEA (99.8%), AN (99.7%), TS (99.7%),
DHT (99.9%), DOC (99.1%), 11-deoxyCOR (98.6%),
ALDO (99.1%), COS (99.5%), 17a-OHP (98.2%),
COR (98.9%), CORNE (97.8%),
17a-OH-P5 (96.6%),PREG (99.6%),
P4 (99.5%), E1 (99.1%),
E2 (99.7%).
2) 11-KetoTS (> 98%)
3) A5

Table B5 1) Cerilliant (Texas, USA)
2) Sigma-Aldrich
(Steinheim, Germany)
3) Toronto Reserch
Chemicals, Inc.
(New York, ON, Canada)

Steroid hormones internal
standards

purity ≥ 98% Table B7 Cambridge Isotope Laboratories,
Inc. (Tewksbury, MA, USA)

PFAS target analytes purity ≥ 98 % Table B4 Wellington Laboratories Inc.
(Guelph, ON, Canada)

PFAS internal standards purity ≥ 99 % Table B6 Cambridge Isotope Laboratories,
Inc. (Tewksbury, MA, USA)

Freeze drying, homogenization
Nitric acid (50%, 68%, 1M) Scanpure. Acid purification in sub-boiling distillation

system, Milestone, SubPur, Sorisole, BG, Italy
7697-37-2 VWR Chemicals

Milli-Q water (Type I) Ultrapure. Resitivity>18MΩ·cm, TOC<0.5 ppb.
Elga Purelab FlexElga Chorus Millipore
Elix5/Elix10/MilliQ

Ethanol absolute AnalaR NORMAPUR 64-17-5 VWR Chemicals
Mortar and pestle Material: agate VWR
Cell counter cups,
Coulter® Cup: polystyren (PS) and lid: polyethylen (PE). Article nr:

720-0812
VWR

Certified reference materials for ICP-MS analysis
DORM-5 Fish protein. Trace elements and species content. National Research

Council Canada (NRC)
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Table B3 continued from previous page
DOLT-3 Dogfish liver. Trace elements and methylmercury. National Research

Council Canada (NRC)
Seronorm whole blood L-2 Trace elements. LOT: 1406264, REF: 210205 Sero AS
Seronorm serum Trace elements. LOT: 704121, Article no: 201405 Sero AS
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B.4 Standards of PFAS target analytes

Table B4: Standards of PFAS target analytes with information of PFAS sub-group, full compound name, abbreviation,
molecular formula, and CAS-number.

Compound Abbreviation Molecular formula CAS-number
Sodium 1-decanesulfonate DecaS C10H21O3S 13419-61-9
Perfluorocarboxylic acids (PFCAs)
Perfluorobutanoic acid PFBA C4HF7O2 375-224
Perfluoropentanoic acid PFPeA C5HF9O2 2706-90-
Perfluorohexanoic acid PFHxA C6HF11O2 307-24-4
Perfluoroheptanoic acid PFHpA C7HF13O2 375-85-9
Perfluooctanoic acid PFOA C8HF15O2 335-67-1
Perfluorononanoic acid PFNA C9HF17O2 375-95-1
Perfluorodecanoic acid PFDA C10HF19O2 335-76-2
Perfluoroundecanoic acid PFUnA C11HF21O 2058-94-8
Perfluorododecanoic acid PFDoDA C12HF23O2 307-55-1
Perfluorotridecanoic acid PFTriDA C13HF25O2 72629-94-8
Perfluorotetradecanoic acid PFTDA C14HF27O2 376-06-7
Perfluoro-n-hexadecanoic acid PFHxDA C16HF31O2 67905-19-5
Perfluorooctadecanoic acid PFOcDA C18HF35O2 16517-11-6
Perfluoro-3,7-dimethyloctanoic acid P37DMOA C10HF19O2 172155-07-6
7H-Dodecafluoroheptanoic acid PFHeA C10HF19O2 172155-07-6
Perfluoroalkyl Sulfonates (PFSA)
Perfluorobutanoic acid sulfonate PFBS C4F9SO3 108427-52-7
Perfluoropentane sulfonic acid PFPeS C5HF11SO3 2706-91-4
Perfluorohexane sulfonic acid PFHxS C6HF13SO3 355-46-4
Perfluoro-1-heptanesulfonate PFHpS C7F15SO3 146689-46-5
Perfluorooctano sulfonic acid PFOS C8F17SO3 1763-23-1
Perfluorononane sulfonic acid PFNS C9HF19SO3 68259-12-1
Perfluorodecane sulfonic acid PFDS C10HF21SO3 335-77-3
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Table B4 – Continued from previous page
Perfluorododecane sulfonic acid PFDoDS C12HF25SO3 79780-39-5
Perfluoroethylcyclohexane sulfonic acid PFECHS C8HF15SO3 335-24-0
Fluorotelomer Sulfonates (FTS)
1H,2H-Perfluorohexane sulfonate (4:2) 4:2 FTS C6H5F9SO3 757124-72-4
1H,2H-Perfluorooctane sulfonate (6:2) 6:2 FTS C8H5F13SO3 27619-97-2
1H,2H-Perfluorodecane sulfonate (8:2) 8:2 FTS C10H5F17SO3 39108-34-4
1H,2H-Perfluorododecan sulfonate (10:2) 10:2 FTS C12H521SO3 120226-60-0
Perfluorooctanesulfonamidoacetic Acids (FOSAA)
Perfluoro-1-octanesulfonamidoacetic acid FOSAA C10H4F17NO4S 2806-24-8
2-(N-methylPerfluoro-1-octansulfonamido)acetic acid MeFOSAA C11H6F17NO4S 2355-31-9
N-ethylPerfluoro-1-octanesulfonamide acetic acid EtFOSAA C12H8F17NO4S 1336-61-4
Perfluorooctanesulfonamides (FOSA)
Perfluorooctane sulfonamide PFOS C8H2F17NO2S 754-91-6
N-methylPerfluoro-1-octanesulfonamide MeFOSA C9H4F17NO2S 31506-32-8
Sulfluramid EtFOSA C10H6F17NO2S 4151-50-2
Perfluorooctanesulfonamido Ethanols (FOSE)
N-(2-hydroxyethyl)-N-methylperfluorooctane sulfonamide MeFOSE C11H8F17NO3S 24448-09-7
N-ethyl-N-(2-hydroxyethyl)-N-methylperfluorooctane sulfonamide EtFOSE C12H10F17NO3S 1691-99-2
Fluoropolymers
2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)propanoate Gen X C6H4F11NO3 62037-80-3
Dodecafluoro-3H-4,8-dioxanonoate ADONA C7H5F12NO4 958445-44-8
9-Chlorohexadecafluoro-3-oxanonane-1-sulfonate 9Cl-PF3ONS C8ClF16SO4K 73606-19-6
SaMPAP
2-(N-ethylperfluorooctane-1-sulfonamido)ethyl phosphate SaMPAP C12H9F17NO6PS
bis[2-(N-ethylperfluorooctane-1-sulfonamido)ethyl] phosphate diSaMPAP C24H22F34N3O8PS2 30381-98-7
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B.5 Standards of steroid hormone target analytes

Table B5: Standards of steroid hormone target analytes include information on steroid class, the full name of steroid hormone, abbre-
viation, molecular formula (MF), and CAS-number.

Steroid class Steroid Abbreviation MF CAS-number

Androgens

Dehydroepiandrosterone DHEA C19H28O2 53-43-0
Androstenedione AN C19H26O2 63-05-8
Androstenediol A5 C19H30O2 521-17-5
Testosterone TS C19H28O2 58-22-0
5α-Dihydrotestosterone DHT C19H30O2 521-18-6
11-Ketotestosterone 11-KetoTS C19H26O3 564-35-2

Corticosteroids

11-deoxycorticosterone DOC C21H30O3 64-85-7
11-deoxycortisol 11-deoxyCOR C21H30O4 152-58-9
Aldosterone ALDO C21H28O5 52-39-1
Corticosterone COS C21H28O5 50-22-6
Cortisol COR C21H30O5 50-23-7
Cortisone CORNE C21H28O5 53-06-5

Progestogens

Pregnenolone PREG C21H32O2 145-13-1
17α-Hydroxypregnenolone 17α-OH-P5 C21H32O3 387-79-1
Progesterone P4 C21H30O2 57-83-0
17α-hydroxyprogesterone 17α-OHP C21H30O3 68-96-2

Estrongens Estrone E1 C18H22O2 53-16-7
17β-Estradiol E2 C18H24O2 50-28-2
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B.5.1 Internal standards of PFAS

Table B6: Isotopically labeled internal standards of PFAS including PFAS compound, abbreviation, molecular formula, and CAS-
number.

Compound Abbreviation Molecular formula CAS-number
Perfluro-n-octanoic acid 13C18 PFOA 13C8

13C8HF15O2 335-67-1
Sodium perfluoro-1-octanesulfonate PFOS 13C8

13C8F17SO3 4021-47-0
1H,2H-Perfluorooctane sulfonic acid (6:2) 13C2 6:2 FTS 13C2 C6

13C2H5F13SO3

B.5.2 Internal standards of steroid hormones

Table B7: Isotopically labeled internal standards of steroid hormones including steroid compound, abbreviation, molecular formula, and
CAS-number.

Compound Abbreviation Molecular formula CAS-number
2,3,4-Cortisone-13C3 13C3-CORNE C18

13C3H28O5 112925-31-2
2,3,4-Dihydrotestosterone-13C3 13C3-DHT C16

13C3H30O2 521-18-6
2,3,4-17α-hydroxyprogesterone-13C3 13C3-17α-OHP C18

13C3H30O3 68-96-2
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C Appendix - Results

C.1 Steroid hormones in plasma

Table C1: Limit of detection (LOD), limit of quantification (LOQ), absolute recovery (Rabs(%)),
relative recovery (Rrel(%)), and matrix effect (ME (%)) of steroid target analytes analysed in Arctic
char plasma (n=9). Samples were spiked with 20 ng mL−1 target analytes and 20 ng mL−1 internal
standard. The instrument LOD and LOQ are calculated from the calibration curve. Some compunds
were not detected and is written as NA (Not applicable).

Steroid LOD LOQ Rabs(%) Rrel(%) ME (%)
COR 3.67 11.12 727 500 -97.5
CORNE 1.02 3.11 264 180 -92.8
ALDO NA NA NA NA NA
COS NA NA 12300 464 -99.8
11-deoxyCOR 14.2 NA 241 152 -91.0
17α-OHP 1.43 4.33 133 91.6 -57.4
DOC 1.91 5.80 60.2 41.5 -37.4
P4 6.71 20.3 52.3 71.3 -2.00
11-KetoTS 7.00 21.2 297 193 -92.1
DHT 6.41 19.4 64.8 88.7 21.6
TS 5.30 16.1 148 202 -65.9
AN 2.93 8.88 75.8 103 -19.2
PREG NA NA NA NA NA
A5 NA NA NA NA NA
DHEA NA NA 44.9 75.1 49.1
17α-OH-P5 NA NA 139 201 -67.7
E1 NA NA NA NA NA
E2 NA NA NA NA NA
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3.1 Matrix effects of steroid hormones in plasma

C.1.1 Recoveries of steroid hormones in plasma

Figure C1: Recoveries of steroid hormones analysed in plasma. The two horisontal lines indicate
recoveries between 70-120%.

C.1.2 Matrix effects of steroid hormones in plasma

Figure C2: Matrix effects (%) of steroid hormones analysed in plasma.
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C.2 PFAS in plasma

Table C2: Concentrations of PFAS compounds observed in individual plasma samples (ng mL−1). Total ΣPFAS concentrations are based
on calculations of observed PFAS compounds, however, PFAS compounds with recoveries < 40% (marked with asteriks) are excluded
from the total ΣPFAS concentration.

Sample ID 6:2 FTS PFNA PFOSA PFOS PFDA FOSAA PFUnA MeFOSAA PFDoDA PFTriDA DiSAMPAP PFECHS ΣPFAS
P-1b 9.51 2.00 8.98 *4.87 6.12 4.17 3.81 *5.74 4.05 38.7
P-2b 9.28 1.87 6.43 5.18 *5.36 3.49 26.2
P-3Ab 9.79 2.09 1.93 *4.64 4.20 4.19 22.2
P-3Bb 9.97 2.03 5.54 5.23 *4.35 5.13 4.01 32.0
P-4b 9.77 1.98 4.63 4.30 6.06 26.7
P-5b 9.48 1.85 4.83 4.60 20.8
P-6Ab 9.83 2.02 4.48 5.06 21.4
P-6Bb 9.61 1.88 4.98 4.56 21.0
P-7b 9.51 1.85 7.03 6.48 4.06 3.52 32.5
*Values are based on relative recoveries <40%
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3.2 Matrix effects of steroid hormones in plasma

Table C3: Absolute recovery (Rabs (%)), relative recovery (Rabs (%)), matrix effect (ME (%)),
limit of detection (LOD) and limit of quantification (LOQ) of PFAS target analytes analysed in
Arctic char plasma (n=9). Samples were spiked with 20 ng mL−1 target analytes and 20 ng mL−1

internal standard. The instrument LOD and LOQ are calculated from the calibration curve. Some
compunds were not detected and is written as NA (Not applicable).

Compound Rabs (%) Rabs (%) ME (%) LOD LOQ
DecaS 74.0 87.6 -64.8 3.84 11.6
GenX 87.9 104 -34.2 5.33 16.2
PFPeA 92.0 109 -64.7 4.46 13.5
PFHxA 84.6 100 -34.8 3.36 10.2
4:2 FTS 76.8 90.9 3.50 0.47 1.43
7H-PFHpA 77.8 92.1 -25.1 0.28 0.84
NaDONA 79.6 94.3 -1.30 0.32 0.97
TriDeHFxSA 131 -82.1 -112 NA NA
PFOA 91.4 98.3 -1.30 6.23 18.9
6:2 FTS 78.9 99.2 18.4 4.96 15.0
PFHpS 77.4 91.7 12.4 2.52 7.63
PFNA 84.6 100 0.60 3.12 9.47
P37DMOA 81.1 96.0 12.9 4.90 14.9
PFOSA 77.9 92.2 5.50 6.17 18.7
PFOS 81.7 96.9 16.1 4.40 13.3
MeFOSA 74.6 88.3 8.90 6.43 19.5
PDFA 85.2 101 -38.6 4.14 12.5
EtFOSA 74.5 88.2 9.10 6.15 18.7
EtFOSAA 75.9 89.9 7.10 6.69 20.3
8:2 FTS 77.7 92.0 1.70 3.24 9.82
9Cl-PF3ONS 78.4 92.9 12.8 5.24 15.9
FOSAA 1.20 1.40 1.20 4.80 14.5
PFUnA 82.5 97.6 8.30 4.72 14.3
MeFOSAA 8.90 10.5 -6.60 6.22 18.9
EtFOSE 77.8 92.2 9.00 10.6 32.0
PFDoDA 87.0 103 -16.8 4.32 13.1
MeFOSE 75.6 89.5 11.5 11.5 34.7
10:2 FTS 80.7 95.5 -23.8 6.29 19.1
PFTriDA 79.5 94.1 -2.50 3.42 10.4
DiSAMPAP 9.20 10.9 -3.60 6.20 18.8
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3.2 Matrix effects of steroid hormones in plasma

Table C3: Absolute recovery (Rabs (%)), relative recovery (Rabs (%)), matrix effect (ME (%)),
limit of detection (LOD) and limit of quantification (LOQ) of PFAS target analytes analysed in
Arctic char plasma (n=9). Samples were spiked with 20 ng mL−1 target analytes and 20 ng mL−1

internal standard. The instrument LOD and LOQ are calculated from the calibration curve. Some
compunds were not detected and is written as NA (Not applicable).

Compound Rabs (%) Rabs (%) ME (%) LOD LOQ
PFTDA 84.2 99.7 25.0 7.75 23.5
PFHxA 66.1 78.3 -7.50 4.58 13.9
PFBA 94.8 112 -88.0 2.08 6.29
PFBS 81.1 96.0 21.9 0.29 0.87
PFPeS 86.8 103 -16.3 1.47 4.45
PFHpA 92.8 110 -18.9 0.25 0.75
PFHxS 102 120 -9.70 NA NA
PFECHS 78.8 93.3 6.80 0.46 1.38
PFNS NA NA NA NA NA
PFDS NA NA NA NA NA
SaMPAP NA NA NA NA NA
PFDoDS NA NA NA NA NA
PFOcDA NA NA NA NA NA
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3.2 Matrix efects of PFAS in plasma

C.2.1 Recoveries of PFAS in plasma

Figure C3: Absolute and relative percentage recoveries (%) of PFAS target analytes in plasma of
Arctic char for 38 out 43 analysed PFAS. The PFAS that are not reported here were not detected
or had poor separation. The two grey horizontal lines indicate recovery between 70-120%.

C.2.2 Matrix efects of PFAS in plasma

Figure C4: Percentage matrix effect (%) of PFAS target analytes in plasma of Arctic char for
38 out of 43 analysed PFAS. The PFAS that are not reported here were not detected or had poor
separation.
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3.3 Comparison of LOD and LOQ estimations

C.3 Comparison of LOD and LOQ estimations

Table C4: Comparison of LOD and LOD calculated based on the calibration curve (LODcal and
LOQcal) and from S/N peak heights (LODS/N and LOQS/N), 3 times S/N and 10 times S/N for
LOD and LOQ, respectively. Information on the linear range and number of calibration points (cal.
points) used for the calibration curve method.

Compound LODcal LOQcal LODS/N LOQS/N Linear range Cal. points
Steroids
COR 3.67 11.1 1.11·10−3 3.69·10−3 5-20 3
11-KetoTS 7.00 21.2 1.95 6.49 2-20 4
DHT 6.41 19.4 3.24 16.2 2-20 4
TS 5.30 16.1 0.765 2.55 0.5-20 6
AN 2.93 8.88 0.0192 0.0638 0.2-20 7
PFAS
6:2 FTS 4.96 15.0 7.56·10−5 2.52·10−4 0-50 10
PFNA 3.12 9.47 0.333 1.11 0.2-50 8
PFOSA 6.17 18.7 4.49·10−5 1.50·10−4 0.1-50 9
PFOS 4.40 13.3 8.31·10−5 2.77·10−4 0-50 10
PDFA 4.14 12.5 1.37·10−4 4.58·10−4 0.2-50 8
FOSAA 4.80 14.5 0.112 0.373 0.1-50 9
PFUnA 4.72 14.3 0.280 0.935 0.1-50 9
MeFOSAA 6.22 18.9 2.84·10−5 9.48·10−5 0.1-50 9
PFDoDA 4.32 13.1 3.22·10−5 1.07·10−4 0.1-50 9
PFTriDa 3.42 10.4 2.95·10−5 9.83·10−5 0.2-50 8
DiSAMPAP 6.20 18.8 4.91·10−5 1.64·10−4 0.1-50 9
PFECHS 0.46 1.38 5.25·10−6 1.75·10−5 0.1-50 9
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C.4 Method test for extraction of steroid hormones and PFAS in liver samples

Table C5: Absolute and relative recoveries (%) of steroid hormones and PFAS target analytes with four different extraction and clean-
up methods; Hybrid SPE with 0.1% AF in MeOH (Hybrid SPEAF), Hybrid SPE with 0.5% CA in ACN (Hybrid SPECA), solid-phase
extraction (SPEC18), and solid-liquid extraction (SLE).

Absolute recovery (%) Relative recovery (%)
Compound Hybrid SPEAF Hybrid SPECA SPEC18 SLE Hybrid SPEAF Hybrid SPECA SPEC18 SLE
Steroid hormones
COR 148 85.2 19.4 98.8 284 103 31.1 147
CORNE 138 90.2 19.1 107 256 108 30.3 158
ALDO NA 80.6 24.1 76.3 NA 96.3 38.4 113
COS 190 38.3 30.9 48.3 372 48.8 53.3 72.2
11-deoxyCOR 81.7 42.7 63.4 97.5 155 67.2 106 146
17a-OHP 53 83.7 68 77.6 99.8 100 108 115
DOC 41.4 54.9 65.4 69.3 77.0 66.3 104 102
P4 60.7 80.4 71.0 28.9 109 130 133 86.0
11-KetoTS 136 85.2 37.6 79.6 257 104 60.9 117
DHT 65.5 71.5 79.8 48.4 118 117 155 144
TS 56.3 99.6 71.6 72.7 101 162 134 216
AN 60.1 66.2 73.7 52.5 108 107 138 156
DHEA 39.5 39.7 93.1 21.4 117 85.4 NA 63.6
17 OH-P5 61.1 64.1 206 81.3 122 118 2510 242
P5 NA NA NA NA NA NA NA NA
E1 NA NA NA NA NA NA NA NA
E2 NA NA NA NA NA NA NA NA
PREG NA NA NA NA NA NA NA NA
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Table C5 continued from previous page
Absolute recovery (%) Relative recovery (%)

Compound Hybrid SPEAF Hybrid SPECA SPEC18 SLE Hybrid SPEAF Hybrid SPECA SPEC18 SLE
PFAS
DecaS 91.0 508 60.4 113 73.8 482 59.8 78.4
GenX NA NA NA 114 NA NA NA 78.4
PFPeA 242 61.4 0.10 46.1 103 58.2 NA 32.0
PFHxA 230 38.3 2.25 51.6 108 36.4 2.18 35.8
4:2 FTS 44.7 25.8 3.04 53.2 36.3 24.5 3.02 36.5
7H-PFHpA 98.7 53.6 0.93 49.3 79.9 50.8 0.88 33.9
NaDONA 117 56.3 10.9 84.6 94.6 53.4 10.8 58.1
TriDeFHxSA 98.6 21.5 41.7 106 79.9 20.4 66.5 118
PFOA 184 63.6 16.5 NA 148 60.3 16.1 126
6:2 FTS 162 44.6 91.5 142 116 48.8 100 86.6
PFHpS 100 109 24.8 86.2 81.1 103 24.7 59.2
PFNA 13.3 47.7 14.6 7.01 32.5 45.2 14.4 5.69
P37DMOA 73.1 27.4 17.0 11.8 59.2 26.0 16.9 8.16
PFOSA 68.2 55.3 161 2.89 55.3 55.7 160 1.99
PFOS 78.1 29.0 14.1 5.67 529 27.5 13.9 3.89
MeFOSA 78.9 60.7 10.9 6.76 64.0 57.6 10.8 4.64
PDFA 87.7 34.1 29.7 7.44 71.1 32.4 29.5 5.11
EtFOSA 77.3 63.8 7.82 5.25 62.6 60.5 7.76 3.61
EtFOSAA 81.4 45.9 12.3 6.01 66.0 43.5 12.2 4.13
8:2 FTS 133 53.3 26.6 7.21 108 50.5 26.1 4.96
9Cl-PF3ONS 91.2 39.3 11.2 8.81 74.2 37.3 11.1 6.06
FOSAA 112 35.4 54.6 1.68 NA 33.6 54.1 2.09
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Table C5 continued from previous page
Absolute recovery (%) Relative recovery (%)

Compound Hybrid SPEAF Hybrid SPECA SPEC18 SLE Hybrid SPEAF Hybrid SPECA SPEC18 SLE
PFUnA 57.2 37.1 77.4 12.7 46.4 35.2 76.8 8.99
MeFOSAA 61.3 34.2 159 3.19 49.7 32.4 158 2.70
EtFOSE 111 71.2 9.78 5.0 90.0 67.5 9.71 3.47
PFDoDA 108 60.3 96.8 8.76 85.5 57.2 96.1 6.42
MeFOSE 92.1 68.4 19.8 10.2 74.7 64.8 19.7 6.98
10:2 FTS 30.4 54.1 92.8 9.80 24.7 51.3 92.1 6.76
PFTriDA 92.1 73.5 129 14.2 74.6 69.7 128 9.90
DiSAMPAP NA NA NA 8 NA NA NA 5.72
PFTDA 80.3 76.7 33.5 12.1 65.2 72.8 33.3 8.42
PFHxDA 87.0 55.7 2.23 6.77 70.5 52.8 2.20 4.84
PFBA 245 38.2 NA 272 199 42.3 NA 187
PFBS 151 38.2 0.22 42.6 123 36.2 0.22 29.4
PFPeS 85.9 32.6 3.50 48.5 69.6 30.9 3.47 33.3
PFHpA 222 53.8 5.35 62.5 180 51.0 5.32 43.3
PFHxS 128 47.6 2.36 65.6 104 45.2 2.34 45.1
PFECHS 156 51.8 16.3 247 126 49.1 16.2 169
PFNS 60.3 16.0 26.2 13.5 48.8 15.1 26.0 9.25
PFDS 21.5 32.0 78.8 12.4 17.4 30.4 78.2 8.65
SAMPAP 54.3 45.9 65.6 336 44.0 43.6 64.5 NA
PFDoDS 58.9 71.5 50.8 14.2 47.8 67.8 50.4 9.77
PFOcDA 83.6 21.6 0.16 12.6 67.8 20.5 0.13 8.81

168



3.4 Comparison of LOD and LOQ estimations

Table C6: Matrix effects (%) for steroid hormones and PFAS target analytes with four different
extraction and clean-up methods; Hybrid SPE with 0.1% AF in MeOH (Hybrid SPEAF), Hybrid
SPE with 0.5% CA in ACN (Hybrid SPECA), solid-phase extraction (SPEC18), and solid-liquid
extraction (SLE).

Matrix effect (%)
Compound Hybrid SPEAF Hybrid SPECA SPEC18 SLE
Steroid hormones
COR -57.8 -91.2 -65.4 -86.6
CORNE -46.2 -94.5 -72.4 -90.0
ALDO -100 6.10 -69.1 -85.3
COS -49.5 -84.5 -68.0 -56.7
11-deoxyCOR -7.10 -93.0 -71.8 -79.4
17a-OHP -1.50 -84.1 -52 -55.5
DOC -6.30 -74.2 -34.1 -39.6
P4 -62.2 -78.1 -58.4 -11.7
11-KetoTS -47.6 -95.4 -72.2 -88.8
DHT -60.5 -71.6 -43.1 6.2
TS 70.1 -86.1 -59.1 -65.8
AN -72.1 -49.7 -60.5 -44.2
DHEA -42.3 -6.10 -71.0 115
17 OH-P5 -29.6 -29.6 -83.3 -48.5
P5 NA NA NA NA
E1 NA NA NA NA
E2 NA NA NA NA
PREG NA NA NA NA
PFAS
DecaS -78.6 -70.0 -51.3 -17.7
GenX NA NA -43.5 -92.2
PFPeA -99.9 -55.7 1.63 -81.0
PFHxA -99.9 -11.2 -39.1 -83.9
4:2 FTS -99.4 18.9 33.1 -64.4
7H-PFHpA -99.6 -21.9 -12.6 -85.9
NaDONA -99.0 -30.9 -57.3 -84.4
TriDeFHxSA -88.8 NA -150 -334
PFOA -91.8 55.9 -56.2 -120
6:2 FTS -81.9 96.1 -247 23.3
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3.4 Recoveries of steroid hormones in liver samples

Table C6 continued from previous page
Matrix effect (%)

Compound Hybrid SPEAF Hybrid SPECA SPEC18 SLE
PFHpS -98.7 -57.7 -70.9 -84.9
PFNA -99.9 0.45 -79.4 -90.9
P37DMOA -99.9 -9.31 -78.7 -93.3
PFOSA -99.4 101 -86.6 -91.4
PFOS -100 -47.9 -73.0 -88.7
MeFOSA 84 24300 1300 187
PDFA -99.9 -1.87 -75.2 -84.3
EtFOSA 142 58900 1430 149
EtFOSAA -80.0 1360 -25.2 -79.4
8:2 FTS -99.9 193 -32.7 -63.0
9Cl-PF3ONS -99.9 -61.3 -84.2 -94.9
FOSAA -101 52.1 -75.7 -83.7
PFUnA -99.6 125 -80.1 -83.2
MeFOSAA -99.7 165 -80.1 -87.4
EtFOSE -66.3 5890 681 45.0
PFDoDA -99.8 87.2 -85.3 -89.8
MeFOSE -42.5 44000 526 43.9
10:2 FTS -99.3 312 -70.1 -81.6
PFTriDA -72.5 5450 130 -81.2
DiSAMPAP -101 NA 41.1 -49.5
PFTDA -84.7 3620 92.4 88.9
PFHxDA 71.8 39200 330 -75.7
PFBA NA 211 NA 113
PFBS -99.7 -46.5 3.58 -79.0
PFPeS -99.6 -18.1 -27.1 -81.3
PFHpA -99.6 -40.8 -56.5 -83.9
PFHxS -99.5 -2.80 -47.1 -82.9
PFECHS -91.3 -24.9 -69.3 -73.6
PFNS -99.9 111 -70.6 -84.3
PFDS -99.6 21.8 -82.9 -85.8
SAMPAP 2.28 17700 73.1 -103
PFDoDS -53.6 4650 160 -82.7
PFOcDA -73.7 2780 -64.9 -79.7
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3.4 Recoveries of steroid hormones in liver samples

C.4.1 Recoveries of steroid hormones in liver samples

Figure C5: Absolute and relative recoveries (%) of steroid hormones extracted with Hybrid SPE
with 0.1% AF in MeOH in liver samples. The two grey horizontal lines indicate recovery between
70-120%.

Figure C6: Absolute and relative recoveries (%) of steroid hormones extracted with Hybrid SPE
with 0.5% CA in ACN in liver samples. The two grey horizontal lines indicate recovery between
70-120%.
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3.4 Recoveries of steroid hormones in liver samples

Figure C7: Absolute and relative recoveries (%) of steroid hormones extracted with reversed phase
(C18) SPE in liver samples. The two grey horizontal lines indicate recovery between 70-120%.

Figure C8: Absolute and relative recoveries (%) of steroid hormones extracted with SLE liver
samples. The two grey horizontal lines indicate recovery between 70-120%.
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3.4 Matrix effects of steroid hormones in liver samples

C.4.2 Matrix effects of steroid hormones in liver samples

Figure C9: Matrix effects (%) of steroid hormones extracted with Hybrid SPE with 0.1% AF in
MeOH in liver samples.

Figure C10: Matrix effects (%) of steroid hormones extracted with Hybrid SPE with 0.5% CA in
ACN in liver samples.
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3.4 Recoveries of PFAS in liver samples

Figure C11: Matrix effects (%) of steroid hormones extracted with reversed phase (C18) SPE in
liver samples.

Figure C12: Matrix effects (%) of steroid hormones extracted with SLE in liver samples.
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3.4 Recoveries of PFAS in liver samples

C.4.3 Recoveries of PFAS in liver samples

Figure C13: Absolute and relative recoveries (%) of PFAS extracted with Hybrid SPE with 0.1%
AF in MeOH in liver samples. The two grey horizontal lines indicate recovery between 70-120%.

Figure C14: Absolute and relative Recoveries (%) of PFAS extracted with Hybrid SPE with 0.5%
CA in ACN in liver samples. The two grey horizontal lines indicate recovery between 70-120%.
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3.4 Recoveries of PFAS in liver samples

Figure C15: Absolute and relative Recoveries (%) of PFAS extracted with reversed phase (C18)
SPE in liver samples. The two grey horizontal lines indicate recovery between 70-120%.

Figure C16: Absolute and relative Recoveries (%) of PFAS extracted with SLE in liver samples.
The two grey horizontal lines indicate recovery between 70-120%.
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3.4 Matrix Effects of PFAS in liver samples

C.4.4 Matrix Effects of PFAS in liver samples

Figure C17: Matrix effects (%) of PFAS extracted with Hybrid SPE with 0.1% AF in MeOH in
liver samples.

Figure C18: Matrix effects (%) of PFAS extracted with Hybrid SPE with 0.5% CA in ACN in
liver samples.
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3.4 Matrix Effects of PFAS in liver samples

Figure C19: Matrix effects (%) of PFAS extracted with reversed phase (C18) SPE in liver samples.

Figure C20: Matrix effects (%) of PFAS extracted with SLE in liver samples.
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3.5 Water content (%) in organ samples

C.5 Water content (%) in organ samples

Table C7: Mean±SD percentage water content (%) of the different sample matrices, where n is
the number of samples. The water content was determined by weighing the samples before and after
freeze-drying, as described in the method section 3.3.2. Formula used for calulation of the water
concent is provided in the theory section 2.12.

Matrix (n) Water content (%)
Brain (6) 77.2±20.0
Gonad (7) 65.4±27.3
Eggs (4) 62.8±1.15
Liver (7) 64.6±9.16
Kidney (7) 78.4±6.43
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3.6 Elemental composition in organs of Arctic char

C.6 Elemental composition in organs of Arctic char

Table C8: Concentrations of 41 elements in samples from Arctic char. Mean, median, and minium
(Min), and maximum (Max) of elemental concentrations in µg g−1 for tissue samples in Arctic char
from Lake Disetvatnet, and the relative standard deviation (RSD %) of the mean concentrations.
Sample matrix and number of samples above LOD (n > LOD). Sample matrices with less than
two samples above LOD are given as < LOD. Concentrations for brain, gonad, hard roe, liver, and
kidney are given in dry weight and concentrations in red blood cells (RBC) and plasma are given
in wet weight.

Element Matrix n >LOD Mean RSD (%) Median Min Max

Mg

Brain 6 875 1.19 663 510 1890
Gonad 7 582 1.25 493 89.9 1060
Hard roe 4 1090 0.86 1150 524 1550
Liver 7 642 0.86 526 338 1060
Kidney 7 851 1.23 853 534 1090
RBC 9 75.4 0.99 72.0 54.2 117
Plasma 7 36.2 0.95 38.4 24.8 52.1

Ca

Brain 6 1200 2.57 1030 521 2370
Gonad 7 825 2.56 576 120 2100
Hard roe 4 1190 2.12 1140 1050 1450
Liver 7 169 3.35 102 56.0 447
Kidney 7 979 2.20 686 350 2210
RBC 9 47.9 3.49 40.3 33.4 107
Plasma 7 118 3.41 121 61.5 178

P

Brain 6 17100 1.43 17500 15400 18200
Gonad 7 8940 2.17 6300 905 29200
Hard roe 4 9700 0.85 9950 8880 10100
Liver 7 10600 1.57 8350 5620 18300
Kidney 7 12800 1.39 14100 6370 14900
RBC 9 1330 2.08 1220 803 2490
Plasma 7 654 1.26 612 555 828

Li

Brain 3 0.379 3.45 0.192 0.0652 0.880
Gonad 3 0.0617 7.38 0.0535 0.0379 0.0937
Hard roe 2 0.0614 7.86 0.0416 0.0812
Liver 0 < LOD < LOD < LOD < LOD < LOD
Kidney 6 0.0702 6.06 0.0466 0.00933 0.146
RBC 8 0.0426 3.22 0.0354 0.00732 0.0913
Plasma 5 0.0421 14.1 0.0190 0.00264 0.107
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3.6 Elemental composition in organs of Arctic char

Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

B

Brain 1 < LOD < LOD < LOD < LOD < LOD
Gonad 1 < LOD < LOD < LOD < LOD < LOD
Hard roe 0 < LOD < LOD < LOD < LOD < LOD
Liver 0 < LOD < LOD < LOD < LOD < LOD
Kidney 0 < LOD < LOD < LOD < LOD < LOD
RBC 0 < LOD < LOD < LOD < LOD < LOD
Plasma 1 < LOD < LOD < LOD < LOD < LOD

Al

Brain 6 634 1.10 194 3.24 2770
Gonad 7 92.6 1.24 38.1 8.79 288
Hard roe 4 16.1 0.898 6.83 1.90 48.9
Liver 7 19.9 1.73 11.7 0.929 89.9
Kidney 7 197 2.36 143 16.6 432
RBC 9 0.145 2.95 0.0274 0.0117 0.427
Plasma 6 0.367 3.08 0,135 0.0667 1.47

Si

Brain 5 721 2.60 429 48.8 2230
Gonad 7 127 3.82 49.6 2.26 419
Hard roe 4 20.9 4.41 6.26 1.56 69.6
Liver 5 36.0 2.46 14.0 7.88 129
Kidney 7 292 2.68 228 624 16.4
RBC 6 1.00 2.29 0.981 0.526 1.59
Plasma 4 0.832 2.43 0.666 0.612 1.38

Pb

Brain 5 0.298 16.4 0.131 0.00661 1.02
Gonad 5 0.161 3.28 0.132 0.0118 0.418
Hard roe 2 0.0176 17.2 0.00237 0.0328
Liver 6 0.0266 61.3 0.00739 000239 0.122
Kidney 7 0.195 34.5 0.0935 0.00169 1,64
RBC 9 0.00525 5.33 0.00299 0.00942
Plasma 2 0.0602 5.61 0.0251 0.0952

Hg

Brain 6 0.0229 87.0 0.0176 0.00533 0.0561
Gonad 6 0.0233 94.9 0.00855 0.00180 0.0877
Hard roe 4 0.00804 43.5 0.00706 0.00506 0.0130
Liver 7 0.0786 24.5 0.0392 0.0118 0.365
Kidney 7 0.0966 30.0 0.0668 0.0117 0.272
RBC 9 0.0165 32.7 0.0127 0.00776 0.0246
Plasma 4 0.00457 93.1 0.00343 0.000796 0.0106
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3.6 Elemental composition in organs of Arctic char

Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

Cd

Brain 6 0.0181 49.9 0.0153 0.00630 0.0468
Gonad 7 0.0481 24.0 0.0177 0.00255 0.142
Hard roe 4 0.0344 25.4 0.0214 0.00148 0.0931
Liver 7 0.305 4.89 0.169 0.0913 1.17
Kidney 7 1.98 2.26 1.73 0.861 4.20
RBC 3 0.000325 112 0.000319 0.000183 0.000473
Plasma 3 0000594 156 0.000588 0.000510 0.000685

Se

Brain 6 1.54 9.84 1.33 1.11 2.82
Gonad 7 1.76 8.47 1.42 0.348 3.60
Hard roe 4 4.24 2.93 3.98 3.46 5.52
Liver 7 4.09 5.86 2.73 1.95 12.1
Kidney 7 6.77 6.37 5.65 3.47 14.9
RBC 9 0.810 5.82 0.723 0.383 1.82
Plasma 7 0.444 17.3 0.381 0.0338 0.974

As

Brain 6 0.619 6.76 0.478 0.293 1.20
Gonad 7 3.51 3.34 1.86 0.421 14.0
Hard roe 4 1.18 3.97 0.972 0.204 2.56
Liver 7 0.787 4.50 0.748 0.199 1.25
Kidney 7 1.69 4.63 1.59 1.09 2.52
RBC 9 0.0581 11.9 0.0555 0.0107 0.124
Plasma 7 0.101 14.7 0.0812 0.0235 0.201

Cu

Brain 6 9.72 0.94 9.90 8.60 10.6
Gonad 7 6.60 1.76 2.00 0.183 30.3
Hard roe 4 25.8 0.58 21.5 9.20 51.2
Liver 7 27.0 0.62 29.6 8.54 40.7
Kidney 7 5.34 1.07 5.10 2.31 7.68
RBC 9 0.212 1.95 0.201 0.158 0.280
Plasma 7 0.416 6.34 0.407 0.223 0.807

Zn

Brain 6 44.6 1.25 43.9 38.4 51.1
Gonad 7 75.3 0.87 61.0 8.04 168
Hard roe 4 139 0.43 126 62.8 243
Liver 7 84.4 1.07 82.1 59.3 122
Kidney 7 110 0.63 95.2 86.1 157
RBC 9 7.67 1.18 6.71 5.80 14.0
Plasma 7 13.6 1.45 11.7 7.66 22.8
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3.6 Elemental composition in organs of Arctic char

Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

Ni

Brain 6 0.241 29.4 0.147 0.0340 0.803
Gonad 6 0.0745 40.6 0.0653 0.00976 0.159
Hard roe 4 0.0202 185 0.0143 0.00280 0.0494
Liver 4 0.0467 187 0.00711 0.00105 0.172
Kidney 7 0.472 34.1 0.327 0.0724 1.81
RBC 9 0.00849 21.3 0.00587 0.00410 0.0214
Plasma 6 0.0278 40.8 0.0145 0.00747 0.0925

Co

Brain 6 0.200 3.95 0.118 0.0455 0.548
Gonad 7 0.157 4.51 0.107 0.0213 0.634
Hard roe 4 0.0463 1.33 0.198 0.0869 0.707
Liver 7 0.150 3.30 0.120 0.0955 0.391
Kidney 7 1.20 1.23 1.25 0,0823 1.73
RBC 9 0.0278 5.10 0.0150 0.00754 0.118
Plasma 7 0.109 12.1 0.0493 0.0328 0.474

Cr

Brain 6 0.565 6.81 0.186 0.00294 2.40
Gonad 7 0.0832 7.37 0.0580 0.00819 0.261
Hard roe 1 < LOD 13.3 < LOD < LOD < LOD
Liver 2 0.0518 34.3 0.000563 0.103
Kidney 7 0.242 5.79 0.197 0.0263 0.559
RBC 8 0.00613 15.2 0.00361 0.00196 0.0166
Plasma 4 0.00677 22.7 0.00379 0.000241 0.0193

V

Brain 6 0.793 10.4 0.269 0.00389 0.732
Gonad 7 0.107 4.56 0.0577 0.00506 0.339
Hard roe 4 0.0329 8.84 0.0159 0.00693 0.0964
Liver 7 0.0540 14.8 0.0203 0.00496 0.269
Kidney 7 0.335 3.54 0.244 0.0529 0.851
RBC 1 < LOD < LOD < LOD < LOD < LOD
Plasma 4 0.00528 19.0 0.00574 0.0000835 0.00956

Fe

Brain 6 379 1.76 160 48.7 1500
Gonad 7 96.3 1.00 74.7 23.9 199
Hard roe 4 160 1.26 162 50.4 267
Liver 7 494 1.09 221 66.5 1950
Kidney 7 426 1.01 344 148 812
RBC 9 357 0.96 357 233 432
Plasma 7 51.9 5.05 15.6 3.33 222
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Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

Mn

Brain 6 6.62 1.10 3.34 1.22 21.2
Gonad 7 6.38 1.13 2.93 0.413 26.4
Hard roe 4 5.14 0.91 5.20 2.55 7.61
Liver 7 4.31 1.11 2.67 1.71 7.72
Kidney 7 4.95 0.99 4.74 2.51 8.48
RBC 9 0.0527 3.43 0.0533 0.0163 0.130
Plasma 6 0.0320 35.3 0.0244 0.0149 0.0645

Ti

Brain 6 21.9 5.31 8.88 0.207 89.2
Gonad 7 2.99 5.07 1.63 0.144 8.79
Hard roe 4 0.649 12.6 0.416 0.123 1.64
Liver 7 0.285 10.6 0.223 0.0335 1.03
Kidney 7 7.07 3.28 5.01 0.591 16.4
RBC 9 0.00923 21.8 0.00596 0.00214 0.0245
Plasma 6 0.0220 26.1 0.0132 0.00815 0.0686

Sc

Brain 6 0.127 22.8 0.0438 0.000556 0.557
Gonad 5 0.0230 9.73 0.01546 0.00427 0.0533
Hard roe 4 0.00519 16.3 0.00331 0.00252 0.0116
Liver 4 0.00487 44.0 0.00100 0.000122 0.0174
Kidney 7 0.0364 15.1 0.0257 0.00110 0.0852
RBC 1 < LOD < LOD < LOD < LOD < LOD
Plasma 2 0.000341 267 0.000322 0.000359

Rb

Brain 6 3.73 1.17 2.64 1.26 7.55
Gonad 7 5.07 1.54 3.19 0.355 15.5
Hard roe 4 3.45 0.941 3.42 3.45 4.84
Liver 7 7.98 1.11 2.46 1.65 17.9
Kidney 7 7.11 1.19 5.42 3.20 18.3
RBC 9 0.574 1.32 0.421 0.305 1.47
Plasma 7 0.139 5.09 0.111 0.0187 0.271

Sr

Brain 6 1.45 1.70 1.13 0.441 3.03
Gonad 7 0.927 0.904 0.648 0.116 2.57
Hard roe 4 1.73 1.00 1.74 1.42 2.02
Liver 7 0.136 5.28 0.120 0.0371 0.313
Kidney 7 2.12 1.28 1.04 0.353 8.77
RBC 9 0.0830 2.95 0.0418 0.0117 0.253
Plasma 7 0.182 3.71 0.175 0.0550 0.296
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Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

Y

Brain 6 0.175 13.5 0.0603 0.000686 0.712
Gonad 7 0.0248 9.64 0.0211 0.000192 0.0714
Hard roe 4 0.0113 13.6 0.00725 0.00181 0.0287
Liver 7 0.00870 16.5 0.00426 0.00114 0.0343
Kidney 7 0.0714 5.20 0.0566 0.00623 0.188
RBC 6 0.0000515 227 0.0000308 5.64E-06 0.000142
Plasma 3 0.0000952 106 0.0000414 2.06E-05 0.000223

Zr

Brain 6 0.163 10.3 0.109 0.00598 0.486
Gonad 7 0.0119 32.9 0.0135 0.000299 0.0312
Hard roe 4 0.00314 37.1 0.00104 0.000925 0.00956
Liver 3 0.0273 35.9 0.00304 0.000504 0.00465
Kidney 7 0.0501 31.1 0.0115 0.00561 0.260
RBC 7 0.000141 62.1 0.000145 0.0000634 0.000226
Plasma 6 0.000889 32.9 0.000609 0.000161 0.00251

Mo

Brain 6 0.0318 21.7 0.0328 0.0243 0.0391
Gonad 7 0.0146 48.9 0.0168 0.00142 0.0276
Hard roe 4 0.0281 9.30 0.0258 0.0158 0.0451
Liver 7 0.456 4.86 0.398 0.283 0.862
Kidney 7 0.233 5.27 0.217 0.111 0.425
RBC 0 < LOD < LOD < LOD < LOD < LOD
Plasma 0 < LOD < LOD < LOD < LOD < LOD

In

Brain 5 0.000801 124 0.000154 0.0000436 0.00307
Gonad 6 0.000244 72.1 0.000154 0.0000419 0.000540
Hard roe 2 0.0000561 238 0.0000136 0.0000987
Liver 2 0.000138 1600 0.00000236 0.000274
Kidney 6 0.000277 140 0.000203 0.0000332 0.000717
RBC 3 0.0000111 124 0.0000114 0.0000121 0.00000975
Plasma 2 0.0000364 179 0.0000321 0.0000407

Sn

Brain 3 0.0409 8.38 0.00680 0.00650 0.109
Gonad 6 0.0112 16.3 0.0108 0.00105 0.0216
Hard roe 3 0.00547 10.3 0.00553 0.000928 0.00995
Liver 0 < LOD < LOD < LOD < LOD < LOD
Kidney 7 0.0130 21.4 0.00982 0.00160 0.0316
RBC 7 0.000432 92.7 0.000374 0.000181 0.000772
Plasma 7 0.00242995 124 0.00102 0.000507 0.00733
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Element Matrix n >LOD Mean RSD (%) Median Min Max

Sb

Brain 6 0.00513 60.4 0.00497 0.000773 0.0111
Gonad 7 0.00234 109 0.00273 0.000912 0.00399
Hard roe 3 0.00132 34.1 0.00101 0.000372 0.00258
Liver 4 0.00191 69.8 0.00118 0.00103 0.00425
Kidney 7 0.00767 79.5 0.00726 0.00211 0.0178
RBC 0 < LOD < LOD < LOD < LOD < LOD
Plasma 0 < LOD < LOD < LOD < LOD < LOD

Cs

Brain 6 0.136 4.31 0.0796 0.0404 0.399
Gonad 7 0.0503 5.22 0.0433 0.0142 0.104
Hard roe 4 0.0913 2.65 0.0838 0.0221 0.176
Liver 7 0.0567 4.81 0.0511 0.0261 0.0980
Kidney 7 0.108 3.42 0.115 0.0797 0.134
RBC 9 0.00400 10.4 0.00441 0.00112 0.00516
Plasma 5 0.00265 47.6 0.00270 0.000263 0.00495

Ba

Brain 6 6.44 2.94 2.98 0.671 26.1
Gonad 7 0.759 5.38 0.390 0.0311 2.44
Hard roe 4 0.165 5.30 0.125 0.0869 0.376
Liver 7 0.144 29.2 0.0580 0.00299 0.678
Kidney 7 1.64 2.71 1.20 0.154 3.81
RBC 4 0.00560 18.5 0.00526 0.000932 0.0109
Plasma 3 0.00182 42.5 0.000977 0.000278 0.00421

La

Brain 6 0.309 5.47 0.0949 0.00252 1.21
Gonad 7 0.0703 4.12 0.0362 0.00207 0.190
Hard roe 4 0.0306 2.22 0.0244 0.00731 0.0662
Liver 7 0.0977 5.89 0.0237 0.0150 0.524
Kidney 7 0.162 3.66 0.118 0.0191 0.385
RBC 9 0.000101 95.2 0.0000638 0.0000146 0.000348
Plasma 6 0.000358 75.4 0.000258 0.0000602 0.000855

Ce

Brain 6 0.676 5.33 0.198 0.00148 2.70
Gonad 7 0.145 5.21 0.0644 0.00273 0.414
Hard roe 4 0.0401 5.62 0.0272 0.00606 0.100
Liver 7 0.118 4.26 0.0300 0.00988 0.657
Kidney 7 0.330 2.03 0.250 0.0246 0.752
RBC 4 0.000190 66.2 0.000131 0.0000691 0.000428
Plasma 5 0.000125 173 0.000102 0.0000572 0.000193
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3.6 Elemental composition in organs of Arctic char

Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

Lu

Brain 5 0.00230 30.8 0.00145 0.000251 0.00768
Gonad 5 0.488 29.5 0.000404 0.000170 2.44
Hard roe 3 0.0000789 240 0.0000360 0.0000114 0.000189
Liver 4 0.000213 132 0.000157 0.0000229 0.000514
Kidney 6 0.000810 33.8 0.000579 0.0000733 0.00197
RBC 1 < LOD < LOD < LOD < LOD < LOD
Plasma 1 < LOD < LOD < LOD < LOD < LOD

Hf

Brain 6 0.0106 26.3 0.00738 0.00118 0.0367
Gonad 7 0.000808 76.3 0.000763 0.000383 0.00171
Hard roe 4 0.000438 82.6 0.000454 0.000326 0.000518
Liver 7 0.000289 123 0.000232 0.0000823 0.000496
Kidney 7 0.00186 85.9 0.000562 0.000266 0.00871
RBC 9 0.000238 59.3 0.000265 0.000136 0.000383
Plasma 7 0.00111 81.9 0.000473 0.000154 0.00311

Ta

Brain 4 0.00175 51.4 0.00202 0.000507 0.00245
Gonad 3 0.000694 32.5 0.000701 0.000353 0.00103
Hard roe 1 < LOD < LOD < LOD < LOD < LOD
Liver 0 < LOD < LOD < LOD < LOD < LOD
Kidney 6 0.000648 55.2 0.000876 0.000214 0.00188
RBC 3 0.0000121 408 0.0000109 0.0000105 0.0000148
Plasma 2 0.000229 268 0.0000142 0.000444

W

Brain 6 0.0254 14.7 0.0109 0.00160 0.102
Gonad 7 0.00298 43.9 0.00209 0.000781 0.00739
Hard roe 4 0.00176 51.3 0.00179 0.000864 0.00260
Liver 5 0.00115 132 0.000872 0.000438 0.00194
Kidney 7 0.00824 39.0 0.00624 0.000753 0.0138
RBC 7 0.000426 109 0.000291 0.000168 0.00116
Plasma 5 0.00276 134 0.000478 0.000128 0.0123

Tl

Brain 6 0.0175 12.2 0.0104 0.00498 0.0383
Gonad 7 0.0158 18.2 0.00467 0.000692 0.0789
Hard roe 4 0.00406 18.2 0.00426 0.00277 0.00497
Liver 7 0.0751 6.13 0.0208 0.319 0.0103
Kidney 7 0.0489 9.17 0.0151 0.00912 0.217
RBC 7 0.000246 127 0.000125 0.0000214 0.00106
Plasma 2 0.000319 194 0.0000131 0.000624
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3.6 Elemental composition in organs of Arctic char

Table C8 continued from previous page
Element Matrix n >LOD Mean RSD (%) Median Min Max

Th

Brain 6 0.0852 17.2 0.0852 0.000549 0.358
Gonad 7 0.0138 25.6 0.00776 0.000398 0.0364
Hard roe 3 0.00308 124 0.00166 0.0000475 0.00754
Liver 6 0.00273 70.1 0.00137 0.000196 0.0100
Kidney 7 0.0318 17.2 0.0260 0.00322 0.0769
RBC 2 0.000484 193 0.000295 0.000672
Plasma 0 < LOD < LOD < LOD < LOD < LOD

U

Brain 5 0.0140 29.7 0.00915 0.00205 0.0371
Gonad 5 0.00428 37.1 0.00332 0.000567 0.00851
Hard roe 3 0.00287 133 0.000488 0.000141 0.00799
Liver 7 0.00311 95.3 0.00104 0.0000967 0.0161
Kidney 7 0.0332 15.8 0.0228 0.00474 0.117
RBC 0 < LOD < LOD < LOD < LOD < LOD
Plasma 1 < LOD < LOD < LOD < LOD < LOD
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char

C.6.1 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C21: Distribution of Cu in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Cu in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C22: Distribution of Zn in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Zn in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C23: Distribution of Se in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Se in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C24: Distribution of Ni in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Ni in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C25: Distribution of Cr in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Cr in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char

pHolm−adj. = 0.03

pHolm−adj. = 0.05

pHolm−adj. = 0.03

pHolm−adj. = 6.99e−03

pHolm−adj. = 0.02

pHolm−adj. = 0.03

0

10

20

30

Brain
(n = 6)

Gonad
(n = 7)

Hard roe
(n = 4)

Kidney
(n = 7)

Liver
(n = 7)

Plasma
(n = 6)

RBC
(n = 7)

C
on

ce
nt

ra
tio

n 
(µ

g 
g−

1 ) Sample

Brain
Gonad
Hard roe
Kidney
Liver
Plasma
RBC

Mn in Arctic char

Figure C26: Distribution of Mn in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Mn in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C27: Distribution of Tl in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Tl in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.
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3.6 Elemental distribtuion of selected elements in tissues of Arctic char
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Figure C28: Distribution of Co in tissues of Arctic char from Lake Diesetvatnet. Box and whisker
plot shows minimum and maximum (whiskers), interquartile range (box), and median (horizontal
line) concentrations of Co in µg g −1 in each sample type (n indicates the number of samples for
each tissue). The cross indicates the mean concentration, and the bar indicates groups that are
statistically significantly different with the corresponding p-value.

196



3.7 Limit of detection for elemental analysis with ICP-MS

C.7 Limit of detection for elemental analysis with ICP-MS

Table C9: Limit of detection (LOD) for elements in µg L−1 analysed in fish tissue samples with
ICP-MS. LODa for elements analysed in Artic char tissues including brain, hard roe, gonad, liver,
and kidney. LODb for elements analysed in Artic char plasma and red blood cells.

Element LODa LODb

Li 4.23E-04 2.74E-03
B 2.59E-02 2.70E-02

Mg 1.96E-02 5.54E-03
Al 1.13E-02 7.81E-03
Si 2.80E-01 3.22E-01
P 5.70E-02 4.22E-02
Ca 1.54E-01 3.43E-01
Sc 2.63E-04 4.23E-04
Ti 2.59E-03 7.98E-04
V 4.22E-04 5.05E-05
Cr 4.86E-03 1.68E-03
Mn 3.58E-03 1.12E-03
Fe 9.39E-02 4.66E-02
Co 1.80E-03 6.04E-04
Ni 1.67E-03 1.97E-03
Cu 1.97E-03 4.18E-03
Zn 9.68E-03 1.02E-02
As 9.33E-04 8.41E-04
Se 6.34E-03 1.10E-02
Rb 1.09E-03 2.85E-03
Sr 6.91E-03 3.15E-04
Y 4.84E-05 9.55E-05
Zr 1.32E-04 2.24E-04
Mo 1.44E-03 3.13E-03
Cd 3.25E-04 6.31E-04
In 3.81E-05 5.54E-05
Sn 1.33E-03 1.59E-03
Sb 9.97E-04 2.48E-03
Cs 6.28E-04 2.59E-04
Ba 2.34E-03 1.85E-03
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3.7 Limit of detection for elemental analysis with ICP-MS

Table C9 continued from previous page
Element LODa LODb

La 1.02E-04 7.59E-05
Ce 4.75E-05 1.72E-04
Lu 3.37E-05 4.53E-05
Hf 9.91E-05 1.02E-04
Ta 8.91E-05 3.48E-05
W 4.00E-04 6.24E-04
Hg 6.22E-03 1.14E-03
Tl 1.80E-04 2.13E-04
Pb 8.35E-04 1.35E-03
Th 1.84E-04 3.28E-04
U 7.02E-05 3.35E-04
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3.8 Recovery of elemental concentrations in certified reference materials

C.8 Recovery of elemental concentrations in certified reference ma-

terials

Table C10: Percentage recovery (%) of elements in different certified reference materials DORM-5
fish protein (DORM-5), DOLT-3 dogfish liver (DOLT-3), SeronormTM trace elements whole blood
L-2 (Seronorm WB L-2), and SeronormTM trace elements serum (Seronorm S). Recoveries outside
the certified range are marked with one asteriks (*). Recoveries calculated based on approximate
values only are marked with two asteriks (**).

Recovery (%)

Element DORM-5 DOLT-3 Seronorm WB-L2 Seronorm S

Li 87.3 - - -
B *82.8 - **30.6 -

Mg *132 - **111 102
Al 96.4 - 104 95.8
P *95.7 - **107 *93.4
Ca 93.7 - **114 97.3
Ti - - **107 -
V 101 - 83.8 -
Cr 95.3 - 106 107
Mn *92.7 - 104 *49.9
Fe 103 102 **103 *124
Co 95.8 - 106 *313
Ni *81.1 *86.1 106 *127
Cu *93.1 97.8 101 *93.8
Zn *94.3 102 108 *91.7
As 96.4 *86.9 86.7 -
Se *91.1 96.6 95.4 93.1
Rb *89.7 - **103 -
Sr *97.1 - **114 -
Y - - **92.9 -
Zr - - **130 -
Mo 89.8 - *41.6 -
Cd 103 97.4 *126 -
Sn *88.2 - 108 -
Sb 98.3 - 116 -
Cs - - **111 -
La - - **147 -
Ce - - **92.3 -
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3.8 Recovery of elemental concentrations in certified reference materials

Table C10 continued from previous page

Recovery (%)

Element DORM-5 DOLT-3 Seronorm WB-L2 Seronorm S

Hf - - **2300 -
W - - **587 -
Ba 99.0 - - -
Hg *91.4 *56.9 98.3 -
Tl - - *127 -
Pb - 85.6 106 -
U *229 - - -
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4.1 PCA loading and score plots

D Appendix - Discussion

D.1 PCA loading and score plots

Table D1: Sample ID for data used in PCA analysis. Sample ID and the corresponding number
of individual Arctic char and sample matrix.

Sample-ID Fish Matrix
R1 1 Brain
R2 2 Brain
R3 3 Brain
R4 4 Brain
R5 6 Brain
R6 7 Brain
R7 3 Egg
R8 5 Egg
R9 6 Egg
R10 7 Egg
R11 1 Gonad
R12 2 Gonad
R13 3 Gonad
R14 4 Gonad
R15 5 Gonad
R16 6 Gonad
R17 7 Gonad
R18 1 Liver
R19 2 Liver
R20 3 Liver
R21 4 Liver
R22 5 Liver
R23 6 Liver
R24 7 Liver
R25 1 Kidney
R26 2 Kidney
R27 3 Kidney
R28 4 Kidney
R29 5 Kidney
R30 6 Kidney
R31 7 Kidney
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Figure D1: PCA loading plot showing all the variables included in the dataset. PC1 explains 42% of the total variance, and PC2
explains 17% of the total variance.
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Figure D2: PCA score plot showing all the individual samples included in the dataset displayed as ID-numbers that can be found in
Table D1. The outlier number R3 is removed from this PCA. PC1 explains 42% of the total variance, and PC2 explains 17% of the total
variance.
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Figure D3: PCA score plot showing all the individual samples included in the dataset displayed as sample type i.e brain, gonad (Gon),
hard roe (Egg), liver, and kidney. The outlier number R3 is removed from this PCA. PC1 explains 42% of the total variance, and PC2
explains 17% of the total variance.
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