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SUMMARY

The Arctic is a sink for contaminants emitted at lower latitudes and transported northward
via long-range atmospheric and oceanic pathways. As a result, Arctic wildlife is exposed to
contaminants despite inhabiting one of the most remote regions on Earth. With rising
temperatures due to climate change, there is a risk of remobilising legacy contaminants
stored in the cryosphere, which may further increase exposure for both wildlife and humans
in the Arctic. Previous studies have largely focused on assessing contaminants in the Arctic
marine environment, while Arctic terrestrial ecosystems have received far less attention.

Studies addressing contaminant exposure in the Svalbard reindeer (Rangifer tarandus
platyrhynchus) remain limited, despite its key role in the Arctic terrestrial environment as an
herbivore, a food source for predators, and a species hunted by locals. To better understand
contaminant dynamics in the Svalbard terrestrial environment, this thesis uses the Svalbard
reindeer as a model organism and reports concentrations of mercury (Hg), cadmium (Cd),
lead (Pb), and several per- and polyfluoroalkyl substances (PFAS) in a range of reindeer
tissues and environmental samples. Potential biological effects of chronic, low-level
contaminant exposure in Svalbard reindeer were evaluated using transcription levels of
genes involved in key physiological processes as endpoints.

Contaminant concentrations in the Svalbard reindeer appear to fluctuate with season, with
significantly higher concentrations in autumn compared to summer, which coincides with
the annual maximum body mass of the reindeer. This suggests that ingestion of vegetation
is the primary contaminant exposure route, with species such as polar willow (Salix polaris)
likely being major contributors to this exposure. While Cd, Hg, and Pb concentrations in
Svalbard reindeer were similar to, or lower than, concentrations reported in other Rangifer
subspecies across the Arctic, concentrations of several PFAS (e.g., PFHxS, PFUnDA, and
PFTriDA) were among the highest. PFAS concentrations in Svalbard reindeer have, moreover,
increased significantly over the past decade, suggesting a change in exposure pathways.

The contaminant profile indicates that exposure in Svalbard reindeer is consistent with long-
range transported contaminants, as concentrations appear to be independent of proximity
to local settlements, and the profile includes compounds that are known to undergo long-
range transport to the Arctic (e.g., Hg) or compounds with limited local emissions (e.g., long-
chain perfluoroalkyl carboxylic acids, PFCAs). However, we cannot determine whether these
contaminants reflect legacy inputs released from the thawing cryosphere or more recent
influxes via atmospheric or oceanic pathways. Regardless, this thesis demonstrates that
Svalbard reindeer are exposed to a range of contaminants despite living in one of the most
remote terrestrial regions on Earth.

Although individual contaminant concentrations in the Svalbard reindeer do not exceed the
current wildlife toxicity thresholds, we find that the Svalbard reindeer may be experiencing
contaminant-driven biological effects. Exposure to contaminant mixtures in Svalbard
reindeer, primarily driven by PFHxS, Hg, and Cd, was associated with altered transcription
levels of genes involved in several key physiological processes, most notably in lipid



homeostasis. This indicates that while each compound the reindeer are exposed to may be
considered safe on its own, mixtures can cause biological effects at far lower
concentrations, supporting the notion that traditional toxicity assessments may
underestimate mixture toxicity under real-world conditions. Furthermore, concentrations of
both Cd and PFAS are high enough to warrant caution for human consumption, particularly
of offal. However, as hunting of Svalbard reindeer is limited to one animal per hunter per year,
the overall risk to human health remains low.
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SAMMENDRAG

Arktis fungerer som et endepunkt for miljggifter som slippes ut pa lavere breddegrader og
transporteres nordover via langtransporterte atmosfeeriske og oseaniske prosesser. Som
folge av dette eksponeres arktisk dyreliv for miljggifter, til tross for at regionen er blant de
mest avsidesliggende pa jorden. Med gkende temperaturer som falge av klimaendringer er
det risiko for remobilisering av historiske forurensninger lagret i kryosfseren, noe som
ytterligere kan gke eksponeringen for bade dyrelivog mennesker i Arktis. Tidligere studier har
i hovedsak fokusert pé forurensninger i arktiske marine @kosystemer, mens arktiske
terrestriske gkosystemer har fatt langt mindre oppmerksomhet.

Studier som omhandler eksponering for miljggifter hos svalbardrein (Rangifer tarandus
platyrhynchus) er begrensede, til tross for artens sentrale rolle i det arktiske terrestriske
gkosystemet som planteeter, byttedyr for rovdyr og som en art som hgstes av
lokalbefolkningen. For & bedre forstd dynamikken til miljggifter i det terrestriske miljget pa
Svalbard er Svalbardrein brukt som modellorganisme i denne avhandlingen, og
avhandlingen rapporterer konsentrasjoner av kvikksglv (Hg), kadmium (Cd), bly (Pb) og flere
per- og polyfluorerte alkylstoffer (PFAS) i ulike vevstyper hos reinsdyr samt i miljgprover.
Potensielle biologiske effekter av kronisk eksponering for lave nivaer av miljggifter hos
svalbardrein ble vurdert ved bruk av transkripsjonsnivaer av gener involvert i sentrale
fysiologiske prosesser som endepunkter.

Konsentrasjoner av miljggifter hos svalbardrein ser ut til & variere sesongmessig, med
signifikant hgyere nivder om hgsten sammenlignet med sommeren, noe som sammenfaller
med reinsdyrenes arlige maksimum i kroppsmasse. Dette indikerer at inntak av vegetasjon
er den primaere eksponeringsveien for miljggifter, der arter som polarvier (Salix polaris)
sannsynligvis bidrar vesentlig. Mens konsentrasjoner av Cd, Hg og Pb hos svalbardrein var
pa niva med eller lavere enn det som er rapportert for andre Rangifer-underarter i Arktis, var
konsentrasjonene av flere PFAS (f.eks. PFHxS, PFUnDA og PFTriDA) blant de hgyeste. Videre
har PFAS-konsentrasjonene hos svalbardrein gkt betydelig det siste tidret, noe som indikerer
endrede eksponeringsveier.

Forurensningsprofilen indikerer at eksponeringen hos svalbardrein i hovedsak er forenlig
med langtransporterte miljggifter, ettersom konsentrasjonene ikke ser ut til & veere pavirket
av neerhet til lokale bosetninger, og profilen inkluderer forbindelser som er kjent for &
giennomga langtransport til Arktis (f.eks. Hg) eller forbindelser med begrensede lokale
utslipp (f.eks. langkjedede perfluorkarbonsyrer, PFCA). Det er imidlertid ikke mulig & fastsla
om disse forurensningene reflekterer historiske bidrag frigjort fra en tinende kryosfeere eller
nyere tilfarsler via atmosfeeriske eller oseaniske transportveier. Uavhengig av dette viser
avhandlingen at svalbardrein eksponeres for et bredt spekter av miljggifter, til tross for at de
lever i et av de mest avsidesliggende terrestriske omradene pé jorden.

Selv om konsentrasjonene av enkeltstoffer hos svalbardrein ikke overskrider gjeldende
toksisitetsgrenser for dyreliv, indikerer resultatene at reinsdyrene likevel kan oppleve
forurensningsrelaterte biologiske effekter. Eksponering for blandinger av miljggifter, primeert
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drevet av PFHxS, Hg og Cd, var assosiert med endrede transkripsjonsnivder av gener
involvert i flere sentrale fysiologiske prosesser, seerlig lipidhomeostase. Dette indikerer at
selv om hvert enkelt stoff kan anses som lite toksisk isolert sett, kan stoffblandinger gi
biologiske effekter ved langt lavere konsentrasjoner, noe som stgtter antakelsen om at
tradisjonelle toksisitetsvurderinger kan undervurdere blandingstoksisitet under realistiske
eksponeringsforhold. Videre er konsentrasjonene av bade Cd og PFAS hgye nok til 3 tilsi
forsiktighet ved konsum for mennesker, szerlig avinnmat. Ettersom jakten pa Svalbardrein er
begrenset til ett dyr per jeger per ar, vurderes den samlede helserisikoen for mennesker
imidlertid som lav.
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INTRODUCTION

LEGACY AND EMERGING POLLUTANTS IN THE ENVIRONMENT

The anthropogenic disruption of the biogeochemical cycles of several metals has led to their
increased presence in the biosphere since the onset of the Industrial Revolution (Amos et
al., 2013). This especially applies to mercury (Hg), cadmium (Cd), and lead (Pb), which are
associated with a wide range of adverse health effects, including neurotoxicity,
nephrotoxicity, cytotoxicity, and immunotoxicity (Balali-Mood et al., 2021; Klaassen and
Watkins, 2015). Activities such as non-ferrous metal mining and smelting, the burning of
fossil fuels, and the historical use of leaded gasoline have led to a significant biospheric
increase of these metals (Dudka and Adriano, 1997; Eisenreich et al., 1986; Pacyna and
Pacyna, 2001). Once emitted into the environment, these metals can disperse globally via
long-range oceanic (Segndergaard et al., 2025) or atmospheric transport (Gworek et al.,
2020). As a result, their impacts are not limited to areas near emission sources but also
extend to more remote regions. While the emissions of Hg, Cd, and Pb are regulated under
several conventions and protocols (e.g., the Minamata Convention; United Nations
Economic Commission for Europe, 1998; United Nations Environment Programme, 2024),
legacy emissions of these metals are still circulating in the biosphere (Amos et al., 2013).

A similar pattern of global distribution can also be observed for persistent organic pollutants
(POPs) (Wania and Mackay, 1993). Historically, POPs such as polychlorinated biphenyls
(PCBs), dichlorodiphenyltrichloroethane (DDT), and polybrominated diphenyl ethers
(PBDEs) were all designed for specific industrial and agricultural purposes, but their
chemical properties also made them persistent to degradation, bioaccumulative, and toxic,
leading to global environmental and human health issues (Jones, 2021). Similar to metals,
regulatory frameworks, such as the Stockholm Convention, were established following the
discovery of the toxic properties of these POPs (United Nations Environment Programme,
2001), leading to significantly reduced environmental emissions (Schuster et al., 2010).
However, the introduction of new synthetic compounds into the environment continued,
despite an increasing awareness of the potential environmental and human consequences.
An example is the rise of per- and polyfluorinated substances (PFAS) in the biosphere.

PFAS are specifically designed to be resistant to heat, water, lipids, and oil, but as a
consequence, they are also persistent to natural degradation. As a result of this stability,
PFAS are often referred to as "forever chemicals" (Brunn et al., 2023). While some PFAS are
listed under the Stockholm Convention (i.e., PFOS, PFOA, and PFHxS), the entire PFAS family
currently includes more than 7 million individual compounds (Schymanski et al., 2023).
These compounds can be divided into different PFAS classes, including perfluoroalkyl
carboxylic acids (PFCAs), perfluoroalkane sulfonic acids (PFSAs), fluorotelomer-based
compounds (FTOHSs), and perfluoroalkyl sulfonamides (FOSAs) (Buck et al., 2011). While
most PFAS are persistent to degradation, both FTOHs and FOSAs are labelled as precursor
PFAS as they may undergo environmental transformation into more stable PFAS such as
PFCAs and PFSAs (e.g., Ellis et al., 2004; Young and Mabury, 2010). These PFAS precursors
are furthermore highly volatile and may travel far from point sources of emission via long-



range atmospheric transport (LRAT), which helps explain how PFAS are found in the most
remote regions of Earth (Garnett et al., 2022; Hartz et al., 2023).

PFAS may enter the biosphere directly, such as through the use of aqueous film-forming
foam (AFFF) used in firefighting (Moody and Field, 2000), or indirectly, through the
production, use, and end-of-life of many everyday products that contain PFAS, such as non-
stick cookware, water-repellent clothing, and food packaging (Herzke et al., 2012).
Emissions of PFAS, mainly through the use of AFFS, have become a major global concern
since PFAS, in addition to their persistent nature, are known as carcinogens, endocrine
disruptors, immunosuppressants, and are associated with liver diseases in humans (Fenton
et al., 2020). For example, higher rates of cancer have been reported in humans living in
communities exposed to PFAS-contaminated groundwater (Li et al., 2022; Mastrantonio et
al., 2018; Winquist et al., 2023).

POLLUTANTS IN THE ARCTIC

Although the Arctic often is perceived as a remote and untouched region, it has been
characterised as a global sink for pollution (AMAP, 2005; Burkow and Kallenborn, 2000).
Through long-range transport, especially semi-volatile pollutants emitted from all over the
world may reach the Arctic (Muir et al., 2025; Sgndergaard et al., 2025). Once they reach and
deposit in the Arctic, the cold conditions of the region limit further mobilisation, resulting in
their accumulation in the Arctic cryosphere (Beard et al., 2022; Wania and Mackay, 1993).
For example, although far from any larger emission sources, PFAS have been detected in
glaciers, snow, and meltwater throughout the Arctic, from Canada (Stock et al., 2007) to
Svalbard (Ahrens et al., 2023; Hartz et al., 2023). Likewise, the storage of legacy Hg in Arctic
permafrostis one of the largest sinks of Hg on Earth (Schuster et al., 2018).

In addition to remote sources, there are local sources contributing to Arctic pollution. In
Svalbard, the use of AFFFs at the Longyearbyen firefighting training site or at the recently
decommissioned (2022) Svea mine and airport has contaminated surrounding freshwater,
soil, snow, and fauna with PFAS (Ahrens et al., 2023; Ali et al., 2021; Evenset et al., 2020).
Moreover, the small-scale coal-fired power plants in the settlements of Svalbard are known
sources of pollutants like polycyclic aromatic hydrocarbons and Hg (Drotikova et al., 2020;
Steenhuisen and Van Den Heuvel-Greve, 2021).

With pollutants present in the Arctic environment, Arctic wildlife is also exposed, despite
living in one of the most remote habitats on Earth. The pollutants of particular concern are
those that bioaccumulate in organisms and biomagnify across trophic levels, resulting in
apex predators having concentrations that are millions of times higher than those found in
their surrounding environment (Lehnherr, 2014). The long marine food webs, with many
trophic levels and interactions, result in a particular risk for high contaminant burdens in
marine wildlife (Lehnherr, 2014; Scheuhammer et al., 2015). Therefore, monitoring of Arctic
marine biota has been performed over the past decades to assess contaminant
concentrations and temporal trends, with a predominant focus on wildlife of high concern,
such as glaucous gulls (Larus hyperboreus; Melnes et al., 2017; Verreault et al., 2010), polar
bears (Ursus maritimus; Dietz et al., 2022, 2004; Greaves et al., 2012), killer whales (Orcinus



orca; AMAP, 2018; Desforges et al., 2024, 2018), and seals (Pusa spp.; Houde et al., 2019;
Rigét et al., 2020), which consistently show high contaminant burdens. In contrast, the
Arctic terrestrial ecosystem remains relatively understudied, despite our knowledge of large
contaminant reservoirs in the Arctic cryosphere.

With ongoing climate change and Arctic amplification, the Arctic region is warming more
than four times faster than the global average (Rantanen et al., 2022). This rapid warming is
causingthe Arctic cryosphere to thaw, which may resultin the stored pollutants remobilising
into other media and becoming bioavailable again (Carrasco et al., 2024; Muir et al., 2025;
Schuster et al., 2018). Once remobilised, pollutants can enter aquatic systems via
freshwater transport, bind to organic matter, or be taken up by vegetation (Maclnnis et al.,
2022; Schaefer et al., 2020).

Numerous studies report the uptake of pollutants in Arctic vegetation, ranging from metals
such as Hg, Cd, and Pb, to organic contaminants like PFAS. Vascular vegetation primarily
absorbs pollutants from the surrounding soil via root uptake (e.g., Pourrut et al. 2011; Ismael
etal. 2019), while non-vascular species such as bryophytes and lichens rely on atmospheric
uptake (Bargagli, 2016; Zhou et al., 2021), resulting in distinct pollution profiles among
different species of vegetation. The highest concentrations of Hg are commonly reported in
bryophytes and lichen (Bargagli, 2016; Steinnes, 1995). As vascular uptake of Pb from
surrounding soil is limited, the highest Pb concentrations are also reported in bryophytes
and lichen (Krajcarova et al., 2016; Wojtun et al., 2019, 2013). In contrast, the polar willow
Salix polaris is a phytoaccumulator of Cd, with stems and leaves having concentrations
severalfold higher than those of the surrounding soils (Wojtun et al., 2019). Many vascular
species of vegetation, including S. polaris and white dryas (Dryas octopetala), have also
been found to accumulate PFAS from soil (Dai et al., 2025). As pollutants are present in
Arctic vegetation, they may act as a vector of pollution, introducing both metals and PFAS
into the Arctic terrestrial food chain.

THE SVALBARD REINDEER

Svalbard is an archipelago in the High Arctic (78°N). The islands are characterised by
extensive glaciation and extreme seasonality, with months of polar night in winter and
midnight sun in summer. Terrestrial wildlife is scarce, and is dominated by birds (i.e., rock
ptarmigan, Lagopus muta, and snow bunting, Plectrophenax nivalis), Arctic fox (Vulpes
lagopus), and the Svalbard reindeer (Rangifer tarandus platyrhynchus) (Descamps et al.,
2017), which is the largest terrestrial mammal on the archipelago. Compared to many other
species of reindeer and caribou, the Svalbard reindeer are relatively non-migratory and often
remain in the same valley systems throughout their lifespan (Kinck, 2014; Tyler and
Jritsland, 1989). Harsh climatic conditions, such as an extensive snow cover or rain-on-
snow events, limit their access to feed in winter (Nov-Apr), resulting in pronounced seasonal
variations in feeding behaviour, diet, and body mass (Albon et al., 2017; Kohler and Aanes,
2004). In the summer (Jun-Aug), when feed is abundant, the reindeer spend around 70 % of
their time grazing (Tyler, 1987). They primarily feed on different graminoids (e.g., grasses),
with minor contributions from different forbs and S. polaris (Bjerkvoll et al., 2009). As a
result, the reindeer fatten during summer and early autumn and reach their peak body mass



by the end of October (Albon et al., 2017). With limited access to forage in winter, the diet of
the Svalbard reindeer becomes more opportunistic. The winter diet is characterised by
remnants of old graminoids, various bryophytes, and a relatively high fraction of S. polaris
(Bjerkvoll et al., 2009; Hiltunen et al., 2022). In addition, during icy winter conditions, the
Svalbard reindeer may feed closer to the shorelines, introducing marine biomass such as
kelp into their diets (Hansen et al., 2019).

POLLUTANTS IN THE SVALBARD REINDEER

Studies on contaminants in Svalbard terrestrial mammals have so far predominantly
focused on Arctic foxes, and long-term trends in both organic contaminants and Hg
concentrations have been assessed in several studies (Aas et al., 2014; Hallanger et al.,
2019; Wang-Andersen et al., 1993). In contrast, fewer studies have investigated other
terrestrial mammals on the archipelago, such as the Svalbard reindeer.

The first study on pollutants in the Svalbard reindeer was performed in 1984-1986 by Borch-
lohnsen et al. (1996), who evaluated the influence of season and diet on metals in Svalbard
reindeer. They reported hepatic and renal concentrations of Cd (0.73 pg/g and 4.30 pg/g,
respectively) and Pb (1.30 pg/g and 0.8 pg/g, respectively). They report a strong seasonal
influence on the accumulation of these metals, which was attributed to changes in
physiological conditions and seasonal feeding patterns.

The following studies on pollutants in Svalbard reindeer were all performed using non-
invasive samples, such as furand faeces (Table 1). Both fur and faeces are practical matrices
to use in biomonitoring, as the collection is relatively easy and there are minimal ethical
concerns to consider (Jota Baptista et al., 2022). There are, however, limitations in using
these kinds of samples. Yin et al. (2008) argue that while faeces may help compare pollution
levels across species or different sampling locations, concentrations may be hard to
interpret and use in toxicity assessments as the levels reflect a combination of both excreted
and unabsorbed pollutants. Likewise, the use of hair in biomonitoring may also be
challenging. Correlations between concentrations in hair and soft tissues have been
established for specific contaminants and specific species, such as Hg concentrations in
hair and blood in humans (Phelps et al., 1980), and Hg concentrations in hair and liver or
kidney in polar bear (Born et al.,, 1991) and Arctic fox (Treu et al., 2018). Yet, due to
interspecific differences in Hg metabolism and excretion via hair, such relationships are
likely species-specific and need to be validated for a species before use (Dietz et al., 2009).

Pacyna et al. (2019) evaluated the use of Svalbard reindeer droppings for biomonitoring
elements in the Arctic terrestrial environment, arguing that droppings provide useful
information on the exposure and excretion of contaminants in the reindeer. They compared
element concentrations in fresh summer faeces to those in older summer samples (<3
months) to evaluate the necessity of using fresh samples when assessing contaminant
exposure. They concluded that for both Pb and Cd, older faecal samples are a suitable
alternative when fresh samples cannot be obtained. Another study on Svalbard reindeer
faeces assessed whether the differences in winter and summer diet would result in an
annual variability in faecal heavy metal content (Wegrzyn et al., 2018). In general, the study



found a close relationship between the analysed heavy metals in faeces and in the feed of
the reindeer, which varies between summer and winter. They also found higher levels of Cd
in the summer faeces, which they attributed to a higher fraction of vascular vegetation that
accumulates Cd from the surrounding soil. Similarly, Pacyna et al. (2018) used elemental
concentrations in Svalbard reindeer fur to assess spatial differences in metal exposure
between Svalbard reindeer living near Longyearbyen (78°N) or Hornsund (77°N). They did not
find any significant differences in elemental composition or concentration between the two
sampling locations. In a follow-up study, Pacyna-Kuchta et al. (2020) used Svalbard reindeer
fur to screen exposure to trace elements and persistent organic pollutants. They reported
low levels of Cd and Pb, while Hg levels were below the limits of detection (LOD). In addition,
they detected dichlorodiphenyltrichloroethane (DDT), polycyclic aromatic hydrocarbons
(PAHs), and one polychlorinated biphenyl (PCB) in the samples, demonstrating how fur can
be used to assess elemental exposure.

Table 1. An overview of previous studies reporting contaminant concentrations in fur and faeces
samples from the Svalbard reindeer (Rangifer tarandus platyrhynchus). All concentrations are
presented as means and derive from the reported concentrations in the referenced studies. All
concentrations are reported in pg/g dry weight (dw), unless annotated with an (a), indicating wet
weight (ww).

Tissue n Conc.inpg/g Year Reference

Fur 8 <LOD 2017 Pacyna-Kuchta et al., 2020
£ Fur 9  0.20 2015- Pacyna et al., 2018

Faeces 23 0.10 2016 Pacynaetal., 2019

Fur 8 0.17 2017 Pacyna-Kuchta et al., 2020
< Fur 27 0.08 2015- Pacyna et al., 2018
© Faeces 30 0.002@ 2015 Wegrzyn et al., 2018

Faeces 54 1.12 2016 Pacynaetal., 2019

Fur 8 0.63 2017 Pacyna-Kuchta et al., 2020
a Fur 27 1.82 2015- Pacynaetal., 2018
= Faeces 30 0.007@ 2015 Wegrzyn et al., 2018

Faeces 54 4.28 2016 Pacynaetal., 2019

Overall, these studies provide a base for using non-invasive samples and demonstrate that
the contaminant concentrations in Svalbard reindeer are relatively low. However, none of the
studies on Svalbard reindeer conducted in the 21st century accounted for internal organ
concentrations or assessed whether non-invasive samples may be representative of
invasive concentrations. As a current assessment of renal or hepatic contaminant
concentrations is missing, it is difficult to, for example, assess any temporal changes in
exposure and accumulation of Cd and Pb since the study from the mid-1980s (Borch-
lohnsen et al., 1996). This may be of particular interest considering the future of the thawing
Arctic and the risk of increased exposure to remobilised legacy contaminants in the Arctic
terrestrial environment. As Svalbard reindeer are hunted by residents (Sysselmesteren,
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2019), it is furthermore of value to monitor current contaminant concentrations in internal
tissues to assess the potential risks associated with consumption.

EFFECTS OF CONTAMINANT EXPOSURE

Exposure to both heavy metals and PFAS is associated with adverse effects on vital
physiological functions. Metals interact with various biological systems through different
pathways of toxicity. Hg, Cd, and Pb are all known to cause oxidative stress, which in turn
may result in damaged membranes, proteins, and DNA (Balali-Mood et al., 2021). Another
main mechanism of action for both Hg and Cd involves their high affinity for thiol (-SH)
groups of enzymes and proteins, resulting in irreversible binding that can alter or inactivate
protein function (Joseph, 2009; Souza-Arroyo et al., 2022; Ynalvez et al., 2016). A main
mechanism of action for Pb is ionic mimicry, since Pb ions are structurally similar to
essential ions such as Ca**, Zn**, and Fe®*, which allows Pb to replace these ions, and thus
disrupts enzyme function and neurotransmitter activity (Jomova et al., 2025). Consequently,
these mechanisms lead to a range of symptoms of toxicity, including neurological damage,
histopathological changes in tissues, and immunosuppression (Genchi et al., 2020; Kim et
al., 2016; Wani et al., 2015).

The most pronounced toxic effects of PFAS exposure are immunological (Schrenk et al.,
2020). While the mechanisms of action are not yet fully understood, and most existing
studies solely focus on PFOS and PFOA, it is evident that exposure to both PFSAs and PFCAs
causes a range of immunological effects, including an increased susceptibility to infections
and a reduced efficiency of vaccines (Ehrlich et al., 2023). PFAS have been found to inhibit
both T-cell and antibody responses (e.g., Liang et al. 2022; lulini et al. 2025), to directly
induce the formation of ROS, causing oxidative stress (e.g., Wielsge et al. 2015), and to
modulate the transcription of several vital genes involved in, for example, the metabolism of
fatty acids, adipogenesis, orimmune system regulation (Ehrlich et al., 2023; Ishibashi et al.,
2008; Luhmann et al., 2020; Routti et al., 2019).

With extensive knowledge on contaminant toxicity, toxicity thresholds derived from
experimental exposure studies help distinguish between harmful concentrations and
presumed safe concentrations, which are considered low enough to avoid any adverse
biological effects. In wildlife, commonly used toxicity thresholds are hepatic concentrations
of 4.2 ug/g (ww) for Hg (Dietz et al., 2022), renal concentrations of 100 ug/g (ww) for Cd
(Larison et al., 2000), and a critical body residue (CBR) below 655 ng/g (ww) for PFAS (Dietz
et al., 2018a). For Pb, renal concentrations above 15 pg/g (dw) have been associated with
functional kidney damage and concentrations above 80 ug/g (dw) with severe weight loss
and death in a range of mammals (Ma, 2011).

Generally, contaminant concentrations in Arctic terrestrial wildlife are below these
established toxicity thresholds (Dietz et al., 2022). For example, hepatic XPFSA
concentrations of around 100 ng/g (ww) were reported in Arctic foxes from Svalbard. Given
that PFAS accumulate in the liver (Schrenk et al., 2020), these hepatic concentrations likely
represent the highest in the body, suggesting that the total body burden remains below the
CBR toxicity threshold. In contrast, hepatic Hg levels in Icelandic adult Arctic foxes range



between 0.28-46.2 pug/g (ww) in males and 0.96-35.5 pg/g (ww) in females (Treu et al., 2018),
placing a relatively high proportion of the studied populations (~57 %) in a moderate or high-
risk category for adverse effects from Hg exposure (Dietz et al., 2022).

By comparison, far lower concentrations of toxic metals and PFAS are reported in the
different subspecies of reindeer and caribou across the Arctic (Gamberg et al., 2016, 2005;
Roos et al., 2021). Some of the highest PFOS concentrations have been reported in reindeer
and caribou from the Akia-Maniitsoq and Kangerlussuaqg-Sisimiut regions, with mean
concentrations of 14.3-15.6 ng/g (ww) (Roos et al., 2021), which are far below the critical
body residues for PFAS. Similarly, some of the highest Hg concentrations are reported by
(Gamberg et al., 2020) in Barren-ground caribou (Rangifer tarandus groenlandicus) from
Baffin Island, with renal mean Hg concentration ranging between 1.3-1.7 pg/g (ww)
(recalculated from dw using the renal moisture content (78%) reported in Gamberg et al.
(2016)). Overall, Arctic reindeer and caribou have been placed in the no-risk category for Hg
(Dietz et al., 2022), and their contaminant concentrations are considered unlikely to pose
any immediate health risks for them.

To the best of my knowledge, no studies have attempted to assess the potential effects of
exposure to contaminants in any of the Rangifer subspecies. Toxicity thresholds represent
reference points rather than definitive cut-offs, as they typically derive from specific
endpoints and may not capture sublethal effects occurring at lower concentrations (Cairns,
1992). For example, the threshold of 4.2 pg/g (ww) of Hg originates from exposure studies on
mink (Mustela vision) using endpoints on tissue (e.g., histology) or behavioural (e.g., anorexia
or ataxia) level (Wobeser et al., 1976; Wren et al., 1987). While it is known that exposure to
high concentrations of heavy metals may result in severe acute symptoms, continuous
chronic exposure to lower concentrations may lead to more subtle effects that are harder to
detect (Balali-Mood et al., 2021). In addition, Arctic wildlife is exposed to a chemical cocktail
(Sonne et al., 2021), where there can be cumulative effects from the combined exposure to
several different pollutants (Balali-Mood et al., 2021). Hence, exposure to pollutant
concentrations below the established thresholds may still cause biological effects that may
go unnoticed.

GENE EXPRESSION AS AN ENDPOINT OF TOXICITY

While most studies on contaminant effects are conducted under controlled laboratory
conditions, field-based studies are important as they both quantify the contaminant
concentrations in natural populations and assess whether the concentrations are
sufficiently high to cause biological effects in wildlife (Ankley et al., 2020). Wildlife
biomonitoring often combines the quantification of contaminants with evaluations of
biological endpoints of toxicity, frequently at a subcellular level, such as gene expression
(e.g., Bjgrneset et al., 2023; King et al., 2023; Lihmann et al., 2020; Lunardi et al., 2016).

Alterations in gene expression are one of the rapid biological responses to environmental
stressors, such as increased exposure to contaminants (e.g., Robinson et al., 2012). Well-
known examples include the rapid upregulation of genes encoding detoxification enzymes,
such as CYP1A, following exposure to PAHs and PCBs (Bucheli and Fent, 1995). These



immediate transcriptional responses occur well before changes related to contaminant
exposure are detected at higher levels of biological organisation, which may already indicate
adverse effects (Joseph, 2022). As such, gene expression may serve as a more sensitive early
warning signal of contaminant exposure, and transcriptional changes may indicate exposure
before more severe or irreversible effects manifest.

Several genes have been proposed to serve as biomarkers of exposure for specific
pollutants. Notable examples include genes that encode members of the peroxisome
proliferator-activated receptor (PPAR) family, which regulate vital physiological functions,
including fatty acid oxidation and lipid metabolism (Mandard et al., 2004). Studies across
different species of mammals have consistently found genes from this family, especially
PPARA, to be upregulated as a response to PFAS exposure, including in the Baikal seal (Pusa
sibirica; Ishibashi et al., 2008), polar bear (Routti et al., 2019), and different species of
cetaceans (Kurtz et al., 2019). Other examples include genes from the cytochrome P450
(CYP) family, which have shown a significant upregulation as a response to PFAS exposure
in both cetaceans (Kurtz et al., 2019) and seabirds (King et al., 2023). These genetic
responses to PFAS exposure have been evaluated across multiple taxa, revealing consistent
patterns of gene expression regardless of species (Beccacece et al., 2023), further
supporting the use of gene expression as a suitable predictive marker of PFAS exposure in
wildlife.

Similarly, Hg exposure in wild seabirds has been associated with the upregulation of genes
such as CYP3a37 and selenoprotein (SELENOP) (King et al., 2023), while both Hg and Cd
have shown positive relationships with the expression of genes involved in detoxification
(e.g., metallothionein) and oxidative stress response (e.g., glutathione reductase), in in vitro
studies on fish (Morcillo et al., 2016).

Many contaminants present in Arctic wildlife are capable of causing harmful biological
effects. Consequently, even low concentrations, such as those reported in Rangifer
subspecies across the Arctic, may influence lower levels of biological organisation,
including gene expression. Even subtle alterations in transcriptional profiles may cascade
into effects at higher levels of biological organisation. However, as species with relatively low
contaminant burdens are often understudied, such subcellular effects may remain
unnoticed.
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THESIS AIMS

The primary aim of this thesis was to investigate the occurrence and effects of PFAS and
toxic elements Hg, Cd, and Pb in the Arctic terrestrial environment using the Svalbard
reindeer as the model organism. This was achieved by assessing the exposure to, and
distribution and excretion of, contaminants in the reindeer. In addition, potential subcellular
effects of contaminant exposure in the reindeer were assessed. The primary aims were
divided into the following objectives:

)

1)

To investigate the distribution and excretion of Hg, Cd, and Pb in the Svalbard
reindeer by determining concentrations in soft tissues, blood, milk, faeces, and
fur, and to evaluate the potential of non-invasive samples for monitoring internal
metal burdens (Paper IlI).

To determine differences in elemental exposure between different populations of
Svalbard reindeer and assess potential local anthropogenic contributions of Hg,
Cd, Pb, and other elements by analysing the faecal elemental composition in two
reindeer populations inhabiting areas of varying distance to human settlements
(Paperl).

To determine whether contaminant concentrations (Hg, Cd, Pb, and PFAS) exceed
the thresholds of toxicity in the reindeer, or the thresholds of human consumption
(Paper lI-Ill).

To assess whether there is a seasonal variation in contaminant concentrations in
Svalbard reindeer by comparing the contaminant profile (metals and PFAS) in
reindeer culled in late summer (August) with individuals culled in autumn
(October) (Paper IllI).

To investigate whether exposure to contaminants (Hg, Cd, Pb, and PFAS) induces
molecular responses in Svalbard reindeer by assessing associations between
mRNA transcription and contaminant concentrations (Paper IV).
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METHODS

FIELDWORK PAPER |

Fresh faecal samples were collected from Svalbard reindeer in the spring (Mar-Apr) of 2014,
2015, and 2017 as part of the fieldwork in the AT-330 (Arctic Environmental Toxicology)
course given at The University Centre in Svalbard (UNIS). The samples were collected from
the Nordenskidld coast (n=33) and Adventdalen (n=63), in central Spitsbergen (Fig. 1). The
sex and approximate age (juvenile or adult) of the reindeer were estimated while observing
them from a distance. Once defecation occurred, the subsequent collection of the faeces
took place within a few minutes. All faecal samples were stored in polyethylene zip-lock
bags in —20°C until further processing.

FIELDWORK PAPER lI-IV

Over three years, a total of 68 female Svalbard reindeer were culled in an international and
interdisciplinary research project (permission 16/01632-40 and 21/03815-4 from the
Governor of Svalbard). All reindeer were culled in central Nordenskiold land (around
Reindalen and Colesdalen, 77°05'-78°20'N, 15°00'-15°60'E; Fig. 1) in August 2022 (n=12)
and October 2021 (n=18), 2022 (n=18), and 2023 (n=20). All individuals were shot from a
distance of approximately 80 meters, in the heart and lung region.
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Figure 1. An overview of central Spitsbergen, Svalbard, marking out major sampling sites of the PhD
project by name.
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In August 2022, liver and muscle samples were collected within thirty minutes post-mortem
in the field, while for all October cullings (2021-2023), the full necropsy took place within
twelve hours at the University Centre in Svalbard (UNIS) (Fig. 2). The exception was blood,
which was immediately collected post-mortem from the jugular vein into EDTA-lined
vacutainer vials (VACUETTE, Greiner Bio-One, Austria). A complete list of collected samples
is found in Table 2. All samples were collected using fresh nitrile gloves and single-use
scalpels (Swann-Morton, Swann-Morton Limited, UK) to reduce cross-contamination
between individuals. In addition, the outer layer of all tissue samples (a few mm) was
removed to reduce potential external contamination. Half a kidney lobe was sampled, and
the liver samples were primarily collected from the left liver lobe. Muscle samples were
collected from the medial thigh muscle. The brain samples either consisted of an entire brain
lobe, when the skull could be opened using a saw, or from the brainstem using a bovine brain
sampling spoon. White guard hairs were collected using clean stainless-steel scissors from
the rump region. Faecal pellets were collected from the large intestine. All samples were
collectedinto polyethylene zip-lock bags. If the female reindeer was lactating, the udder was
dissected, and milk was collected into a 20 mL centrifuge tube. All samples were kept at -
80°C until further processing and subsequent contaminant analysis.

A

Figure 2. An overview of the annual culling procedure tober 2021-2023. A) Reindalen in mid-
October, B) the helicopter used for transport out and back to the culling sites, C) an ID-tagged female
Svalbard reindeer, D) carcass processing back at UNIS, E) kidney, liver, kidney fat, and heart from the
Svalbard reindeer, and F) subsampling of liver samples. Photos: Malin Andersson Stavridis,
UNIS/NTNU, and Stefaniya Kamenova, CEES.
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In August 2022, samples were also collected for gene expression analysis, in addition to
those collected for contaminant analysis. Small samples of liver and muscle (approximately
1 x 0.5 cm) were preserved in RNA later for subsequent extraction of mRNA. However, the
RNA extracted from the muscle samples was of poor quality and was therefore excluded
from downstream gPCR analyses.

Table 2. An overview of the samples collected during the respective culling.

October August
Tissue 2021 2022 2023 2022
Fur x (ab) x (@
Faeces x (ab) x (a)
Brain x (@
Blood x (@
Liver x (ab) x (a x (abgo) x (abcd)
Kidney x (ab) x (a)
Muscle x (ab) x (@ x (@be) | x (abe)
Milk x (@

Analysed for @ mercury; ® elemental analysis; ©
PFAS; @ gene expression.

SAMPLE PREPARATION AND CHEMICAL ANALYSIS

All chemical analyses were conducted at the Department of Chemistry, Norwegian
University of Science and Technology (NTNU), Norway. The full details on sample
processing, analytical procedures, and quality assurance and control are found in the
method description and supplementary materials of Papers I-lll. The procedures are briefly
described below.

For Paper I, faecal samples were analysed for 16 elements (Al As, Ca, Cd, Cu, Fe, Hg, Mg,
Na, Ni, P, Pb, S, Se, Si, and Zn), all of which were detected above the limit of detection (LOD).
The analysis was conducted using a high-resolution inductively coupled plasma mass
spectrometer (ICP-MS, Thermo Finnigan Element 2, Bremen, Germany) following the
methods described in Dolan et al. (2017) and Halbach et al. (2017).

In Paperll, all faecal, fur, blood, brain, liver, kidney, muscle, and milk samples were analysed
for Hg using a Direct Mercury Analyser (DMA-80, Milestone, Italy) following the US EPA
method 7473. In addition, faeces, fur, liver, kidney, and muscle were analysed for eight
elements (Al Cd, Fe, P, Pb, S, Se, and Si) using an 8800 Triple Quadrupole ICP-MS system
(Agilent, Santa Clara, USA) equipped with a prep FAST M5 autosampler (ESI, USA). All
contaminants were detected above LOD in all samples.

In Paper lll, liver and muscle samples were analysed for Hg, Cd, and Pb following the same
protocol as in Paper Il (Hg using DMA-80 and Cd and Pb using ICP-MS). In addition, samples
were analysed for 41 per- and polyfluoroalkyl substances (PFAS), divided into perfluoroalkyl
carboxylic acids (C5-C18 PFCAs), perfluoroalkyl sulfonic acids (C5-C11 PFSAs and
PFECHS), fluorotelomer sulfonates (4:2, 6:2, 8:2 and 10:2 FTSs), sulfonamides and
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precursor PFAS (FOSAA, MeFOSAA, EtFOSAA, PFOSA, MeFOSA, EtFOSA, MeFOSE, and
EtFOSE) and emerging PFAS (GenX, NaDONA, 9Cl-PF30ONS, P37DMOA, SaMPAP and
diSAMPAP) (See Supporting Information from Paper Il for the full names of all analysed
PFAS). Following the protocol described in Sait et al. (2023), PFAS analysis was performed
using an Xevo TQ-XS Triple Quadrupole Mass Spectrometer coupled with an ACQUITY UPLC
system (Waters, MA, USA), with manual mass peak integration using MassLynx software
(Waters, MA, USA). Only PFAS detected in more than 25% of samples were reported, which
included PFUNDA, PFTriDA, PFTDA, PFHxDA, PFHxXS, PFOS, PENS, PFDS, PFECHS, FOSAA,
MeFOSAA, EtFOSAA, and NaDONA.

MOLECULAR ANALYSIS

Hepatic mMRNA was extracted, reverse-transcribed into cDNA, and analysed for the
expression of 21 genes using quantitative PCR (Applied Biosystems StepOne, Thermo Fisher
Scientific, CA, USA). The genes were selected based on their stability as reference genes or
their biological function, and their documented association with contaminant
concentrations in previous studies on wildlife. Novel primers were designed based on highly
conserved genetic regions in other mammals and optimised using PCR (Mastercycler X50s,
Eppendorf, Hamburg, Germany), with assays run at different annealing temperatures. PCR
products were initially controlled by using gel electrophoresis and later confirmed using
Sanger sequencing. The results from the gene expression analysis are reported in Paper IV.

STATISTICAL ANALYSIS

All statistical analyses were performed using R version 4.2.2-4.3.0 (R Core Team, 2024). The
full details on data handling are described in Papers I-IV. In brief, data were assessed for
normality using the Shapiro-Wilk test, and equal variances were evaluated using Levene's
test. Box-Cox transformations were applied in attempts to normalise variables. Still, non-
parametric tests were primarily used to determine significance, as most data were non-
normally distributed. Spearman's rank correlations were used to assess the relationship
between variables in Papers I-IV. Significant differences in contaminant concentrations
between groups are evaluated using Mann-Whitney or Kruskal-Wallis tests, followed by
correction tests to limit false discovery rates, or a Student's t-test, depending on the
normality of the data. Linear regression of raw or log-transformed data is used to visualise
the relationship between Hg and selenium (Se) in faeces (Paper I) or between liver and faecal
concentrations of Hg (Paper Il).

Multivariate statistical analyses were applied to complete datasets, with missing values
replaced by either the variable mean (for analytical errors) or a random value between zero
and half the LOD (for concentrations below the LOD). Principal Component Analysis (PCA)
was performed to investigate the possible relationship between variables and the spatial
variation of the dataset. In Paper I, a PCA was used to evaluate the spatial differences in
elemental concentrations between the two sampling sites. Orthogonal partial least squares
(O-PLS) was performed in Paper IV to model the effects of contaminant concentrations and
biometrics (predictor variables: age, body mass, Hg, Cd, Pb, and seven PFAS) on gene
expression (response variables: gene expression of JUN, FOS, CYP1A2, ECH1, FABP3,
FADS1, FOXA2, GSR, HAMP, MET1A, NROB2, POR, PPARG, SELENOP, SREBF1, THRA, and

15



VLDLR). O-PLS is especially suitable for handling datasets with few observations and
potential collinearity among explanatory variables (Sgrmo et al., 2011).
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SUMMARY OF MAIN FINDINGS

Paper I: Tracing the footprints of Arctic pollution: Spatial variations in toxic and
essential elements in Svalbard reindeer (Rangifer tarandus platyrhynchus) faeces
Malin Andersson Stavridis, Susanne Brix Reed, Brage Bremset Hansen, @yvind Mikkelsen, Tomasz Maciej
Ciesielski & Bjorn Munro Jenssen, 2024. Sci. Total Environ. 906, 167562.
https://doi.org/10.1016/j.scitotenv.2023.167562.

With a limited number of contaminant studies in terrestrial wildlife on Svalbard, this study
used Svalbard reindeer faeces as a non-invasive biomonitoring tool to investigate elemental
exposure in reindeer, a key organism in the Svalbard terrestrial ecosystem.

The main objectives were to assess the elemental exposure in reindeer and to explore
whether animals from remote areas had a different faecal elemental composition compared
to those inhabiting areas close to human settlements. Faecal samples were collected from
Adventdalen, close to the main settlement Longyearbyen, and the Nordenskiéld coast, 50
km away from Longyearbyen (Fig. 1).

The faecal elemental profile revealed that Svalbard reindeer are exposed to a range of
elements, including the toxic metals Hg, Cd, and Pb. We also observed significant spatial
differences in faecal elemental composition between the two studied subpopulations of
reindeer. While reindeer faeces from Adventdalen was characterised by significantly higher
concentrations of geogenic elements aluminium (Al), copper (Cu), iron (Fe), and nickel (Ni),
reindeer faeces from Nordenskiold coast were dominated by elements such as calcium
(Ca), silicon (Si), and sulphur (S), indicating a marine influence on elemental exposure. In
addition, faeces from the Nordenskiéld coast had significantly higher concentrations of both
Cd and Pb.

Concentrations of Pb displayed site-specific patterns. In Adventdalen, Pb was strongly
associated with other geogenic elements, suggesting a primarily geogenic origin of Pb. In
contrast, the strong relationship between Pb and Hg in samples from the Nordenskiold coast
suggests a different, likely common source of origin at this site, such as local emissions from
the coal-fired power plant in the Russian settlement of Barentsburg, located 15 km away.

Overall, this study highlights the spatial differences in elemental exposure in Svalbard
reindeer and supports the use of faeces as a valuable non-invasive sample that can offer
insight into spatial trends in contaminant exposure.
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Paper Il: Toxic metals and other elements in Svalbard reindeer: Establishing baselines

and assessing non-invasive sampling for biomonitoring

Malin Andersson Stavridis, Bjerg Marie Pollestad, Vebjern Veiberg, Dyvind Mikkelsen, Tomasz Maciej
Ciesielski & Bjorn Munro Jenssen, 2025. Sci. Total Environ. 961, 178226.
https://doi.org/10.1016/j.scitotenv.2024.178226.

The main objectives of this study were to determine the concentrations of Hg, Cd, and Pb in
a range of Svalbard reindeer samples, including both invasive samples (e.g., kidney, liver or
muscle) and non-invasive samples (e.g., fur and faeces), and to evaluate whether non-
invasive samples could serve as reliable proxies for internal toxic metal concentrations,
supporting less intrusive future biomonitoring of the Svalbard reindeer.

The highest concentrations of both Hg and Cd were found in the kidneys (0.68+0.31 pg/g (dw)
and 16.3+11.2 pg/g (dw), respectively), followed by liver and faeces. In contrast, the highest
concentrations of Pb were detected in faeces (2.62 = 1.18 pg/g, dw), followed by liver and
kidney. The molar ratio of Se and Hg was far above 1 in all samples, with average ratios of 18
in the kidney and 28 in the liver, indicating that there are sufficient levels of Se to counter the
potential toxicity of Hg. A between-year difference in Hg concentrations was observed in
faeces (0.06 pg/g versus 0.10 pg/g) and fur (9.22 ng/g versus 18.7 ng/g). A similar trend was,
however, not observed for soft tissue Hg concentrations, which appeared stable across both
sampling years (2021 and 2022).

There was a substantial covariation in metal concentrations among sample types, with
strong positive correlations observed for Hg between faeces and liver, fur and muscle, and
blood and liver, and for Cd between fur and kidney (Fig. 3). These findings suggest that
several non-destructive and non-invasive sample types may be suitable for predicting
internal concentrations of toxic metals in Svalbard reindeer. However, a strong covariation
among geogenic elements (i.e., Pb, Al, Fe, and Si concentrations) in the fur samples suggests
external contamination, which indicates that the cleaning procedure performed before the
digestion and elemental analysis may have been insufficient. As external contamination
may have confounded the results, it is difficult to assess the reliability of fur as a suitable
non-invasive sample used in biomonitoring. A similar relationship among Pb, Al, and Fe
concentrations in faeces suggests that the reindeer ingest soil particles during grazing,
which increases their exposure to soil-derived contaminants, such as Pb.
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Figure 3. Correlation plots of significant (p<0.05) relationships between concentrations of Hg in
faeces-liver, fur-muscle, and blood-liver, and Cd in fur-kidney of the Svalbard reindeer (based on data
from Paper II).
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Paper lll: Seasonal Shift in Exposure and Accumulation of PFAS and Heavy Metals in

High Arctic Reindeer
Malin Andersson Stavridis, Tove Petersson, Gérkem Deniz Kendir, Shannen Sait, @yvind Mikkelsen, Vebjorn
Veiberg, Tomasz Maciej Ciesielski & Bjgrn Munro Jenssen. In review.

The Svalbard reindeer undergoes annual cycles of fasting and fattening, driven by the
seasonal availability of forage. By comparing the contaminant concentrations and profiles
of Svalbard reindeer culled in late summer (August) and autumn (October), we investigated
whether there are seasonal fluctuations in contaminant concentrations.

Levels of Hg, Cd, and several PFAS were higher in samples collected in October compared
to August (Figs. 4-6). Hepatic concentrations of Hg increased from 11.1 ng/g in August to
21.5-42.6 ng/g in October, while Cd concentrations more than tripled (178 ng/g and 555 ng/g
in August and October, respectively). Out of the 41 target PFAS, only thirteen were detected
above the LOD in at least 25 % of the samples. These include PFUNDA, PFTriDA, PFTDA,
PFHxDA, PFHxS, PFOS, PFNS, PFDS, PFECHS, FOSAA, MeFOSAA, EtFOSAA, and NaDONA.
Following the same trend as Hg and Cd, hepatic Y13PFAS concentrations were lower in
August (18.8+13.0 ng/g) compared to in October (55.8+15.4 ng/g).

In addition to higher PFAS concentrations in the samples from October compared to August,
there was a significant shiftin the PFAS profile of the muscle samples. While August samples
were characterised by high concentrations of PFOS and strong intercorrelations between
PFOS and precursor PFAS, muscle samples from October were characterised by higher
concentrations of PFCAs (PFUnDA and PFTriDA) and strong intercorrelations among them.
Although very different, both profiles suggest that the reindeer are predominantly exposed
to long-range transported PFAS.

Compared to previous studies on Svalbard reindeer, the result indicates that levels of PFAS
have significantly increased during the past decade (since 2010). In contrast, concentrations
of Cd and Pb have decreased over the past forty years (since the 1980s). Although the
concentrations of PFAS, Hg, Cd, and Pb were below toxicity threshold levels, the hepatic
concentrations of both 2PFAS and Cd, especially in individuals culled in autumn, are high
enough to warrant caution regarding human consumption.
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Figure 4. Bar plots showing average concentrations of Hg, Cd, and Pb in Svalbard reindeer liver
across different sampling points (August 2022 and October 2021-2023). Error bars represent
standard deviation. Data from October 2021 and 2022 are based on results from Paper I, while data
from August 2022 and October 2023 were derived from Paper lIl.
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Figure 5. Bar plots showing the average 2XPFAS, >PFCAs, and 2ZPFSAs in Svalbard reindeer liver
between August 2022 and October 2023. Error bars represent standard deviation. Data is based on
results from Paper Ill.
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Figure 6. Bar plots showing the average 2PFAS, 3PFCAs, and 2PFSAs in Svalbard reindeer muscle
between August 2022 and October 2023. Error bars represent standard deviation. Data is based on
results from Paper lll.
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Paper IV: Low-Level Chronic Exposure to PFAS and Toxic Metals Induces

Transcriptional Changes in Svalbard Reindeer
Malin Andersson Stavridis, Tove Petersson, Valentin Garreau, Dyvind Mikkelsen, Vebjern Veiberg, Helena
Reinardy, Bjgrn Munro Jenssen & Tomasz Maciej Ciesielski.

Svalbard reindeer are exposed to Hg, Cd, and various PFAS at concentrations far below the
established toxicity thresholds. However, chronic exposure to low levels of contaminants
may still cause biological effects. To explore this, we examined the mRNA expression of 17
genes previously linked to contaminant exposure in studies on other mammals. We
compared gene expression with contaminant concentrations and biometric variables: body
mass and age, to identify any potential associations among them.

Only afew direct relationships were observed between individual contaminants and specific
target gene expression. Instead, multivariate statistical models revealed the expression of
several target genes to be associated with both biometric variables and combinations of
contaminants. More specifically, body mass and weight were consistently associated with
an upregulation of target gene expression, while increasing concentrations of C6
perfluorosulfonic acid (PFHxS), Cd, and Hg primarily were associated with a decreased
transcriptional activity (Fig. 7).

Among all target genes, significant multivariate models were mainly achieved for genes
involved in lipid homeostasis (i.e., FABP3, FOXA2, NR0OB2, PPARG, SREBF1, and THRA),
which is concerning given that lipid homeostasis is critical for Arctic wildlife like Svalbard
reindeer, which undergo annual fattening and fasting cycles and therefore rely on a
functioning lipid metabolism. Multivariate models were also achieved for genes involved in
other key physiological functions, such as xenobiotic metabolism (CYP1A2) and cell
proliferation and apoptosis (JUN).

Overall, our findings suggest that chronic, low-level contaminant exposure is influencing
molecular pathways in Svalbard reindeer, despite individual contaminant concentrations
being below the current toxicity thresholds.
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Figure 7. O-PLS regression coefficient for genes [A] JUN, [B] CYP1A2, [C] FABP3, [D] FOXA2, [E]
NROB2, [F] PPARG, [G] SREBF1, and [H] THRA with hepatic mMRNA expression as a response to

predictor variables (contaminant concentrations and biometrics). The bars represent the
contribution (coefficient + standard deviation) of each predictor variable to the model. Predictor

variables with a greater contribution to the model have variable importance in projection (VIP) scores
above 1 and are marked in grey (from Paper IV).
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RESULTS AND DISCUSSION

CONTAMINANT CONCENTRATIONS IN THE SVALBARD REINDEER

Among the toxic metals studied, the highest concentrations of both Hg and Cd were found
in the kidney, followed by the liver. Renal concentrations of Hg and Cd ranged between 0.03-
0.29 pg/g (ww) and 0.45-7.68 pg/g (ww), respectively. In contrast, the highest concentration
of Pb was found in faeces, while the highest internal concentration was obtained in liver
(0.02-0.26 pg/g ww) (Paper Il). Similarly, between muscle and liver, the highest
concentrations of PFAS were observed in the liver, with the highest concentrations obtained
for PFHxS >PFUnDA >PFTriDA >PFOS (Paper lll).

Compared to other reindeer and caribou across the Arctic, concentrations of Hg and Pb in
Svalbard reindeer were low, whereas Cd concentrations were similar to those previously
reported in other subspecies (Table 3). A possible explanation for these spatial differences
in metal concentrations among Rangifer subspecies may be diet, which is a known driver of
contaminant exposure in various Arctic and sub-Arctic species, including marine mammals
(e.g., McKinney et al., 2013; Remili et al., 2023), Arctic fox (Routti et al., 2017), ptarmigan
(Lagopus spp.; Myklebust et al., 1993), and barren-ground caribou (Rangifer tarandus
groenlandicus) (Gamberg et al., 2020).

For Arctic cervids, Gamberg et al. (2005) argue that different proportions of lichen and
willows in the diet significantly drive the differences in tissue concentrations of both Hg and
Cd. While lichen makes up a substantial part of the diet in many other Rangifer subspecies
(Gamberget al., 2020), studies on Svalbard reindeer rumen contents indicate a relatively low
lichen intake (Bjarkvoll et al., 2009; Staaland, 1986). As lichen are efficient accumulators of
atmospheric Hg (Bargagli, 2016), a smaller dietary fraction of lichen, and thus a reduced
dietary exposure to Hg, likely contributes to their lower Hg concentrations compared to other
subspecies. Instead, a consistent part of the Svalbard reindeer diet is S. polaris (Bjarkvoll et
al., 2009), a known phytoaccumulator of Cd (Wojtun et al., 2013). Notably, the proportion of
S. polaris in the diet of other herbivores (i.e., ptarmigans) was strongly linked to internal
tissue concentrations of Cd (Myklebust et al., 1993). Given that willows play a role in the diet
of various Rangifer subspecies across the Arctic, similar Cd concentrations in different
populations may be explained through willow intake.

As summarised in Table 3, reported Pb concentrations in reindeer and caribou varied widely,
likely as a result of temporal and spatial differences across studies. The global use of leaded
gasoline during the 1900s led to the enrichment of Pb in soils worldwide (Chen et al., 2025),
reaching even the Arctic cryosphere (Boutron et al., 1995). While vegetation may have a
limited uptake of Pb from the surrounding soil (Wojtun et al., 2019, 2013), both reindeer and
caribou are known to ingest soil during foraging (Gamberg et al., 2016; Reimers, 1983; Paper
I; Paper Il), increasing their dietary exposure to soil-derived Pb. As such, wildlife across the
Arctic is exposed to Pb, regardless of location. However, proximity to point sources, such as
coal power plants, may increase Pb concentrations in the local environment significantly
(Chen et al., 2025; Steinnes, 1995), contributing to different exposures across the Arctic.
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Table 3. A circumpolar overview of previous studies reporting toxic metal concentrations in kidney,

liver, and muscle samples from the Rangifer family. All concentrations presented are derived means
from the reported concentrations in the studies. Concentrations reported from Paper Il are marked
in bold. All concentrations are reported in pg/g wet weight.

Tissue n Conc.inpug/g Location Year Reference
Kidney 36 0.14 Svalbard  2021-2022  Paperll
Kidney 315 0.51 Russia 2015-2020 Makarov et al., 2022
Kidney 26 0.04 Canada 2010-2013 Larteretal., 2016
Kidney 81 0.38@ Greenland 2008-2009 Gambergetal., 2016
Kidney 63 0.36 Canada 1994-2006  Schuster et al., 2011
Kidney 906 1.04@ Canada 1991-2016  Gamberget al., 2020
Kidney 76 0.39@ Greenland 1991-2016  Gamberget al., 2020
5):0 Liver 36 0.04 Svalbard 2021-2022 Paperll
Liver 505 0.15 Russia 2015-2020  Makarov et al., 2022
Liver 80 0.07 @ Greenland 2008-2009 Gambergetal., 2016
Liver 63 0.12 Canada 1994-2006  Schusteretal., 2011
Muscle 36 0.0027 Svalbard  2021-2021 Paper Il
Muscle 10 0.001 Canada 2010-2013  Larteretal., 2016
Muscle 40 0.01@ Greenland 2008-2009 Gambergetal., 2016
Muscle 230 0.001 Sweden 1983-2003  Odsjo et al., 2005
Kidney 18 3.31 Svalbard 2021-2021 Paper Il
Kidney 315 3.01 Russia 2015-2020  Makarov et al., 2022
Kidney 26 13.9 Canada 2010-2013  Larteretal., 2016
Kidney 81 2.76 @ Greenland 2008-2009 Gambergetal., 2016
Kidney 906 5.88 Canada 1991-2016  Gamberg et al., 2020
Kidney 76 2.23 Greenland 1991-2016  Gamberg et al., 2020
Kidney 60 4.3 Svalbard 1984-1986  Borch-lohnsen et al., 1996
S Liver 18 0.45 Svalbard  2021-2021  Paperli
Liver 505 0.61 Russia 2015-2020  Makarov et al., 2022
Liver 80 0.50@ Greenland 2008-2009 Gambergetal., 2016
Liver 78 0.73 Svalbard 1984-1986 Borch-lohnsen et al., 1996
Muscle 18 0.0014 Svalbard 2021-2021 Paper Il
Muscle 22 0.003 Russia 2015-2020  Makarov et al., 2022
Muscle 10 0.20 Canada 2010-2013  Larteretal., 2016
Muscle 40 0.002 @ Greenland 2008-2009 Gambergetal., 2016
Kidney 18 0.04 Svalbard 2021-2021 Paper Il
Kidney 26 0.02 Canada 2010-2013  Larteretal., 2016
Kidney 81 0.07 @ Greenland 2008-2009 Gambergetal., 2016
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Tissue n Conc.inpyg/g Location Year Reference

Kidney 64 2.61 Alaska 1994-1996  O’Haraetal., 2003
Kidney 57 0.80 Svalbard 1984-1986 Borch-lohnsen et al., 1996
Liver 18 0.08 Svalbard 2021-2021 Paper Il
Liver 80 0.32@ Greenland 2008-2009 Gambergetal., 2016

£ Liver 64 1.09 Alaska 1994-1996 O’Hara et al., 2003
Liver 78 1.30 Svalbard 1984-1986  Borch-lohnsen et al., 1996
Muscle 18 0.0008 Svalbard  2021-2021 Paper Il
Muscle 10 0.02 Canada 2010-2013  Larteretal., 2016
Muscle 40 0.001® Greenland 2008-2009 Gambergetal., 2016
Muscle 64 0.47 Alaska 1994-1996 O’Hara et al., 2003

In contrast to both Hg and Pb, concentrations of PFAS are higher in Svalbard reindeer than in
many of the previous studies reporting concentrations in various subspecies of Arctic
Rangifer (Table 4). Similar PFAS concentrations to those presented in this thesis have been
reportedinreindeer and caribou from Greenland, where the proximity to direct point sources
such as firefighting training sites was suggested as a primary source of exposure (Roos et al.,
2021). This may partly explain the high concentrations of PFOS and PFHxS detected in
Svalbard reindeer in Paper lll.

On Svalbard, the Longyearbyen firefighting training site has been pointed out as a major
source of PFAS into the local environment, significantly increasing the levels of, for example,
PFHxS and PFOS, in the nearby marine and freshwater environment (Ali et al., 2021).
Moreover, historical usage of AFFFs in sites such as the former mining town Svea
(permanently ended operations in 2015) may now act as point sources of legacy
contamination into the environment (Evenset et al., 2020). However, PFAS are not restricted
to areas near these local sources but have been reported in both biotic and abiotic matrices
all over the archipelago. While PFSAs (e.g., PFOS or PFHxS) are dominant in areas close to
settlements (Ahrens et al., 2023), the PFAS profile in freshwater, sediments, and soil
samples from further inland, or more remote coastal areas, is characterised by higher levels
of PFCAs (e.g., PFUnDA or PFTriDA), which has been attributed to LRAT (Ahrens et al., 2023;
Hartz et al., 2023). Traces of both PFAS precursors and PFCAs were found throughout a
glacial ice core from Lomonosovfonna, central Spitsbergen, indicating continuous long-
range transport of atmospheric precursors that degrade into PFCAs, which are subsequently
stored in the glaciers (Hartz et al., 2023). Furthermore, glacial meltwater has been reported
to have high concentrations of PFCAs, demonstrating that the legacy PFAS stored in glaciers
remobilise with the annual thaw (Ahrens et al., 2023). With PFCAs present in meltwater, it
becomes bioavailable to vegetation and wildlife, which may help explain the presence of
PFCAs in the tissues of the Svalbard reindeer.
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Table 4. A circumpolar overview of previous studies reporting PFAS concentrations in liver samples
from the Rangifer tarandus family. Mean concentrations from Paper Ill are included in bold (Aug-
Oct), and all other presented concentrations are derived means from the reported concentrations
in Roos et al. (2021). All concentrations are reported in ng/g wet weight.

n Conc.inng/g Location Year

21 5.35-21.6 Svalbard 2022-2023
» 146 0.02 Canada 2002-2017
é 30 0.43 Greenland 2008-2012
&7 0.43 Svalbard 2010

60 0.07 Sweden 2002-2011

21 3.83-5.28 Svalbard 2022-2023
* 146  0.94 Canada 2002-2017
Q@ 30 104 Greenland 2008-2012
- 7 0.60 Svalbard 2010

60 5.86 Sweden 2002-2011

21 4.4714.4 Svalbard 2022-2023
<D( 146 1.34 Canada 2002-2017
5 3 5.10 Greenland 2008-2012
&7 017 Svalbard 2010

60 1.41 Sweden 2022-2011

21 4.17-11.0 Svalbard 2022-2023
<D( 146  0.26 Canada 2002-2017
= 30 0.50 Greenland 2008-2012
& 7 0.22 Svalbard® 2010

60 0.27 Sweden 2002-2011

LONG-RANGE AND LOCAL SOURCES OF PFAS

As above-mentioned, the PFAS fingerprintin the Svalbard reindeer was dominated by PFOS,
PFHxS, PFUnDA, and PFTriDA, which indicates that the reindeer likely are exposed to a
combination of locally emitted and long-range transported PFAS (Paper IlI).

Both PFOS and PFHXxS are associated with the use of AFFFs around Svalbard settlements (Ali
etal., 2021; Evenset et al., 2020). Thus, the elevated concentrations of PFOS and PFHXS in
Svalbard reindeer may reflect exposure to locally emitted PFAS. However, PFOS
concentrations in the reindeer tissues were strongly correlated with those of the PFAS
precursors FOSAA and EtFOSAA (p=0.6-0.9, p<0.05). Given that both FOSAA and EtFOSAA
are transported to the Arctic via LRAT (Kwok et al., 2013; Muir et al., 2025), and relationships
between these precursors and PFOS have been reported in environmental samples from
Svalbard (Hartz et al., 2023), the PFOS detected in Svalbard reindeer may partly reflect
precursor degradation following long-range transport. Another plausible explanation for this
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relationship and the high PFOS concentrations in the reindeer is exposure to precursor PFAS
alone, as both FOSAA and EtFOSAA are known to metabolise into PFOS in biota (Martin et
al., 2010), and these precursors have been suggested as an explanation behind high
concentrations of PFOS in other Svalbard wildlife (Ali et al., 2021).

Similarly, the presence of PFCAs in Svalbard reindeer is also consistent with exposure to
emissions from remote sources, as these PFAS are most frequently detected in areas at high
latitudes (e.g., glaciers) or far away from local settlements on Svalbard (Ahrens et al., 2023;
Ali et al., 2021; Hartz et al., 2023). Taken together, the observed PFAS profile in Svalbard
reindeer tissues appears to mainly be driven by LRAT and the transformation of precursor
compounds, rather than by local sources.

That the PFAS in Svalbard reindeer would originate from sources outside of the Arctic
contrasts the findings of Roos et al. (2021), where similar ZPFAS concentrations, but
different PFAS profiles, in Greenlandic reindeer and caribou were attributed to proximity to
local communities and anthropogenic activities. Our results further contrast the findings of
Roos et al. (2021) regarding concentrations in Svalbard reindeer, with the present thesis not
only reporting overall higher concentrations of PFAS, but also a different PFAS profile. Roos
etal. (2021) report a PFAS fingerprint dominated by PFHxS, PFOS, and PFNA (0.43 ng/g, 0.60
ng/g, and 0.66 ng/g, respectively) in Svalbard reindeer liver sampled during the hunting
season (mid-August to the end of September) in 2010. In Paper lll, the PFAS profile of
Svalbard reindeer is still partly dominated by PFHxS and PFOS, but instead of PFNA, we find
other longer-chained PFCAs such as PFUnDA and PFTriDA. In addition, concentrations are
far higher for both PFSAs and PFCAs. For example, hepatic PFOS concentrations were 3.83
ng/g in August 2022 and 5.28 ng/g in October 2023, compared to 0.60 ng/g in 2010,
demonstrating a significant increase in exposure to PFAS over the past decade.

A possible explanation for the changes in hepatic contaminant concentrations in Svalbard
reindeer since 2010 may be linked to the accelerated thawing of the Svalbard cryosphere
and the subsequent remobilisation of legacy contaminants that were previously stored in
ice, which would result in an altered contaminant exposure (Kwok et al., 2013; Maclnnis et
al., 2022; Xue et al., 2025). Since the 2010s, Svalbard has experienced a rapid melting of
glaciers (Spolaor et al., 2024), with the total glacial melt of the 2024 summer being
comparable to the melt of the entire Greenland ice sheet (Schuler et al., 2025), and glacial
meltwater concentrations of PFCAs in the Longyear river nearly doubling from 2006 to 2021
(Ali et al., 2021). It is therefore not unlikely that exposure to legacy contaminants has
changed over the last decade, which may explain both the shift in PFAS profile and increased
PFAS concentrations in the Svalbard reindeer today.

LONG-RANGE OR LOCAL SOURCES OF TOXIC METALS

While long-range oceanic or atmospheric transport of contaminants from lower latitudes
dominates the contribution of toxic metals such as Hg. Cd and Pb into the Arctic
environment (Rudnicka-Kepa and Zaborska, 2021), there are also local sources of emissions
inthe Arctic (e.g., Beitveit, 2016; Rose et al., 2004; Zaborska et al., 2017). This was reflected
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in the results of Paper I, which suggests that the Svalbard reindeer are exposed to a
combination of metals deriving from both local and long-range sources.

Concentrations of Hg were similar in Svalbard reindeer faeces from Adventdalen (0.08 pg/g),
Nordenskiold coast (0.09 pg/g) (Paper 1), Reindalen (0.08 pg/g; Paper Il), and around
Recherchefjorden (0.07-0.100 pg/g; Pacyna et al., 2019). Modelled atmospheric mercury
deposition across Svalbard is relatively homogenous (Dastoor et al., 2022), which may
explain the similar exposure of Hg across the different populations of Svalbard reindeer. In
contrast to Hg, concentrations of both Cd and Pb significantly differed among reindeer in
Adventdalen, Nordenskiold coast, and Reindalen (Papers | and |Il). The faecal
concentrations of Cd were the highest in samples from Reindalen (0.74 pg/g), followed by
the Nordenskiold coast (0.55 pg/g) and Adventdalen (0.37 ug/g). In contrast, the Pb
concentrations were the highest in at Nordenskiold coast (5.36 pg/g) followed by
Adventdalen (3.81 pg/g) and Reindalen (2.62 pg/g).

In both Reindalen and Adventdalen, the relatively low concentrations of Pb were strongly
positively related to elements of geogenic origin (e.g., Aland Fe). Both of these valleys share
similar lithogenic characteristics and are predominantly composed of sandstone, whereas
the Nordenskiold coast has a distinctively different profile dominated by shale and siltstone
(Norwegian Polar Institute, 2016). Given how cryoturbation contributes to mixing the mineral
and organic layer of soil on Svalbard (Halbach et al., 2017), local differences in bedrock
composition likely help explain the differences in faecal Pb concentrations across locations.
This is especially relevant considering the high rates of soil ingestion by Svalbard reindeer
during foraging (Reimers, 1983).

The significantly higher concentrations of Pb in faeces from the Nordenskiold coast were
strongly, positively correlated with Hg concentrations, suggesting either a common origin or
similar environmental behaviour. With a higher annual precipitation at Nordenskiold coast
compared to Adventdalen (Norsk Klimaservicesenter, n.d.), a higher rate of wet deposition
of metals is likely, which may contribute to the increased concentrations of Pb in the soil and
subsequently in the diet of the reindeer. Furthermore, the proximity to Barentsburg, a
Russian settlement located less than 20 km from the Nordenski6ld coast, may contribute to
the elevated Pb concentrations observed, potentially due to emissions from its coal-fired
power plant.

Faecal Cd concentrations were significantly higher in faeces from the Nordenskiold coast
relative to Adventdalen (Paper l), despite previous studies linking levels of Cd in Adventdalen
with local, anthropogenic emissions (e.g., Beitveit, 2016). This may, similarly to Pb, be
explained by higher levels of precipitation, thus wet deposition, or proximity to Barentsburg.
However, the highest Cd concentrations were obtained in faeces from Reindalen, which is
the most remote out of all three sampling locations (Adventdalen, Nordenskiold coast, and
Reindalen; Fig. 1), suggesting that there are other factors influencing Cd exposure. A
possible explanation is differences in the dietary fraction of S.polaris across reindeer
populations, as Svalbard reindeer prioritise forage quantity over quality (Van Der Wal et al.,
2000). Consequently, the composition of the dietis shaped by local vegetation communities
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within the different valley systems, which may lead to slight differences in S. polaris
ingestion and thus Cd exposure.

While the results from Paper | demonstrate that present-day Svalbard reindeer are exposed
to Cd and Pb, Paper Il reports significantly lower soft tissue concentrations of both Cd and
Pb in reindeer today (2020s), as compared to in the mid-1980s (Borch-lohnsen et al., 1996).
With better emission control techniques and the phase-out of leaded gasoline in the last
century, the environmental emissions of both Cd and Pb have dramatically decreased
(Pacyna et al., 2009). This is reflected in the atmospheric measurements of these metals,
and on Svalbard, atmospheric concentrations of both Cd and Pb are decreasing by
approximately 2.8%y" and 4.6%y", respectively (Platt et al., 2022). Although the melting of
the Arctic cryosphere is known to remobilise legacy contaminants, including metals such as
Cd and Pb (Xue et al., 2025), the additional exposure resulting from this does not appear
sufficient to compensate for the overall decline in environmental concentrations driven by
reduced emissions, and subsequently decreased atmospheric input to Svalbard.

Similarly to Cd and Pb, the atmospheric concentrations of Hg on Svalbard are decreasing,
but at a considerably slower rate (-0.57%y") (MacSween et al., 2022). This is likely due to the
non-uniform global reductions in Hg emissions, with decreases in Europe and the Americas
offset by increases in Asia and other regions (Obrist et al., 2018; Pacyna et al., 2006). Recent
studies on Arctic fox on Svalbard even report that Hg concentrations have been increasing
over the past decades (Hallanger et al., 2019). If a similar pattern exists for the Svalbard
reindeer remains unknown, as no previous study reports soft tissue concentrations of Hg in
these reindeer. Monitoring Hg concentrations in Arctic terrestrial wildlife is especially
valuable considering the ongoing thaw of the Arctic cryosphere, where stored Hg may be
released into the atmosphere, nearby bodies of water, or taken up by vegetation (Schaefer et
al., 2020), thus increasing its bioavailability and subsequently its exposure to biota. Given
the unknown future biogeochemical fate of Hg in the Svalbard terrestrial environment, a
continued monitoring of Hg in wildlife is warranted, where the data reported in this thesis
provide an important temporal baseline to which future assessments in Svalbard reindeer
can be compared.

USING FAECES AND FUR FOR METAL BIOMONITORING

In Paper Il, strong positive correlations were found between faeces and liver (R?>=0.33,
p<0.001), fur and muscle (R?>=0.46, p<0.001), and blood and liver (R?>=0.43, p<0.01) for Hg,
and between fur and kidney (R?=0.38, p=0.015), for Cd. Positive relationships between heavy
metal concentrations in different tissues have been reported across a range of mammals.
For example, Hg concentrations in hair are positively associated with those in soft tissues in
both Arctic fox (Treu et al., 2018) and polar bear (Bechshoft et al., 2019), and with blood in
humans (Phelps et al., 1980). Similar associations have been reported for Cd between hair
and soft tissues in grey wolves (Canis lupus; Hernandez-Moreno et al., 2013) and rabbits
(Oryctolagus cuniculus; Gil-Jiménez et al., 2020), and for a range of metals and POPs
between feathers and soft tissues in birds (Jaspers et al., 2019).
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While hair or feathers are common non-invasive matrices for assessing contaminant
concentrations in wildlife (e.g., Bechshoft et al., 2019; Jaspers et al., 2019), faeces has
mainly been used to monitor exposure to contaminants (e.g., Pacyna et al., 2019; Wegrzyn
etal., 2018), and have rarely been directly linked to soft tissue concentrations (Jota Baptista
et al., 2022). As such, the significant relationship in Hg concentrations between faeces and
liver in the Svalbard reindeer was unexpected.

Faecal contaminant concentrations mainly reflect the contaminants present in the diet of
grazing animals (Roggeman et al., 2013). Consequently, the faecal Hg concentrations in
Svalbard reindeer likely mirror their diet and would vary with seasonal dietary changes
(Bjarkvoll et al., 2009; Staaland, 1986). This is supported by the findings of Papers I, ll, and
the unpublished manuscript (Paper V) by Andersson Stavridis et al. (2025), which together
demonstrate significant seasonal fluctuations in faecal Hg concentrations, with higher
concentrations found in faeces from late summer and autumn, relative to early summer and
spring. Similarly, the hepatic concentrations of Hg in Svalbard reindeer also fluctuate with
season, with Paper Ill demonstrating an increase from late summer to autumn, likely also
mirroring an increased dietary exposure. The dietary influence on Hg concentrations in both
faeces and liver helps explain the strong positive correlations that were found between these
matrices (R2=0.33, p<0.001) in Paper Il. Given this relationship, faecal Hg may serve as a
useful proxy for hepatic Hg, and as such, a non-invasive method of assessing Hg in Svalbard
reindeer soft tissues. Especially when considering the feasibility of faecal sampling relative
to the sampling of internal tissues (Jota Baptista et al., 2022).

Concentrations of Hg and Cd in Svalbard reindeer fur had strong associations with
concentrations in muscle and kidney, respectively (Paper Il), indicating fur as another
suitable non-invasive matrix for biomonitoring. However, the elemental composition of the
fur revealed strong correlations between geogenic elements Pb, Al, Fe, and Si (Halbach et
al., 2017), suggesting that the hair may not only reflect excreted levels of contaminants, but
also external contamination. Both Hg and Cd are present in Svalbard soils (Gopikrishna et
al., 2020; Krajcarova et al., 2016; Wojtun et al., 2013), and the Svalbard reindeer allocate a
substantial part of their daily time budget to resting and ruminating while lying down on the
ground (Tyler, 1987), exposing their fur to soil and geogenic elements. Despite us following
established procedures for cleaning the fur samples prior to digestion and elemental
analysis (e.g., Dolan et al., 2017), the results from Paper Il suggest that the cleaning
methods were insufficient, which is a common case when studying contaminants in
samples like fur or feathers (Gil-Jiménez et al., 2020; Lagseth et al., 2019; Tajchman et al.,
2023), which are in direct contact with external contaminant sources. As we cannot
differentiate between internal and external contaminants in the Svalbard reindeer fur used
in the study, any relationship between contaminant concentrations in fur and internal
tissues may be confounded, and as such, no conclusions can be drawn on the suitability of
using fur to monitor levels of Hg and Cd in soft tissues of Svalbard reindeer.

In addition, the seasonal changes in soft tissue contaminant concentrations reported in
Paper Ill may introduce further issues with the usage of hair. Moulting in the Svalbard
reindeer occurs annually in spring, with new winter fur being formed during late summer
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(Cuyler and @ritsland, 2002). As fur is formed in close contact with the bloodstream,
contaminant concentrations in fur will mirror those of the blood at the time of formation
(Wangetal., 2014), which in turn depends on the current exposure in the reindeer. Therefore,
the strong associations between fur and soft tissue contaminant concentrations in Paper Il
may not be consistent throughout the year, as internal tissue concentrations appear to
fluctuate (Paper lll), potentially affecting the relationship between tissues. Therefore,
samples collected at different times of the year are required to determine whether
relationships between contaminant concentrations in fur and internal tissues are constant
across seasons.

BIOLOGICAL EFFECTS OF CHRONIC, LOW-LEVEL EXPOSURE TO CONTAMINANTS
Contaminant concentrations reported in the Svalbard reindeer consistently fall below the
current toxicity thresholds for wildlife. Hepatic PFOS concentrations above 655 ng/g (ww)
have been associated with reproductive, immune, and carcinogenic effects in polar bears
(Dietz et al., 2018b). In comparison, the hepatic X.3sPFAS reported in the most contaminated
individual Svalbard reindeer (Paper Ill) is far lower (78.4 ng/g ww). Similarly, the hepatic
concentrations of Hg (0.02-0.10 pg/g ww), and renal concentrations of Cd (0.45-7.68 pg/g
ww) and Pb (0.02-0.11 pg/g ww) in Svalbard reindeer (Paper Il), are also substantially lower
than their respective toxicity thresholds for wildlife (Hg: 4.2 pg/g ww; Dietz et al., 2022, Cd:
100 pg/g ww; Larison et al., 2000, Pb: 15 pg/g dw; Ma, 2011). Despite this, the resultsin Paper
IV suggest that the exposure to a combination of different PFAS and metals together causes
biological changes on a molecular level in Svalbard reindeer.

In Paper IV, increasing concentrations of contaminants (primarily PFHxS, Hg, and Cd) were
associated with the downregulation of genes related to lipid metabolism (FABP3, PPARG,
THRA), xenobiotic metabolism (CYP1A2), and cell regulation (JUN), with genes related to
lipid metabolism being most consistently affected. Similar to many other species of Arctic
mammals, Svalbard reindeer heavily depend on normal lipid metabolic function, as they
experience annual cycles of fattening and fasting driven by seasonal changes in forage
availability (Albon et al., 2017; Reimers, 1984). Consequently, contaminant-modulated
effects on adipogenesis or fatty acid mobilisation may disrupt vital processesin the reindeer.

Although the ultimate physiological outcome of these changes in gene expression cannot be
determined from the data presented in this study, these findings can be seen as early-
response indicators for potential adverse effects on higher levels of biological organization
(Ishibashi et al., 2008; Pifia et al., 2007; Trego et al., 2019). These results warrant further
assessment of contaminant-driven effects on the lipid metabolic pathways in Svalbard
reindeer, where the impact on endpoints such as total lipid content, triglyceride plasma
levels, and enzymatic activity of receptors involved in lipid metabolism (Routti et al., 2019,
2016) would be relevant targets.

Previous studies have demonstrated that exposure to contaminant mixtures can cause
effects at far lower concentrations than individual compounds, suggesting that traditional
approaches to risk assessment may underestimate the effects of mixtures on physiological
functions (e.g., Desforges et al., 2017). In line with these findings, the results from Paper IV
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suggest that even contaminant concentrations below established toxicity thresholds may
cause a biological response, supporting the need to establish new toxicity thresholds based
on contaminant mixtures (Sonne et al., 2021).

HUMAN RELEVANCE OF THE FINDINGS

Traditional Arctic food sources, such as whale or polar bear, are known to contain high levels
of contaminants due to their positions as apex predators (Dietz et al., 2022, 2013).
Consequently, the dietary exposure in many Arctic communities has resulted in high
contaminant burdens, even reaching concentrations associated with adverse biological
effects (AMAP, 2021). For example, prenatal exposure to contaminants through maternal
consumption of pilot whale (Globicephala melaena) has been linked to neurological and
immunological effects in children from the Faroe Islands (Weihe and Grandjean, 2012).

In contrast to many other Arctic populations, residents of Svalbard have a relatively small
fraction of traditional foods in their diet, and hunting in Svalbard is primarily recreational
rather than for subsistence. Commonly hunted species of wildlife include seals, ptarmigans,
and Svalbard reindeer (Sysselmesteren, 2019). The Svalbard reindeer hunting period is
limited to five weeks, starting August 15th and ending September 20th.

In Paper Ill, we report significantly higher concentrations of Hg, Cd, and XPFAS in reindeer
culled in October, compared to those culled in August. While contaminant concentrations
are far lower in Svalbard reindeer compared to marine apex predators, the concentrations
were high enough to consider the tolerable weekly intake (TWI), particularly for PFAS. The
TWI for Z,PFAS (PFOA, PFNA, PFHxS, and PFOS) is set to 4.4 ng/kg body weight/week
(Schrenk et al., 2020). The average X,PFAS concentrations in Svalbard reindeer culled in
August 2022 and October 2023 were 12.8 ng/g and 1.21 ng/g for liver and muscle,
respectively. For a person weighing 70 kg, this corresponds to a maximum weekly
consumption of 24 g of liver or 254 g of muscle, while for a child (30 kg: 10 g and 108 g,
respectively), significantly lower amounts of both meat and offal can be consumed without
exceeding the safe thresholds. However, given that each hunter is granted only one reindeer
per hunting season (Sysselmesteren, 2024), the dietary exposure on an annual basis is
limited, and the overall exposure to PFAS via the consumption of reindeer should remain low
in Svalbard hunters and their families. Nonetheless, the significantly higher PFAS
concentrations today (Paper Ill), compared to a decade ago (Roos et al., 2021), warrant
further monitoring of PFAS in Svalbard reindeer with respect to human consumption to
ensure that the concentrations are not increasing further.

Based on the findings of Papers Il and lll, a majority of the reported soft tissue
concentrations of Hg and Pb fall below the maximum levels in food (500 ng/g and 200 ng/g
for Hg and Pb, respectively) set by the European Commission (2023). However, a
considerable number of reindeer individuals had hepatic Cd levels exceeding the maximum
food level (500 ng/g) (Papers Il and Ill), and when considering the recommended TWI of Cd
(2.5 pg/kg body weight; EFSA, 2011), a 70 kg adult could consume approximately 300-400 g
of liver weekly before exceeding the set thresholds. Nonetheless, similarly to PFAS, the
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limitations in Svalbard reindeer consumption regulated by the hunting quotas reduce the
overall dietary risk.
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CONCLUDING REMARKS

Contaminants in Arctic terrestrial ecosystems have been far less studied compared to
marine environments. This thesis helps close existing knowledge gaps by exploring the
occurrence and effects of PFAS and toxic elements Hg, Cd, and Pb in the Svalbard terrestrial
ecosystem using the Svalbard reindeer as our model organism. The main findings of this
thesis highlight that even Svalbard reindeer, a terrestrial herbivore, are exposed to
contaminants that likely have reached the Arctic through long-range transport.

CONTAMINANT EXPOSURE IN THE SVALBARD REINDEER

Contaminant exposure in Svalbard reindeer appears to be primarily driven by diet, through
the consumption of different species of vegetation which accumulate contaminants from
the surrounding soil and air. The highest concentration of toxic metals in Svalbard reindeer
tissues generally followed the pattern Cd > Hg > Pb, with hepatic and renal tissues having
greater concentrations than muscle. For PFAS, hepatic concentrations were dominated by
perfluorosulfonic acids (PFHxS and PFOS) and perfluoroalkyl carboxylic acids (PFUnDA and
PFTriDA). The soft tissue contaminant profiles suggest that long-range transported
pollutants are the main source of exposure in the reindeer.

Concentrations of Cd and Pb in Svalbard reindeer appear to have declined over the past forty
years. In contrast, the concentrations of PFAS have increased, along with a shift in PFAS
profile towards longer-chain PFCA compounds, which may be linked to the remobilization of
contaminants from the thawing Arctic cryosphere. For Hg, no previous data from Svalbard
reindeer soft tissues are reported, making the findings of the present thesis an important
baseline for future temporal comparisons.

SEASONAL FLUCTUATIONS IN CONTAMINANT CONCENTRATIONS

Soft tissue contaminant concentrations in Svalbard reindeer are significantly higher in
October compared to August. This aligns with the annual peak in body mass of the reindeer,
which occurs in October, suggesting that their contaminant burden reflects the cumulative
dietary exposure from a continued ingestion of forage over the growing season.

Although the risk of exceeding human health thresholds through the consumption of
Svalbard reindeer is low, mainly given the annual allocation of one animal per hunter,
concentrations of both Cd and EIPFAS are sufficiently high to warrant caution during
consumption of both meat and offal. Furthermore, these findings suggest that hunting
regulations could consider recommending earlier culling in the season to minimise
contaminant exposure.

NON-INVASIVE CONTAMINANT MONITORING IN SVALBARD REINDEER

Concentrations of Hg and Cd in faeces and fur were significantly positively related to
concentrations in soft tissues. However, due to external contamination of the fur, which is a
commonly reported problem in existing literature, we consider fur to be unreliable as a non-
invasive proxy for Cd. In contrast, faecal concentrations had a clear relationship with liver
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Hg concentrations, suggesting that faecal sampling may be a more feasible, non-invasive
method of monitoring internal Hg levels in Svalbard reindeer.

CONTAMINANT-DRIVEN EFFECTS IN SVALBARD REINDEER

Although all reported contaminant concentrations in Svalbard reindeer were below the
current wildlife toxicity thresholds, our findings suggest that contaminant exposure,
primarily driven by PFHxS, Cd, and Hg, influences the expression levels of genes involved in
key physiological functions, such as lipid metabolism. This indicates that current toxicity
thresholds may not fully reflect the potential for contaminant-driven biological effects in
wildlife. Current toxicity thresholds are still largely based on single-contaminant studies, yet
wildlife is exposed to complex chemical mixtures, which may lead to effects that are not
predicted by the existing thresholds.

Like many Arctic species, Svalbard reindeer are facing the threat of multiple stressors,
including rapid environmental changes driven by climate change. This PhD thesis
demonstrates that in addition to these challenges, Svalbard reindeer are also subject to
contaminant exposure and contaminant-driven biological effects, despite livingin one of the
most remote regions on Earth.
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FUTURE PERSPECTIVES

While this thesis addresses a critical knowledge gap by providing new data on contaminants
in the Arctic terrestrial ecosystem, it also creates opportunities for future research.

This thesis includes the first report of soft tissue Hg concentrations in Svalbard reindeer.
Considering that permafrost is one of the largest sinks of Hg on Earth, the thawing
cryosphere due to climate change warrants further monitoring of Hg in terrestrial wildlife to
assess how concentrations may change in the future. As such, our findings will be a good
temporal time point to compare any future measurements with.

PFAS concentrations in Svalbard reindeer appear to have significantly increased over the
past decade, which may be the result of contaminant remobilisation from the thawing
cryosphere. This requires further study, where PFAS in both vegetation and soil in proglacial
areas could help determine the ultimate sources of PFAS in Svalbard reindeer. The increased
PFAS concentrations also warrant additional research from a human health perspective.
Collaboration with hunters during the entire hunting season (mid-August to September)
could enable sampling of reindeer across large parts of Nordenskiold land, providing
valuable temporal and spatial data that can help determine whether the trends observed in
this thesis also apply to reindeer from other areas than Reindalen.

Finally, our findings highlight the need for further research into contaminant-driven effects,
especially on lipid metabolic pathways in Svalbard reindeer. Future studies should
investigate whether the observed transcriptional changes in this thesis translate into
physiological outcomes, focusing on endpoints such as total lipid content, plasma
triglyceride levels, and the enzymatic activity of receptors involved in lipid metabolism. This
will require a carefully planned sampling campaign that allows for rapid tissue collection and
subsequent preservation suitable for such biochemical analyses, which may be challenging
under Arctic working conditions.
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ABSTRACT

The Arctic is an accumulation zone of long-range transported pollution. In addition, local anthropogenic ac-
tivities further contribute to regional pollution levels. The Svalbard reindeer (Rangifer tarandus platyrhynchus) is a
suitable organism for studying and monitoring exposure to anthropogenic pollutants at the base of the terrestrial
Arctic food web, and reindeer faeces have been promoted as non-invasive means of biomonitoring contaminant
exposure. This study used HR-ICP-MS to analyse levels and composition of 16 elements in Svalbard reindeer
faeces (n = 96) and soil (n = 9) from two locations on Svalbard, with the aim to assess whether local anthro-
pogenic pollution influences element bioavailability. One of the sampling areas, the Nordenskiold coast, is sit-
uated on the west coast of Spitsbergen, close to the Arctic Ocean and relatively far from local anthropogenic
sources. The other sampling area, Adventdalen, is located further inland and close to Longyearbyen, the largest
settlement of the archipelago. There was a significant difference in faecal elemental concentration and compo-
sition between the Adventdalen and Nordenskiold coast reindeer populations. Elements of geogenic origin (e.g.,
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Al, Cu and Fe) were found at higher levels in faeces from Adventdalen. In comparison, levels of Ca, Se and the
toxic elements Cd and Pb were higher in faecal samples from the Nordenskiold coast. The significantly higher
levels of faecal Cd and Pb at Nordenskiold coast may be due to marine input, dietary differences between the
populations, or possible anthropogenic influence from the nearby settlement of Barentsburg. There was, how-
ever, a decoupling in elemental composition between faecal and soil samples, which may derive from a selective
vegetational uptake of elements from the soil. The results suggest that reindeer are exposed to a range of ele-
ments and that faeces can be used to monitor the exposure to bioavailable environmental levels of both essential
and toxic elements in terrestrial ecosystems.

1. Introduction

The anthropogenic disruption of the biogeochemical cycles of several
heavy metals, such as mercury (Hg), cadmium (Cd) and lead (Pb), has
led to their increase in the biosphere (Amos et al., 2013; Johansson et al.,
2001). Besides several natural sources (e.g., volcanic eruptions or
wildfires), there are many anthropogenic contributions to the presence
of these metals in the environment. Emissions, for instance, occur during
fossil fuel burning, waste incineration, chemical production and mining
(Pacyna and Pacyna, 2001; Raj and Maiti, 2020). Heavy metal emissions
occur globally, but the main contributions derive from highly industri-
alised regions. The chemical properties of these metals (e.g., high
volatility or association with particles) allow them to travel long dis-
tances from their source of origin to pristine areas without much local
pollution input, such as the Arctic (AMAP, 2005).

Once emitted to the atmosphere, the transport of these metals takes
place either in gaseous (e.g., Hg) or fine particulate form (e.g., Cd and
Pb) before being deposited through wet or dry deposition (Carpi, 1997;
Thorne et al., 2018). Furthermore, Hg and Cd deposition is strongly
associated with marine vectors such as sea spray aerosols and fog
droplets (Garbarino et al., 2002). The residence time of gaseous Hg in
the atmosphere is up to 18 months, which allows for long-range atmo-
spheric transport to areas with few local emissions (Gworek et al., 2020).
In contrast, the atmospheric transportation range of particulate matter
strongly depends on variables such as the size of the particle, wind
conditions and precipitation patterns. Elevated levels of metals such as
Cd and Pb are mainly found close to their emission sources (AMAP,
2005). However, studies have found traceable levels of these metals
several hundred km from where they were first emitted, demonstrating a
gradient of pollution originating from highly polluting areas. This
gradient has been observed in a range of matrices, such as moss (Berg
and Steinnes, 1997), air (Strizhkina et al., 2022) and snow (Barrie et al.,
1992), which indicates that low levels of these metals may travel from
central Europe all the way to the Arctic (AMAP, 2005).

Svalbard is an archipelago in the high Arctic (74-81° N). The unique
meteorological conditions, ice-bound environment and extreme changes
in the light regime between seasons make the Arctic an accumulation
zone of long-range transported (LRT) pollutants and thus a recipient of
many toxic elements, including Hg, Cd and Pb (AMAP, 1997). In addi-
tion, local sources of emissions further contribute to the pollution of the
Svalbard biosphere. These sources include burning fossil fuels in the
local coal power plants in Longyearbyen and Barentsburg, vehicle
exhaust and mining activities (Drotikova et al., 2020a, 2020b).

After being deposited, the pollutants can either undergo re-emission
to the atmosphere, bind to soil organic matter or be taken up by vege-
tation via, for instance, leaf stomata or roots (Schaefer et al., 2020). The
primary pathway of Hg into the terrestrial ecosystem is via vegetational
(both vascular and non-vascular plants) atmospheric uptake, which
accounts for approximately 90 % of all terrestrial Hg sequestration
(Obrist et al., 2017; Zhou et al., 2021). In contrast, the major pathway
for Cd and Pb accumulation in terrestrial environments is via root up-
take from surrounding soils in vascular vegetation (Ismael et al., 2019;
Pourrut et al., 2011). In general, non-vascular vegetation (e.g., bryo-
phytes and lichens) efficiently accumulate atmospherically deposited
heavy metals due to their overall high surface-to-mass ratio, long

lifespan, and slow growth rates (Bargagli, 2016; Gjengedal and Steinnes,
1990; Steinnes, 1995). This vegetational uptake of toxic elements sub-
sequently acts as a pathway of exposure to herbivorous animals, such as
the Svalbard reindeer (Rangifer tarandus platyrhynchus).

The Svalbard reindeer is the largest herbivore on Svalbard. It is found
all over Spitsbergen and is mainly non-migratory (Le Moullec et al.,
2019). It rarely leaves its limited home range unless motivated by
restricted food accessibility in winter (Hansen et al., 2010). The primary
diet of the reindeer consists of vascular plants (e.g., graminoids or polar
willow) and bryophytes (Bjorkvoll et al., 2009), which may act as vec-
tors of exposure to long-range and local pollution. It is therefore argued
that the Svalbard reindeer is a suitable species for biomonitoring
pollution levels in the Svalbard terrestrial ecosystem (Pacyna et al.,
2018). As the Svalbard reindeer inhabit a relatively restricted area
throughout their lifespan, their pollution levels further reflect any po-
tential local contributions to the background environmental pollution
load (Kinck, 2014).

Excretion via faeces is one of the main pathways for eliminating
pollutants and excess nutrients from an organism. Faeces is, therefore,
considered an indicator of environmental dietary exposure to elements.
Faeces has also been promoted as a suitable matrix for biomonitoring
since it can be collected using non-invasive methods (Pacyna-Kuchta
et al., 2020).

There is currently a limited number of studies evaluating pollution
levels in Arctic terrestrial ecosystems and organisms, especially few
focusing on endemic species that do not migrate, such as Arctic herbi-
vores (Dietz et al., 2022; Scheuhammer et al., 2015). In this study, we,
therefore, investigated the composition of toxic (e.g., Hg, Cd and Pb) and
essential elements in Svalbard reindeer faeces with the key aims to I)
assess the Svalbard reindeer exposure to pollutants and II) evaluate
whether reindeer inhabiting a presumed pristine area have a different
faecal elemental composition as compared to reindeer living in areas
more influenced by anthropogenic activities. Previous studies on Sval-
bard reindeer have not compared the faecal elemental composition be-
tween different reindeer populations to assess the potential
anthropogenic influence on the bioavailability of elements, making this
study design a novel approach to Arctic biomonitoring.

In addition to faeces, the elemental composition of soil was also
analysed to evaluate to which extent spatial differences in soil compo-
sition are reflected in reindeer faeces.

2. Materials and methods
2.1. Study areas

The field sampling of faeces and soil was conducted at two separate
areas on central Spitsbergen, the main island of the high Arctic archi-
pelago of Svalbard. Adventdalen (78.2°N, 15.8°E) and Nordenskiold
coast (78.1°N, 13.6°E) were chosen as sampling sites due to the pre-
sumed difference in anthropogenic influence between them. Adven-
tdalen is a valley close to Longyearbyen (Fig. 1), the largest settlement
on the island (ca. 2500 inhabitants), where local sources of pollution
include a coal power plant, an airport, vehicle exhaust, mining activities
and releases from other local anthropogenic activities (Warner et al.,
2019; Drotikova et al., 2020a, 2020b). In contrast, the Nordenskiold
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coast is likely more pristine as it is located near protected wildlife areas
and further away from any direct point sources of pollution. Bare-
ntsburg, the second-largest settlement on Svalbard (ca. 500 inhabitants),
is, however, situated approximately 15 km east of Nordenskiold coast
(Fig. 1), with pollution sources similar to Longyearbyen (Warner et al.,
2019).

Although the sites are relatively close (~50 km), the weather con-
ditions differ considerably between the two locations. The annual
average precipitation in Adventdalen is around 190 mm, compared to
410 mm at the Nordenskiold coast. Likewise, the annual average snow
depth in Adventdalen is only half of that at Kapp Linné on the northern
cape of the Nordenskiold coast, 10.2 cm versus 20.1 cm (Fgrland et al.,
2011; Norsk Klimaservicesenter, n.d.).

2.2. Field sampling

Faecal samples were collected in the spring (Feb-May) of 2014, 2015,
and 2017. Reindeer were observed from 50 to 100 m away until faeces
were excreted. Fresh faecal samples were subsequently collected within
approximately 10 min. Nitrile gloves were worn during the collection to
avoid sample contamination. Reindeer age (adult or calf), sex, and
sampling coordinates were noted for each faecal sample. In total, 63
samples were collected from Adventdalen and 33 samples from the
Nordenskiold coast. The samples were kept in polyethylene zip-lock
bags and stored frozen (—20 °C) until further analysis. Nine soil sam-
ples were collected from Adventdalen (n = 5) and Nordenskiold coast (n
= 4) in August 2021. The selected soil sampling sites had a developed
organic surface layer and were entirely covered with vegetation. All
samples were collected by cutting a square measuring 10 x 10 x 10 cm
using a stainless-steel knife. The samples were stored in paper bags until
further sample preparations. For further details of the sampling, see
Table A1-A2 and Fig. Al.

Nordenskiold coast

Latitude
>

Barentsbburg

78.0

 /

Map data ©2023 Norwegian Polar Institute
14

Science of the Total Environment 906 (2024) 167562

2.3. Element analysis

All faecal samples (n = 96) were freeze-dried using an Alpha 1-2
LDplus (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am
Harz, Germany) for 24 h before being homogenised using a TissueLyser
II with Teflon® chambers (Qiagen, Hilden, Germany).

The soil samples (n = 9) were left to airdry until all the water had
evaporated (which was determined when weight changes were within
+5 % over a week). The edges of the dried samples were removed to
avoid cross- or external contamination. The cores were homogenised
using a cutting mill (RETSCH SM 100, 2-mm sieve, Retsch GmbH, Haan,
Germany) and stored in polyethylene bags.

The dried, homogenised soil and faecal samples were digested in
HNOs. Approximately 0.5 g of faeces or 0.3 g of soil was transferred to
an 18 ml polytetrafluoroethylene (PTFE) vial with 6.25 ml or 9 ml 50 %
(v/v) HNOg acid (ultrapure grade, purified from HNOs, AnalaR NOR-
MAPUR®, VWR using a sub-boiling distillation system (Milestone,
SubPur, Sorisole, BG, Italy)), respectively. The samples were digested
using a high-pressure microwave system (Milestone Ultraclave, EMLS,
Leutkirch, Germany) for 150 min and thereafter diluted with ultrapure
water (Elga® Purelab Flex 4) up to 60 g (faecal samples) or 110 g (soil
samples).

Additional blank (ultrapure water and HNO3) and certified reference
material samples (Virginia Tobacco leaves, INCT-PVTL-6, Institute of
Nuclear Chemistry and Technology, Warszawa, Poland) were digested
and analysed for quality assurance (for the results of the CRM analysis,
see Table A3).

High-resolution inductively coupled plasma mass spectrometry (HR-
ICP-MS, Thermo Finnigan model Element 2 instrument, Bremen, Ger-
many) was used to identify and quantify the elemental composition of
the samples. Sixteen elements (Al, As, Ca, Cd, Cu, Fe, Hg, Mg, Na, Ni, P,
Pb, S, Se, Si, and Zn) were analysed, and all were detected above the
limit of detection (LOD). The final concentration of each element was
obtained by subtracting the average of the method blank concentration

Longyearbyen

15 16

Longitude

Fig. 1. Central Nordenskiold land with Nordenskiold coast and Adventdalen areas marked in dark red and the faecal sampling sites marked with red dots. The

settlements of Barentsburg and Longyearbyen are indicated with red geotags.
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of the respective element in all analysed samples.

The method detection limits for each element were either based on
three times the standard deviation of the blanks or the instrument
detection limits (IDL), depending on which method resulted in the
highest value. The IDLs were estimated by analysing solutions with
decreasing concentrations of the elements (see Table A4). The concen-
tration that resulted in a relative standard deviation of approximately
25 % (n = 3 scans) was selected as IDL, with baseline corrections applied
for these values.

The sixteen analysed elements include toxic metals (e.g., Cd, Pb, As
and Hg) and essential elements (e.g., Se). Bedrock-related elements (i.e.,
Al, Ca, Cu, Fe, Mg, P, Si, Na, Ni, S and Zn) were primarily included as
means to evaluate the origin of the toxic elements (Halbach et al., 2017;
Klaassen et al., 2013).

2.4. Data treatment

All data were analysed for normal distribution using a Shapiro-Wilk
test and for equal variances using Levene’s test. None of the faecal
elemental data was normally distributed, and a BoxCox transformation
was applied to normalise the variables (using logarithmic or square root
transformations). The transformed data did not fulfil the condition of
equal variances, and non-parametric tests of analysis were therefore
applied. A Mann-Whitney U test was employed to evaluate significant
differences in faecal elemental concentrations between the two pop-
ulations. Additionally, Spearman rank correlations were carried out to
determine relationships among elements and between the elements and
distance to the ocean at Nordenskiold coast and Adventdalen, respec-
tively. The results of the Spearman rank correlation were subsequently
followed up using linear regression to plot the correlations. All soil
elemental data (except for Pb) and parameters (TOC and pH) fulfilled
the assumptions of parametric tests. A Student t-test was employed to
evaluate significant differences in element concentration and soil pa-
rameters between the two locations (the Mann-Whitney U test was used
for Pb).

Ocean distance was determined as the closest linear distance to the
seashore from each sampling site. In Adventdalen, this distance was
measured to the nearest point of Adventfjorden, while at Nordenskiold
coast, the distance was measured to the nearest open water of Isfjord-
banken (see Fig. Al).

A principal component analysis (PCA) was conducted to explore the
relationships among the elements and the spatial variation in the data

Table 1
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set. The variable ocean distance was excluded from the PCA due to
considerable differences between the sampling sites, which contributed
significantly to the PCs and thus masked the contributions of the ele-
ments. All numerical data were normalised by centring and scaling it
(using the mean and standard deviation) before performing the PCA. All
statistical analysis was done using R Statistical Software (V4.2.2, R Core
Team, 2022).

3. Results

As presented in Table 1, the faecal elemental composition signifi-
cantly differed between Adventdalen and the Nordenskiold coast. Con-
centrations of Cu, Zn, Al, and Fe were significantly higher in faeces from
Adventdalen than at Nordenski6ld coast (p < 0.01). In contrast, higher
Cd, Se, Si, S, Ca, As and Pb concentrations were found in the Norden-
skiold coast faecal samples (p < 0.01 for all elements but p < 0.05 for As
and Pb). The levels of Hg did not significantly differ between the two
locations in the faeces. There were, however, significantly higher soil
concentrations of Hg at the Nordenskiold coast and higher levels of Cu,
As and Zn in Adventdalen soil (p < 0.05). Total organic content and pH
did not differ significantly between the soil samples from the two areas,
where the samples from Nordenskiold coast had an average TOC of 13.1
+ 6.9 % and an average pH of 5.3 + 0.6, compared to the samples from
Adventdalen which had an average TOC of 10.0 & 5.1 % and an average
pH of 5.0 + 0.3.

The PCA for the faecal elemental composition resulted in three sig-
nificant principal components (PCs), explaining 69.6 % of the total
variation in the dataset. The observed spatial difference in reindeer
faecal elemental composition (Table 1) is also indicated in the PCA score
plot (Fig. 2A), which shows a slight separation between the two sampled
reindeer populations along PCl. The clustering of elements in the
loading plot (Fig. 2B) indicates that elements such as Al, Ni, Fe and Cu
are strongly positively related. Many other elements are spread out
along PC1 and PC2 without clustering. However, some elements are
suggested to correlate positively, such as P and Ca or Cd and Si. The
elements Hg, Se and Pb are somewhat grouped along PC2, which may
suggest a positive relationship between these variables. PC3 (visualised
in Fig. A2) likewise demonstrates similar loadings for Hg, Pb, Cd and Se,
which supports a relationship between these elements. When comparing
the score and loading plots, it is indicated that samples collected from
Adventdalen had the highest levels of Al, Ni, Fe, and Cu. In contrast,
faeces from the Nordenskiold coast were characterised by higher

Element concentrations in Svalbard reindeer (R. tarandus platyrhynchus) faeces and soil from Adventdalen and Nordenskiold coast. Average elemental concentrations
+ SD are provided in regular font. Concentrations given in italic font provide the median (min-max) values. All concentrations are given in pg/g (dry weight).
Significantly different concentrations between the two sampling areas are indicated as (*) p < 0.05; (**) p < 0.01.

Faecal samples

Soil samples

(n) Adventdalen Sig. Nordenskiold coast Adventdalen Sig. Nordenski6ld coast
(63) (33) 5) (©]
Mean + SD Median (min-max) Mean + SD Median (min-max) Mean + SD Mean + SD
Hg 0.0777 + 0.0193 0.0759 (0.0467-0.165) 0.0869 + 0.0429 0.0853 (0.0200-0.178) 0.112 + 0.0426 (@] 0.178 + 0.0291
Se 0.354 4+ 0.104 0.322 (0.184-0.655) %) 0.560 + 0.248 0.516 (0.154-1.06) 0.809 =+ 0.385 0.725 4 0.255
Cd 0.366 & 0.288 0.271 (0.0662-1.19) ) 0.552 + 0.297 0.482 (0.203-1.72) 0.374 £ 0.259 0.252 £ 0.123
As 3.22 +1.92 3.05 (0.411-11.9) ) 3.44 +3.97 1.24 (0.322-13.4) 11.3 £ 4.78 ) 4.57 + 1.11
Pb 3.81 +£1.63 3.62 (0.887-9.21) ) 5.36 + 2.91 5.19 (1.51-13.9) 12.5 + 3.72 14.5 + 1.91
Cu 8.41 £ 2.00 8.22 (4.49-14.8) ) 5.71 £ 2.01 5.32 (2.50-13.3) 16.2 £ 2.80 (@] 10.5+ 3.8
Ni 10.6 +3.73 10.5 (3.11-21.7) %) 4.50 + 2.59 4.22 (1.85-17.5) 24.3 4 4.40 16.9 + 3.91
Zn 78.7 + 25.9 75.8 (39.2-178) %) 57.4 + 16.6 55.3 (28.9-87.1) 80.0 + 15.4 ™) 50.2 + 14.1
Na 636 + 360 600 (110-2990) 723 £ 644 538 (187-3430) 432 +78.8 1030 £ 682
Si 1390 + 330 1380 (780-2290) %) 1960 + 362 2000 (1330-2530) 1390 + 707 1670 + 458
P 1520 + 459 1360 (893-2930) 1583 + 482 1550 (621-2980) 802 + 124 1050 + 382
S 1780 + 208 1750 (1370-2270) 3160 + 2490 2040 (679-10700) 1270 + 424 1290 + 315
Mg 2600 + 499 2560 (1440-4110) 4820 =+ 3290 3390 (1390-16500) 4690 + 563 5840 + 981
Fe 7690 + 3860 6980 (1080-18000) 3960 + 1410 3930 (1530-9120) 25,700 + 8890 20,900 + 4080
Al 9950 + 5260 9950 (1340-28600) 4220 =+ 1480 4260 (1550-9520) 29,500 + 7330 2570 + 7030
Ca 16,000 + 360 15900 (8230-21500) 30,700 + 810 30700 (11700-57000) 6870 + 3420 8560 + 7130
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Sampling site
@ Adventdalen
A Nordenskiold coast

0
PC1 (31.1%)

PC2 (20.4%)

0.0 0.5 1.0
PC1 (31.1%)

Fig. 2. A. PCA score plot for Svalbard reindeer (R. tarandus platyrhynchus)
faecal elemental composition from Adventdalen and Nordenskiold coast. PC1
and PC2 explain 51.5% of the variance in the data set.

B. PCA loading plot for selected elements in Svalbard reindeer (R. tarandus
platyrhynchus) faeces. PC1 and PC2 explain 51.5% of the variance in the data
set. Elements with high loadings have long arrows, while elements with lower
loading have shorter arrows. See Table A5 for the component matrix, presenting
the loading of each element on the PCs.

concentrations of Mg, S, Ca, Si, Se and Cd, P, and Na to a lesser extent.

The clustering in the PCA loading plot indicated positive relation-
ships between many elements in the faecal samples. Site-specific cor-
relations between variables are shown in Fig. 3 (Spearman correlation).
Strong positive correlations between Hg and Se (p < 0.001) and between
Cd and Zn (p < 0.001) were found in the faecal samples from both lo-
cations (see Fig. 4). The molar ratio between Se:Hg was, on average,
13.6. Elements Al, As, Cu, Fe and Mg were positively associated. The
relationships between these elements were, however, stronger in the
faecal samples from Adventdalen (p > 0.001) compared to Nordenskiold
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Fig. 3. Spearman correlation heat maps demonstrating the relationship be-
tween faecal elemental concentrations and distance to the ocean (Ocean) in
samples from Adventdalen (n = 63) and Nordenski6ld coast (n = 33). Values in
each box represent the Spearman correlation coefficient (r), where |r| > 0.2 =
p < 0.05, |r| > +£0.3 = p < 0.01 and |r| > +£0.4 = p < 0.001.

coast (significant correlation between Fe, Al and Ni, p > 0.001). Pb was
strongly correlated to Hg in Nordenskiold coast (p < 0.001) but had a
stronger relationship to elements such as Al, Cu, Fe and Ni (p < 0.001) in
Adventdalen. There were no strong correlations between the elements
and ocean distance (Fig. 3). Overall, no indications of any relationship
between faecal elemental concentrations and variables such as age, sex
or year of sampling were identified (using Mann-Whitney U test).

4. Discussion

The faecal elemental concentrations of the toxic elements Hg, Pb and
Cd are overall comparable to concentrations reported in a previous
study, where Pacyna et al. (2019) detected similar ranges of Hg (0.069
+ 0.016 pg/g), Pb (5.23 + 3.05 pg/g) and Cd (0.866 + 0.411 pg/g) in
fresh Svalbard reindeer faeces from Spitsbergen. There were, however,
significant site-specific differences between the faecal elemental
composition in samples from Adventdalen and Nordenskiold coast. This
suggests that, despite the two investigated sites being relatively close,
there is a spatial influence on elemental exposure, uptake, or excretion
of specific elements in the reindeer.
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Fig. 4. Correlation plots between [A] Hg and Se and [B] between Cd and Zn in
the faecal samples.

4.1. Dietary differences

Reindeer are exposed to elements through multiple pathways, but
their exposure mainly derives from the vegetation on which they feed.
The elemental composition of vegetation is affected by atmospheric
deposition and soil composition, which further depends on the
geochemical characteristics of the underlying bedrock (Ismael et al.,
2019; Pourrut et al., 2011). For instance, Kios et al. (2017) reported a
species-dependent preference in metal absorption from the underlying
soil when evaluating the metal accumulation capacity in different spe-
cies of vascular plants on Svalbard. Mosses and lichen are known ac-
cumulators of atmospheric pollutants as they lack roots and depend on
the ambient atmosphere for nutrients and water, making them suscep-
tible to the absorption of pollutants from the air (Bargagli, 2016).
Different species of plants will, therefore, differ in their elemental
composition. When comparing the uptake of metals in lichen, bryo-
phytes (i.e., mosses) and vascular vegetation, a study found the highest
levels of Pb (2.1-2.4 pg/g dw) in lichen and mosses, Hg (0.033 pg/g dw)
in mosses and Cd (0.52 pg/g dw) in vascular vegetation such as Salix
polaris (Wojtun et al., 2013).

The Svalbard reindeer diet consists of graminoids, forbs, bryophytes,
and shrubs. Their diet undergoes seasonal shifts based on the availability
of the different vegetation species and is in late winter dominated by
S. polaris (Bjorkvoll et al., 2009). Similarly to other Salix spp., S. polaris is
a phytoaccumulator (i.e., a plant with the capacity to absorb, accumu-
late and tolerate elevated levels of, for instance, heavy metals) (Pulford,
2003). A study conducted in Svalbard found levels of Cd up to sixty
times higher in the stems of the plant than in the underlying soil (Wojtun
et al., 2019). S. polaris is widespread over the archipelago of Svalbard
and has been identified in both Adventdalen and Nordenski6ld coast
(Artsdatabanken, n.d.). The fraction of S. polaris in the diet of the rein-
deer depends on the presence of other species of vegetation, which may
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influence their exposure to elements such as Cd. In Svalbard reindeer, it
has been reported that season-dependent (i.e., winter versus summer)
dietary shifts can result in variations in faecal concentrations of, for
instance, Cd and Fe (Wegrzyn et al., 2018). As a result, differences in
faecal elemental composition between the two populations may reflect
potential dietary differences. There is, however, a lack of studies on the
presence of different species of vegetation at the two sampling sites, as
well as the dietary differences among these two reindeer populations,
creating difficulties in proving this theory.

4.2. Element correlations in faeces

The excretion of elements via faeces is one elimination pathway of
toxic metals in exposed organisms (Pacyna et al., 2019; Roggeman et al.,
2013). Faecal concentrations of essential elements (i.e., nutrients that
are vital for homeostasis) mainly depend on the current physiological
requirements of the individual. Hence, to what extent the faecal con-
centration reflects the intake of essential elements will depend on the
uptake rate, potential physiological needs, and elimination rates via
faecal excretion.

Se is an essential element as it is a central part of the biological
antioxidant defence system and, therefore, an active element in the
protection against toxic metals. The protection mechanism includes
reacting with metals such as Hg and forming an equimolar, inactive
Se—Hg complex, often found in the liver (Ikemoto et al., 2004; Neve,
1991). High exposure to Hg and, thus, increased formation rates of these
complexes can cause a deficiency of Se. However, Romero et al. (2016)
and Sg¢rmo et al. (2011) argue that a molar ratio of Se:Hg > 1 ensures a
sufficient supply of Se to sustain its physiological function while, in
addition, protecting against Hg. As the relationship between Se and Hg
in this study far exceeded a molar ratio of 1 (minimum faecal Se:Hg =
7.8), Hg exposure does not seem to limit the Se availability for physio-
logical functions or result in Hg toxicity. Although, considering that the
analysed matrix is faeces, the elemental ratio in these samples provides
us with little insight into the relationship between Hg and Se in internal
organs such as the liver, where these Hg—Se complexes are stored, or
whether there are sufficient internal concentrations of this essential
element to sustain homeostasis.

As shown in Fig. 3, Cd concentrations strongly correlate to Zn in the
faecal samples from both locations. To our knowledge, no previous
studies have reported a correlation between these two elements in
faeces. However, these elements are known to positively correlate in
other matrices, such as in ore deposits or vegetation (Kabata-Pendias
and Szteke, 2015). Multiple studies have evaluated the elemental
composition of Svalbard vegetation. Some studies found Cd and Zn to
positively correlate in species such as S. polaris or the moss Dicranum
angustum (Ma et al., 2020; Wei et al., 2022; Wojtun et al., 2019), while
other studies did not (Krajcarova et al., 2016). Faecal levels of metals,
including toxic metals, have been reported to correspond well with the
dietary intake of these elements in grazers (Bos taurus) (Roggeman et al.,
2013). This both suggests that increased exposure to metals does not
necessarily result in higher intestinal uptake and that faecal metal levels
depend on current exposure rather than representing previous assimi-
lation that has been taken up, circulated, and subsequently eliminated
via faeces. Consequently, the faecal elemental composition most likely
depends on the elemental composition of the plants that comprise the
diet. This may help explain the positive Cd—Zn relationship observed in
the faeces, as these elements correlate in plant species consumed by
reindeer (Ma et al., 2020; Wei et al., 2022; Wojtun et al., 2019). Whether
plant elemental composition also explains the significant correlation
between faecal Hg and Se remains uncertain. To our knowledge, no
studies have evaluated this correlation in Arctic vegetation or species
included in the Svalbard reindeer diet. However, a relationship between
Hg and Se has been observed in vegetation such as rice (Oryza sativa),
suggesting a positive faecal Hg—Se correlation could derive from di-
etary exposure (Bai et al., 2019; Zhang et al., 2012).
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4.3. Site-specific differences

Reindeer can consume both gravel and soil during grazing, further
emphasising the influence of the elemental composition of the under-
lying bedrock on elemental exposure (Makarov et al., 2022; Orpin et al.,
1985). The dominant bedrock material in Adventdalen is composed of
different sandstone forms, which are dominated by Si, Al and Fe in
descending order of concentrations (Middleton, 1960). In contrast, the
Nordenskiold coast has a more complex bedrock composition, which, in
addition to sandstone, consists of chert and siliceous shale. These bed-
rocks contain high levels of Si, and limestone, which is composed of Ca
(Cressman, 1967). However, despite the above-mentioned theoretical
geochemical differences in parent bedrock material, only Zn, Cu, As and
Hg concentrations differed significantly among all the analysed ele-
ments in the soil samples from the two sites. The differences in Zn, Cu
and As in soil were reflected in the faeces, as these elements were
significantly higher in faecal samples from Adventdalen, suggesting that
these elements are of geogenic origin. There were, however, no differ-
ences in Hg faecal levels between the two locations.

Although the elemental distribution of the soil from the two locations
may be similar, it is important to acknowledge that these elements might
be incorporated into different types of minerals or be bound to different
types of organic matter, which affects their bioavailability. Soil mobility
of metals bound to organic matter is, for instance, higher than the
mobility of metals bound to sulfide minerals, which have low solubility
and are relatively stable under normal environmental conditions (John
and Leventhal, 1995). Mobile elements are available to be taken up by
vegetation and subsequently enter the food chain when the plants are
grazed upon. Soil bioavailability may, therefore, partly explain the
decoupling between the faecal and soil elemental composition at the two
locations.

The organic content of Svalbard soils is, in general, far lower than in
the soil from mainland Norway (Halbach et al., 2017). This results from
slow rates of organic soil formation and cryoturbation, which allows for
the mixing of the organic and mineral layers (Nygard et al., 2012). This
can be observed in the low TOC content in the soil samples from both
study sites, where the organic carbon percentage ranged between 3.3 %
(in Adventdalen) and 21.6 % (at Nordenskiold coast). Consequently, the
sampled surface soils are highly characterised by the underlying mineral
soils, which should reflect the differences in parent bedrock material
between the two sampling areas better. The lack of significant difference
in most analysed elements in the soil may be ascribed to poor statistical
power, as few soil samples were included in the study (n =5 and n = 4
for Adventdalen and Nordenskiold coast, respectively).

In addition to the geochemical background, atmospheric deposition
may influence the elemental composition in the sampling areas. The
scavenging of airborne pollutants and aerosols through wet deposition
has been found to contribute to levels of Cd and Hg in Arctic regions
(Macdonald et al., 2005; Outridge et al., 2002; Pearson et al., 2019).
Annual precipitation at Nordenskiold coast is higher than in Adven-
tdalen (Forland et al., 2011). The Nordenskiold coast is furthermore
closer to the sea and the Arctic Ocean when compared to Adventdalen.
The on-land deposition of atmospheric Cd, to some extent, depends on
the formation of particles with aerosols and, therefore, increases close to
sources of open water where sea salt and water droplets act as scaven-
gers (AMAP, 2005). This may explain the significantly higher levels of
Cd in the Nordenskiold coast faecal samples. However, no differences in
Cd concentration were found in the soil samples from the two locations.
On the contrary, Hg concentrations do not differ in faeces from the two
study sites, while concentrations of Hg were significantly higher in soil
samples from the Nordenskiold coast than in Adventdalen. Atmospheric
mercury depletion events (AMDEs) are enhanced in areas closer to the
sea as the ocean is a source of halogens, which initiate depletion by
oxidising atmospheric elemental mercury (Lindberg et al., 2002; Steffen
et al., 2008). Increased deposition levels at Nordenskiold coast may
explain the higher levels of Hg in soil. The dominant Hg uptake pathway
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in vegetation is, however, via the atmosphere, while root uptake from
the soil is negligible (Zhou et al., 2021). Increased levels of Hg in the soil
may, therefore, not translate into increased vegetation levels, which
might explain the concentration decoupling between the soil and faecal
Hg concentrations.

Another vector of pollution in Arctic terrestrial ecosystems is marine
birds. Seabirds such as the little auk (Alle alle) feed off the marine
ecosystem and breed in bird cliffs on the slopes of certain high land-
based cliffs. Through processes such as the excretion of faeces or the
dropping of food when flying, they transfer nutrients, elements and
contaminants, such as toxic elements, from the marine to the terrestrial
environment as they move between the ecosystems (Zwolicki et al.,
2016). As a result, increased levels of soil nutrients such as Ca, Cu, Se, Zn
and toxic elements such as Cd have been found in areas in which sea-
birds breed (Mallory et al., 2015; De La Pena-Lastra et al., 2022). This
may help explain why levels of Ca, Se and Cd are significantly higher in
the faecal samples from Nordenskiold coast. There is moreover a strong
correlation between Ca and P in Nordenskiold coast, which is not
observed in the samples from Adventdalen. P is a major component of
bird guano (Duda et al., 2020) and would, therefore, correlate well with
other guano-related elements such as Ca. There are, however, only
marginal differences in P concentrations in the reindeer faeces from the
two sampling sites. There is a bird reserve on the northernmost point of
Nordenskiold coast, but there are no seabird cliffs in the area. Therefore,
it is not likely that the increased levels of Cd derive from bird guano.

Despite Cd levels being higher in Nordenskiold coast faeces, the heat
maps (Fig. 3) do not support a relationship between toxic metals and the
distance to the ocean. It is, however, important to note that the rein-
deer’s digestive retention time ranges from 21 to 69 h (Aagnes and
Mathiesen, 1994). Hence, the location of excretion can differ from that
of grazing, thus confounding the possible association between the dis-
tance from the ocean and the faecal elemental composition.

The heat maps, however, showed significant correlations between
several elements in the faecal samples. At Nordenskiold coast there was
a significant positive relationship between Pb and Hg. In Adventdalen,
the results instead showed significant positive relationships between Pb
and several elements of mineral origin, such as Cu, Al, Fe, and As. The Pb
levels were, moreover, higher in faeces from the Nordenskiold coast, and
we, therefore, suggest that the origin of Pb may differ at the two sam-
pling sites. We propose that the Pb detected in the faecal samples from
Adventdalen could be of mineral origin, while the positive relationship
between Hg and Pb, together with increased levels of Pb at Nordenskiold
coast, may suggest anthropogenic input.

4.4. Local sources of pollution

Most Hg in the Arctic originates from anthropogenic activities and
long-range atmospheric transport from sub-Arctic latitudes (Dastoor
etal., 2022). However, as mentioned, a few local sources also contribute
to the overall levels of several toxic elements in Svalbard (Drotikova
etal., 2020a). As shown, the levels of the toxic elements Cd and Pb were
higher in faeces from the Nordenskiold coast than from Adventdalen.
Additionally, Hg levels were higher in the soil at Nordenskiold coast
than in Adventdalen. This potentially contradicts our presumption that
the Nordenskiold coast is less affected by anthropogenic influences.
There are no significant local point sources of pollutants on the Nor-
denskiold coast. The area is, however, relatively close to the nearby
settlement of Barentsburg (15 km), where there is an active coal power
plant (Dekhtyareva et al., 2016). The annual general wind direction in
Barentsburg is northeasterly, which may transport a considerable
amount of the power plant exhaust towards the Nordenskiold coast
(Akerman, 1980; The Norwegian Meteorological Institute, n.d.).
Depending on the chemical composition of the coal used in these power
plants, combustion can be a source of fossil fuel-related elements, such
as heavy metals (Lewinska-Preis et al., 2009). Anthropogenic activity in
Barentsburg could, therefore, to some extent, be the common origin of
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both Hg and Pb, which may explain their relationship at this site. The
same relationship between Hg and Pb was absent in faecal samples from
Adventdalen despite its closeness to the coal power plant in Long-
yearbyen (3-18 km). The general annual wind direction in Adventdalen
is, however, mostly southeasterly (Dekhtyareva et al., 2022), which is
downwind from Longyearbyen and its associated point sources. The
sampled reindeer in Adventdalen may, therefore, not be exposed to the
potential anthropogenic contributions of toxic metals originating from
the Longyearbyen powerplant.

The elemental composition of faeces is the final product of the
exposure, intestinal uptake and excretion of surplus essential or toxic
elements. Roggeman et al. (2013), for instance, reported that faecal
concentration of elements corresponded well with dietary exposure. The
levels of elements in faeces do, therefore, not necessarily reflect the
levels in other tissues or organs of the organism. Although it has been
argued that faecal samples can be used as a proxy for exposure to pol-
lutants in terrestrial ecosystems (Pacyna et al., 2019), relationships
between faecal concentrations of toxic metals and internal soft tissue
and organ concentrations have been found in some Arctic species, but
not yet been assessed in reindeer (Dietz et al., 2009). The biomonitoring
of faeces should, therefore, instead be used as an indicator of exposure
trends in Arctic terrestrial organisms rather than being used to derive the
risk of exposure to, for instance, toxic metals. We furthermore suggest
that faecal samples of reindeer can be applied to assess spatial and
temporal differences and trends in patterns and levels of toxic elements
(heavy metals) at the base of the food chain (i.e. in reindeer diet) in the
Arctic.

5. Conclusions

In this study, we investigated the composition of toxic (e.g., Hg, Cd
and Pb) and essential elements (e.g., Se) in Svalbard reindeer faeces with
the key aim to I) assess the exposure of Svalbard reindeer to pollutants
and II) evaluate whether reindeer inhabiting pristine areas have a
different faecal elemental composition as compared to reindeer living in
areas more influenced by anthropogenic activities. We found a signifi-
cant difference in faecal elemental concentration and composition be-
tween Adventdalen and Nordenskiold coast. Elements of geogenic origin
(e.g., Al, Cu and Fe) were found at higher levels in faeces from Adven-
tdalen. In comparison, levels of Ca, Se and the toxic elements Cd and Pb
were higher in faecal samples from the Nordenskiold coast. The signif-
icantly higher levels of Cd found in faeces from the Nordenskiold coast
may originate from the ocean or, considering the easterly wind patterns
in late winter, from the coal combustion power plant in Barentsburg,
located 15 km east of Nordenskiold coast. The increased levels of Pb at
Nordenskiold coast faeces might also originate from the powerplant.
These results indicate that reindeer living on the Nordenskiold coast
may be exposed to local anthropogenic pollution.

However, the same patterns in faecal elemental composition at the
two study locations were not observed in the elemental composition of
the soil samples from the same areas. This decoupling between matrices
may be due to the reindeer diet, as plants have species-dependent uptake
of elements from their surrounding environment. Potential dietary dif-
ferences between the two sampled populations may also explain the
differences in faecal elemental composition, but further studies on the
elemental composition of the plants that comprise the reindeer diet are
required to evaluate this.

We suggest that faecal samples of reindeer can be applied to assess
spatial and temporal differences and trends in patterns and levels of
toxic elements at the base of the terrestrial food chain in the Arctic.
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Figure Al. Central Nordenski6ld land with the areas of Nordenskio6ld coast and Adventdalen marked in dark red

and the soil sampling sites marked with red dots. The settlements of Barentsburg and Longyearbyen are indicated

with red geotags. Isfjordbanken is marked with an [I] and Adventfjorden marked with an [A].
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Figure A2. PCA biplot of the Svalbard reindeer (Rangifer tarandus platyrhynchus) faecal elemental composition.

PC1 and PC3 explain 31.1% versus 17.9% of the variance in the data set.



Sampling information

Table Al. Additional soil sampling information, providing details of the sampling locations.

Sample ID  Location Year Latitude Longitude TOC pH
1 Adventdalen 2021 78.16960  16.00585 7.3 5.0
2 Adventdalen 2021 78.16960  16.00585 13.1 4.8
3 Adventdalen 2021 78.16960  16.00585 33 4.8
4 Adventdalen 2021  78.16202  16.18628 9.6 5.4
5 Adventdalen 2021 78.16512  16.14622 16.5 5.2
6 Isfjord radio 2021  78.06002  13.64613 124 5.2
7 Isfjord radio 2021  78.06165  13.65083 4.8 5.2
8 Isfjord radio 2021  78.06307  13.65362 13.8 4.7
9 Isfjord radio 2021  78.05638  13.65778 21.6 6.2

Table A2. Additional faecal sampling information, providing details on annual average precipitation [mm]

(Precipitation), the distance to the ocean [m] (Ocean), the sampling locations, year of sampling, sex and age of the

sampled individuals and the sampling coordinates.

Sample ID  Precipitation Ocean Location Year Sex Age Latitude  Longitude
1 236.27 6340 Adventdalen 2014 F A 78.181115 15.909956
2 209.43 22300 Adventdalen 2015 F A 78.183544  16.19028
3 209.43 22300 Adventdalen 2015 F C 78.183544  16.19028
4 209.43 21600 Adventdalen 2015 F C 78.189679 16.218993
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Other data

Table A3. Certified reference material (CRM) analysis (n=4) on Virginia Tobacco leaves (INCT-PVTL-6, Institute
of Nuclear Chemistry and Technology, Warszawa, Poland). We determined the recovery by comparing our

measured concentrations to the certified values in the official CRM. N/A is given if the CRM is not certified for the

element.
(ng/kg)

Element Certified CRM  Measured values  Recovery
Hg 0.0232 0.0181 78
Se N/A 0.031 N/A
Cd 223 2.328 104
As 0.138 0.116 84
Pb 0.972 0.657 68
Cu 5.12 4.57 89
Ni 1.49 1.22 82
Zn 43.6 40.3 92
Na 62.4 67.3 108
Si N/A 901 N/A
P 3780 3310 88
S 2420 2577 106
Mg 2410 2330 97
Fe 258 256 99
Al 252 325 129
Ca 22970 22 420 98
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Table A4. Limits of detection (LOD) based on either three times the standard deviation or the instrument detection

limit, depending on which gave the highest value. All values are provided in ug/g.

Element LOD
Hg 0.000147
Pb 0.00406
Cd 0.00147
Se 0.00737
Ca 0.295
Zn 0.0182
Si 3.39

S 2.95

P 0.0590
Na 1.47

Cu 0.00442
Mg 0.0147
Al 0.155
Fe 0.168
As 0.00369
Ni 0.00221

Table AS. Contributions (loadings) to the first three principal components (PCs).

Element PC1 PC2 PC3
Hg 0.01 17.60 10.86
Pb 0.46 7.45 15.55
Cd 1.62 1.04 14.36
Se 1.65 12.97 11.47
Ca 8.34 2.13 5.71
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Cu
Mg
Al

Fe

1.24

13.14

13.10

16.60

4.78

15.08

2.50

17.26

0.81

1.25

0.28

0.80

16.57

1.07

18.54

17.83

0.23

0.23

4.57

0.41

5.29

2.24

6.21
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ABSTRACT

Pollutants emitted from all over the world may reach pristine areas, such as the Arctic. The Svalbard reindeer
(Rangifer tarandus platyrhynchus) has been the subject of a few studies reporting toxic metal concentrations.
However, these studies either date back a few decades or exclusively used non-invasive samples (e.g., faeces and
fur), leaving us without an updated assessment of the concentrations in internal tissues and target organs.

This study is the first to present the concentrations of the toxic metals mercury (Hg), cadmium (Cd), and lead
(Pb) in both invasive and non-invasive samples from female Svalbard reindeer. The highest concentrations of
both Hg and Cd were found in the kidneys (x =0.68 pg/g and 16.3 pg/g dw, respectively). The highest con-
centration of Pb was found in faeces (x =2.62 pg/g dw), followed by liver (x =0.28 pg/g dw). While both Cd and
Pb concentrations in Svalbard reindeer were comparable to levels reported in other reindeer subspecies or
circumpolar wildlife, Hg concentrations were lower than those reported in most other studies on reindeer.
Conversely, Hg levels in Svalbard reindeer were still higher than levels reported in wildlife from central Europe,
demonstrating the influence of long-range transport of Hg to the Arctic.

By comparing the toxic metal concentrations in different sample types, we confirm a relationship between Hg
concentrations in invasive and non-invasive samples, with faeces being the most promising proxy for soft tissue
Hg concentrations. Consequently, future Hg biomonitoring efforts may be carried out with relatively simple
sampling procedures and without sacrificing Svalbard reindeer.
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1. Introduction

Anthropogenic activities have significantly increased the concen-
trations of toxic metals mercury (Hg), cadmium (Cd), and lead (Pb) in
the biosphere since the onset of the industrial revolution (Dietz et al.,
2009; Barbante et al., 2017). This trend is globally evident, including in
remote Arctic regions like Svalbard (AMAP, 1998; Yang et al., 2020).

Hg, Cd, and Pb are known to cause adverse health effects and have
been closely monitored in Arctic wildlife during the past decades
(Klaassen and Watkins, 2015; AMAP, 2018). Monitoring efforts have
primarily focused on marine ecosystems, while far fewer studies have
been conducted in terrestrial environments. Consequently, there are
limitations in the data on toxic metal concentrations in many Arctic
terrestrial species, such as the Svalbard reindeer (Rangifer tarandus pla-
tyrhynchus) (Riget et al., 2004; Dietz et al., 2022). The Svalbard reindeer
is among the least studied reindeer subspecies in the context of pollu-
tion. They are the largest terrestrial mammal on the Svalbard archipel-
ago and play an important role in the local terrestrial ecosystem (Hansen
et al., 2013), both as primary consumers and as prey for Arctic foxes
(Vulpes lagopus; Prestrud, 1992; Eide et al., 2005) and polar bears (Ursus
maritimus; Stempniewicz et al., 2021). In addition, Svalbard reindeer are
hunted by local residents (MOSJ, 2021).

So far, most existing studies on contaminant concentrations in the
Svalbard reindeer have used non-invasive samples (e.g., faeces and fur)
without providing information on tissue distribution or toxic metal
accumulation (Pacyna et al., 2018, 2019; Pacyna-Kuchta et al., 2020).
This limits our understanding of concentrations in internal tissues,
which are used for setting human consumption thresholds or toxicity
evaluations (Andersson Stavridis et al., 2024).

Reindeer are considered ideal for biomonitoring pollutants in the
Arctic terrestrial ecosystem (Pacyna et al., 2018). First, the circumpolar
distribution of different reindeer subspecies enables a comparison be-
tween reindeer across different Arctic regions, which may help under-
stand the global distribution of pollutants (Gamberg et al., 2020).
Secondly, a relatively long lifespan of reindeer (Reimers, 1983) allows
an accumulation of pollutants over long periods, which may provide a
better overview of cumulative contaminant exposure. Thirdly, reindeer
are key primary consumers in the Arctic terrestrial ecosystem and
transfer pollutants from the environment into the Arctic food chain.
Finally, the thawing of the Arctic permafrost may remobilise legacy
contaminants, such as Hg, into the terrestrial ecosystem (Schaefer et al.,
2020). It is, therefore, important to establish a baseline reference of
metal concentrations in terrestrial organisms, such as reindeer, that can
be used for future comparisons in monitoring programs.

Previous studies indicate that the Svalbard reindeer are exposed to a
range of pollutants, including Hg, Cd, and Pb (e.g., Pacyna et al., 2018,
2019; Andersson Stavridis et al., 2024). To our knowledge, the only
study reporting renal and hepatic metal concentrations in Svalbard
reindeer dates back decades (Borch-lohnsen et al., 1996), while modern
studies focus solely on contaminant concentrations in non-invasive
samples (e.g., faeces, fur), which are two key excretion pathways for
metals (Wiener et al., 2003). While faecal and fur concentrations may
indicate exposure to contaminants, they are not directly comparable to
existing toxicity thresholds set for terrestrial mammals, which are based
on soft tissue concentrations (Dietz et al., 2022). Jota Baptista et al.
(2022) argue that there is a need to assess the information provided by
invasive versus non-invasive samples and evaluate how contaminant
levels in these different matrices are related to each other before using
non-invasive samples in toxicity-related monitoring. Relationships be-
tween heavy metals in non-invasive and invasive matrices have previ-
ously been studied in various species, and correlations between, for
instance, Hg in hair and soft tissues or blood were found in otters (Lutra
canadensis; Evans et al., 1998; Mierle et al., 2009) and polar bears
(Cardona-Marek et al., 2009), but not in seals (Ikemoto et al., 2004).
Dietz et al. (2009) suggest that interspecific differences in metal excre-
tion may explain why these relationships are found in certain species but
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not others. Consequently, species-specific relationships between inva-
sive and non-invasive matrices should be determined before using non-
invasive matrices for biomonitoring.

The present study determined the concentrations of Hg, Cd, Pb, and
other elements of interest in both invasive (kidney, liver, muscle, brain,
and blood) and non-invasive (milk, fur, and faeces) samples from female
Svalbard reindeer. The objectives of the study were to (1) explore po-
tential relationships between concentrations of toxic metals and other
selected elements in non-invasive and invasive samples, to determine if
non-invasive samples can be effectively used to predict or reflect inter-
nal concentrations in reindeer, and (2) determine whether the concen-
trations of Hg, Cd, and Pb in the tissues exceed the thresholds set for
adverse health effects in the reindeer, or human consumption. By
evaluating metal contamination in Svalbard reindeer, this study con-
tributes to the knowledge on contaminants in the Arctic terrestrial
environment, which is especially important as permafrost thaw may
accelerate the remobilisation of pollutants in a rapidly changing Arctic.

2. Methods
2.1. Sampling campaigns

As part of an interdisciplinary research collaboration (Research In
Svalbard ID 2909), 36 Svalbard reindeer females were culled in October
2021 (n = 18) and 2022 (n = 18) in Nordenskiold Land, Svalbard
(77°50'-78°20'N, 15°00-15°60'E; permission 16/01632-40 and 21/
03815-4 from the Governor of Svalbard). All individuals were shot in
the heart and lung region using regular hunting ammunition (calibers
and bullet types: lead and copper-based 6.5 x 55 Federal Fusion and
copper-based 30-06 Lapua Naturalis; bullet types had no significant
effect on Pb tissue concentrations). The age of harvested animals ranged
from one to 12 years. The age of yearlings and 2-year-olds was decided
based on tooth eruption patterns, while older individuals were aged
based on cementum annuli analyses (Veiberg et al., 2020).

Whole blood samples were collected post-mortem in the field. The
blood was primarily collected from the jugular vein in a plastic container
and subsequently transferred into EDTA-lined vacutainer tubes
(VACUETTE®, Greiner Bio-One, Austria). The culled animals were
transported to the University Centre in Svalbard by helicopter for further
necropsy, which was conducted within 11 h of euthanasia. Soft bio-
metrics (live and dress mass) were noted (£0.5 kg). Fur samples con-
sisting of guard hairs were collected from the dorsal backside of the
reindeer using stainless-steel scissors. Kidney, liver, and muscle samples
from the medial thigh muscle were all collected using stainless-steel
scalpels (Swann-Morton®, Swann-Morgon Limited, UK). The outer
layers of the tissue and organ samples were removed using clean scalpel
blades to reduce cross-contamination. The skull was opened using a saw,
and brain samples were collected from the brainstem using a bovine
brain sampling spoon or by collecting one complete brain lobe. Faecal
samples were collected directly from the rectum. All samples were
stored in polyethylene bags (VWR®). Milk samples were collected from
lactating females by cutting through the udder tissue and collecting the
milk directly into 15 mL plastic tubes (VWR®). All samples were stored
frozen (—20 °C) until further preparation. For further details on the
sampling, see Table S1.

Prior to analysis, fur samples were washed in cycles with ultrapure
water (MilliQ, Millipore® MilliporeSigma, United States) and acetone
(VWR BDH®, >99.5 %) to remove external contamination (Dolan et al.,
2017). The fur was left to dry in a fume hood while covered with
disposable wipes (KIMTECH®) for approximately 48 h.

The wet weight (ww) of all the samples was noted (Mettler Toledo®,
+ 0.01 g). Brain, kidney, liver, muscle, and faecal samples were freeze-
dried for 48-72 h at —50 °C and 0.04 mbar (FreeZone® Benchtop Freeze-
drier, Labconco), and the dry weight (dw) was subsequently measured
(the average moisture content in the kidneys were 78.9 %, liver 70.0 %,
muscle 69.9 %, brain: 75.9 %, and faeces 78.0 %). The dried samples
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were placed in zip-lock bags and homogenised using a plastic hammer
until the entire sample was turned into a fine powder, ensuring a good
homogenate based on visual inspection. Subsamples of blood and milk
(approximately 1 mL) were homogenised using an ultrasonic processor
(Cole Parmer GEX) for 2 x 10 s.

All collected samples were analysed for total mercury (THg, which
includes all the different mercury species). In addition, kidney, liver,
muscle fur, and faecal samples collected in 2021 (n = 18) were analysed
for a range of additional trace elements. These included metal contam-
inants Cd and Pb, and selenium (Se), for its mitigating effects against Hg.
We also included aluminium (Al), iron (Fe), sulphur (S), silica (Si) and
phosphorous (P), as they may assist in indicating the origin of the Hg,
Cd, and Pb (Halbach et al., 2017).

2.2. Mercury analysis

Approximately 40 mg of cleaned fur, freeze-dried and homogenised
kidney, liver, muscle, brain, and faecal samples, and homogenised blood
and milk samples were analysed for THg using thermal decomposition
and atomic absorption spectrophotometry (Direct Mercury Analyser
[DMA-80 evo] Milestone) at the Department of Chemistry, Norwegian
University of Science and Technology (NTNU). All samples were ana-
lysed in duplicates. Samples that deviated >15 % between duplicates
were analysed in triplicates. The cells of the DMA-80 were calibrated
using a Hg standard (in 2 % HCI, LabKings B.V.®, Hilversum,
Netherlands) with either a five- or seven-point calibration curve. A daily
calibration check was performed by analysing a high and a low con-
centration standard in the working range of the analysis (following US
EPA method 7473). The precision of the analysis was furthermore
confirmed daily using certified reference materials (CRM), with re-
coveries ranging from 94 to 117 % (M-3 HerTis and INCT-OBTL-5 from
the Institute of Nuclear Chemistry and Technology, Warsaw, Poland;
and GBW 09101b Human hair, Shangai Institute of Nuclear Research,
Academia Sinica, China; Table S2). Blanks were also analysed to
determine LOD (three times the standard deviation of the blanks;
Table S3). Hg was detected above the LOD in all samples except for three
brain samples. All sample Hg concentrations were corrected for instru-
ment drift and blank values. All Hg concentrations reported in the result
section are given in dry weight (dw).

2.3. Element analysis

In addition to Hg, eight other elements are reported in this study: Cd,
Pb, Se, Al, Fe, S, Si and P. The elemental analysis was conducted at the
Department of Chemistry, Norwegian University of Science and Tech-
nology (NTNU). The cleaned fur and freeze-dried kidney, liver, muscle,
and faeces homogenates were digested in ultrapure nitric acid (ultrapure
grade, purified from HNOs3, AnalaR NORMAPUR®, VWR using a sub-
boiling distillation system [Milestone, SubPur, Sorisole, BG, Italy]).
Approximately 400 mg of sample was added to polytetrafluoroethylene
(PTFE) vials with 5 mL of 50 % (v/v) HNOs. The samples were digested
using a high-pressure microwave system (Milestone Ultraclave, EMLS,
Leutkirch, Germany) for 2.5 h. The digested samples were diluted with
ultrapure water (Elga® Purelab Flex 4, High Wycombe, United
Kingdom) to a final volume of 40 mL. Blanks (400 mg of ultrapure water
and 5 mL of 50 % (v/v) HNO3) and CRMs (1577b Bovine Liver, U.S.
Department of Commerce National Institute of Standards and Technol-
ogy, Gaithersburg, Md 20899 and GBW 09101b Human hair, Shangai
Institute of Nuclear Research, Academia Sinica, China) were also
digested for quality control. Reference material recovery rates ranged
from 84 to 108 % for all the analysed elements herein, except for Pb (72
% recovery for 1577b Bovine Liver), Cd, and Al (75 % and 139 % re-
covery for GBW 09101b Human Hair, respectively; Table S4).

An 8800 Triple Quadrupole inductively coupled plasma mass spec-
trometry (ICP-MS) system (Agilent, Santa Clara, USA) equipped with a
prepFAST M5 autosampler (ESI, USA) was used to identify and quantify
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the elements. The limits of detection (LODs) were calculated for each
element and were either based on three times the standard deviation of
the blanks or the instrument detection limits (IDLs). The IDLs were
determined by analysing solutions with decreasing concentrations of
each element, where the elemental concentration that resulted in a
relative standard deviation of 25 % in three scans was defined as the IDL
(Table S5). All elements were detected above the LODs in all samples
except for Pb in most muscle samples. All elemental concentrations re-
ported in the result section are given in dry weight (dw).

2.4. Statistical analysis

All statistical analyses were conducted using R version 4.3.3 (R Core
Team, 2024). The normality of the data was assessed using the Shapiro-
Wilk test, and variance was analysed using Levene's test. For non-
normally distributed variables, Box-Cox transformations were applied
in an attempt to normalise them; however, not all variables could be
transformed using the same transformation method. As a result, non-
parametric tests were primarily used for the statistical analysis
(Table S6).

A Kruskal-Wallis test, followed by a pairwise Wilcoxon rank sum test
with a Bonferroni correction, was applied to the data to evaluate sig-
nificant differences in elemental concentrations between the sample
types. Spearman rank correlations were carried out to assess the rela-
tionship between Hg, Cd, and Pb concentrations in the different sample
types and determine the relationship among the elements Hg, Se, Cd, Pb,
Al, Fe, Si, P, and S in faeces and fur. The relationship between Hg con-
centrations in the liver and faeces was further explored using linear
regression on log-transformed data. Linear regression was also used to
determine a potential relationship between age and soft tissue Hg, Cd
and Pb concentrations.

As kidney, liver, muscle, faeces, and fur samples from both 2021 and
2022 were analysed for Hg, interannual variation in Hg concentrations
was assessed in these samples using a Student's t-test or Mann-Whitney U
test for normal and non-normally distributed data, respectively (See
Supplementary Information).

All data are presented as either mean concentrations or mean +
standard deviation (SD) throughout the article.

3. Results

The highest concentrations of Hg were found in the kidneys (0.68 +
0.31 pg/g), followed by liver>faeces>fur>muscle>brain>milk>blood
(Table 1). Similarly, the highest concentrations of Cd were also found in
the kidneys (16.3 + 11.2 pg/g), followed by liver>faeces>muscle>fur
(Table 2). The highest concentrations of Pb were found in the faeces
(2.62 + 1.18 pg/g), followed by liver>kidney>fur>muscle.

The concentrations of Hg differed significantly between most sample
types (p < 0.05), except between milk and brain, and muscle and fur.
The concentrations of Cd and Pb also differed significantly between
samples (p < 0.05), except for Cd concentrations in muscle and fur (p =
0.18).

The Se:Hg molar ratio was >1 for all sample types in all individuals,
with the highest average ratio in muscle (Se:Hg = 283), followed by fur
(Se:Hg = 147), liver (Se:Hg = 28.0), faeces (Se:Hg = 21.3) and kidney
(Se:Hg = 18.0).

The correlation analyses of Pb, Cd, and Hg concentrations in the
various sample types showed substantial variation in the degree of
covariation. For Pb, the only significant correlation between sample
types was found between liver and kidney (Fig. 1A). For Cd, strong
positive intercorrelations were found among soft tissue (kidney, liver,
muscle) concentrations (p < 0.001), and fur Cd concentrations corre-
lated positively with liver and kidney concentrations (p < 0.05). Faecal
Cd concentrations did not correlate with the concentrations in any of the
other analysed sample types (Fig. 1B).

Among the invasive samples, Hg concentrations in blood, liver, and
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Table 1

Dry weight concentrations of Hg in kidney, liver and faeces, muscle, brain and fur (ug/g), and wet weight concentrations of blood and milk (pg/L).
Tissue n Mean [Hg] Median SD Min Max
Kidney 36 0.68 0.64 0.31 0.15 1.50
Liver 35 0.15 0.14 0.06 0.07 0.37
Faeces 36 0.08 0.08 0.03 0.03 0.18
Muscle 36 9.50 x 1072 6.21 x 10°° 6.95 x 1072 2.66 x 107° 25.9 x 10°°
Brain 15 2.04 x 1072 1.68 x 1072 1.18 x 1072 1.08 x 1073 471 x 10°°
Fur 33 13.5 x 1072 109 x 1073 10.7 x 1072 1.77 x 1072 42,0 x 10°°
Blood 17 0.47 x 1072 0.33 x 10°° 0.32 x 1072 0.14 x 1072 1.27 x 1073
Milk 7 1.55 x 1072 1.56 x 1073 0.75 x 1072 0.49 x 107° 2.49 x 1072

kidney showed significant, positive correlations (Fig. 1C). Hg levels in
muscle tissue correlated significantly with liver, kidney, and blood
levels, whereas Hg concentration in brain tissue showed no correlation
with any of the other samples. The Hg concentration of the non-invasive
faecal samples correlated significantly with blood, liver, and kidney
concentrations (Fig. 1C). The strongest relationship was found between
faecal and liver Hg concentration (p = 0.52, R? = 0.33, p < 0.001,
Fig. 2).

The relationships between age and Hg, Cd, and Pb are visualised in
Fig. 3, where kidney and liver Cd concentrations were strongly posi-
tively correlated to age (R? = 0.83 and R? = 0.63, respectively). In
contrast, there were no clear indications of soft tissue accumulation of
Hg or Pb with increasing age.

A between-year difference in Hg concentration was observed in both
fur (9.22 ng/g versus 18.7 ng/g) and faecal (0.06 pg/g versus 0.10 ug/g)
samples, with significantly higher concentrations obtained from samples

collected in 2022 (p < 0.01). No significant annual differences were
found in muscle (7.56 ng/g versus 11.4 ng/g), liver (0.14 pg/g versus
0.15 pg/g) or kidney (0.69 pg/g versus 0.67 pug/g) samples. As only
samples from 2021 were included in the elemental composition analysis
(i.e., Cd, Pb, Se, Al, Fe, Si, S and P), the between-year variation could not
be assessed.

The highest Al, Fe, and Si concentrations were found in reindeer
faeces (5.56 mg/g, 3.78 mg/g, and 2.13 mg/g, respectively). In contrast,
faeces generally contained the lowest concentrations of both S and P.
Concentrations of S were highest in fur (25.1 mg/g), followed by the
internal tissues muscle>kidney>liver, and faeces (Table 2).

The correlations between all the different element concentrations in
the non-invasive samples (i.e., faeces and fur) from Svalbard reindeer
are visualised in Fig. 4. The strongest relationships were among ele-
ments Pb, Al, Fe, and Se in faeces (p < 0.001) and between Pb, Al, Fe,
and Si in fur (p < 0.001).

Table 2
Dry weight concentrations of Cd, Pb, Se, Al, Fe, Si, S and P (pg/g) in kidney, liver, muscle, faeces and fur from Svalbard reindeer (n = 18).
Element Tissue Mean Median SD Min Max
cd Kidney 16.3 11.9 11.2 2.32 38.5
Liver 1.48 1.55 0.58 0.42 2.63
Muscle 4.43 x 107° 3.24 x 107° 3.25 x 1072 0.22 x 1072 10.5 x 1073
Fur 1.94 x 1073 1.48 x 1072 1.82 x 1072 0.21 x 1072 7.39 x 1072
Faeces 0.74 0.70 0.20 0.23 1.13
Pb Kidney 0.17 0.13 0.13 0.07 0.54
Liver 0.28 0.24 0.18 0.08 0.84
Muscle 2.90 x 10°° 2.44 x 107° 2.49 x 1072 0.41 x 1072 6.29 x 1072
Fur 84.0 x 102 50.3 x 1072 93.5 x 102 9.05 x 1072 345 x 1073
Faeces 2.62 2.59 1.18 0.76 5.05
Se Kidney 3.95 4.02 0.29 3.08 4.27
Liver 1.41 1.34 0.27 0.99 2.22
Muscle 0.59 0.58 0.11 0.36 0.81
Fur 0.28 0.27 0.08 0.14 0.43
Faeces 0.45 0.46 0.12 0.28 0.72
Al Kidney 1.41 1.11 0.77 0.63 3.52
Liver 1.67 1.52 0.71 0.71 3.95
Muscle 0.68 0.73 0.30 0.21 1.18
Fur 125 64.4 190 2.48 807
Faeces 5.56 x 10° 5.06 x 10° 2.74 x 10° 1.50 x 10° 12.6 x 10°
Fe Kidney 230 223 32.5 178 316
Liver 1270 1280 353 661 2010
Muscle 133 131 22.0 87.0 176
Fur 85.4 487 121 5.51 521
Faeces 3.78 x 10° 3.47 x 10° 1.72 x 10° 1.31 x 10° 8.38 x 10°
Si Kidney 26.5 27.5 4.76 16.6 31.9
Liver 22.1 22.3 4.36 14.1 32.4
Muscle 15.5 14.9 3.00 9.41 22.0
Fur 238 125 360 6.38 1530
Faeces 213 x 10° 2.10 x 10° 0.14 x 10° 1.89 x 10° 2.41 x 10°
S Kidney 9.21 x 10° 9.26 x 10° 0.38 x 10° 8.35 x 10° 9.83 x 10°
Liver 8.25 x 10° 8.26 x 10° 0.24 x 10% 7.75 x 10° 8.65 x 10°
Muscle 9.74 x 10° 9.80 x 10° 0.78 x 10° 7.69 x 10° 10.7 x 10°
Fur 25.1 x 10° 25.5 x 10° 4.68 x 10° 10.7 x 10° 30.6 x 10°
Faeces 2.98 x 10° 2.87 x 10° 0.44 x 10° 2.49 x 10° 4.33 x 10°
P Kidney 12.6 x 10° 12.6 x 10° 0.82 x 10° 10.9 x 10° 13.8 x 10°
Liver 11.2 x 10° 11.35 x 10° 0.43 x 10° 10.1 x 10° 11.8 x 10°
Muscle 7.31 x 10° 7.42 x 10° 0.61 x 10° 5.43 x 10° 8.00 x 10°
Fur 127 131 27.4 48.9 161
Faeces 3.22 x 10° 3.14 x 10° 0.52 x 10° 2.27 x 10° 4.30 x 10°
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Fig. 1. Spearman correlation heat maps visualising the relationship between
different tissue concentrations of [A] Pb (n = 18), [B] Cd (n = 18) and [C] Hg
(n = 36). The Spearman correlation coefficient (p) is provided in the boxes.
Significant relationships are marked as (*) if p < 0.05, as (**) if p < 0.01 and as
(***) if p < 0.001.

4. Discussion
Among all the various sample types, the highest concentrations of

both Hg and Cd were found in the kidneys (0.68 pg/g and 16.3 pg/g,
respectively). In contrast, the highest concentration of Pb was found in
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log liver [Hg] = -0.26 + 0.52 x log faecal [Hg]
R?=0.33
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Fig. 2. Linear regression between log faecal and liver Hg concentrations (n =
35). Each dot represents an individual measurement, the red line represents the
linear regression line, and the pink ribbon shows the 95 % confidence interval
(CD). The equation predicts liver Hg concentrations with an accuracy of 107 +
32 %.

faeces (2.62 pg/g), while the internal tissue concentrations were tenfold
lower, with the highest concentrations found in the liver (0.28 pg/g).
The different fates of Hg, Cd, and Pb in the Svalbard reindeer are most
likely attributed to a combination of different levels of exposure, uptake,
excretion pathways, and the chemical properties of the elements, which
is further discussed in the following sections.

4.1. Hg in the Svalbard reindeer

Hg bioaccumulates and biomagnifies across trophic levels (Dietz
et al., 2000). As a result, marine apex predators typically exhibit the
highest concentrations of Hg among Arctic mammals (Scheuhammer
et al., 2015). As primary consumers, it is, therefore, not surprising that
the renal concentrations of Hg in the Svalbard reindeer (0.68 pg/g dw)
are manifold lower than those of polar bears (hepatic:15.5 pg/g dw;
Kannan et al., 2007) or Arctic foxes (hepatic: 2.66 pg/g dw, recalculated
from ww; Hoekstra et al., 2003). The Svalbard reindeer are, in addition,
among the least polluted subspecies of Rangifer tarandus when compared
to studies from Canada and Greenland (Table 3 and S7).

Several studies have previously observed an east-to-west gradient of
Hg in marine biota and seawater, with overall higher concentrations
towards Greenland and the Canadian Arctic than in Svalbard (Rigét
et al., 2011; Dietz et al., 2022). In line with previous circumpolar find-
ings, we generally found the lowest Hg concentrations in reindeer from
Svalbard and Scandinavia (Table 3), suggesting that geographical dif-
ferences in Hg deposition and emission also may influence the exposure
of terrestrial mammals.

Besides geography, differences in diet may also significantly affect
Hg exposure, uptake, and accumulation as some sources of feed may be
more proficient in the uptake of Hg than others. Lichen and bryophytes
are, for instance, efficient accumulators of atmospheric Hg (Bargagli,
2016) and, therefore, tend to have higher Hg concentrations than
vascular plant species (Wojtun et al., 2013; Zhou et al., 2021). While
lichen play an important role in the diet of some subspecies of reindeer
(Gamberg et al., 2005), several studies on the botanical composition of
Svalbard reindeer rumen content indicate that the proportion of lichen
in their diet is relatively small (Staaland, 1986; Bjgrkvoll et al., 2009;
Wegrzyn et al., 2019). This low fraction of lichen is most likely due to
past and present overgrazing of their preferred lichen species, which
hinders regrowth and restricts their abundance on Svalbard (Staaland
etal., 1993; Bjune, 2000). As a result, Svalbard reindeer may experience
lower exposure to dietary Hg.

Although Hg concentrations in the Svalbard reindeer are lower than
in many other reindeer subspecies, they are still comparable to, or even
more contaminated than, cervids living closer to major Hg emission
sources. For instance, studies on metal concentrations in populations of
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Fig. 3. Linear regression between kidney [A] and liver [B] Cd concentrations and age (n = 16 and n = 18, respectively). Plots [C] and [D] illustrate the kidney Pb (n
= 16) and kidney Hg (n = 35) concentrations, respectively, as a function of age. Each dot represents an individual measurement. In [A] and [B], the red line
represents the linear regression line, and the pink ribbon shows the 95 % confidence interval.
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Fig. 4. Spearman correlation heat maps visualising the relationship between different element concentrations in [A] faeces and [B] fur from Svalbard reindeer
females (n = 18). The Spearman correlation coefficient (p) is provided in the boxes. Significant relationships are marked as (*) if p < 0.05, as (**) if p < 0.01 and as

(%) if p < 0.001.

red deer (Cervus elaphus), roe deer (Capreolus capreolus), or fallow deer
(Dama dama) from central Europe report lower renal and hepatic Hg
concentrations than the Svalbard reindeer, despite their closer proximity
to large scale coal power plants or heavy industrial activities (Pokorny
and Ribaric¢-Lasnik, 2002; Durkalec et al., 2015; Gizejewska et al., 2017;
Vuksic et al., 2018). As herbivores living in one of the most remote areas
of the Earth, the relatively high concentrations of Hg in the Svalbard
reindeer emphasise the global distribution of pollutants, supporting the
argument that the Earth is free from pristine reference sites (e.g., Muir
et al., 1992).

The highest concentration of Hg was found in the kidneys of the

Svalbard reindeer, which is common for terrestrial mammals. This has
been demonstrated under experimental conditions (Morcillo and San-
tamaria, 1996), as well as reported in many species of terrestrial wild-
life, such as roe deer and wild boar (Srebocan et al., 2011) and grey
wolves (Canis lupus; McGrew et al., 2014). In contrast, the highest
concentrations of Hg in marine mammals are often found in the liver, as
reported in several species of dolphins, whales, and seals (Dietz et al.,
1990; Wagemann et al., 1998; Frodello et al., 2000; Capelli et al., 2008;
AMAP, 2011). The higher renal accumulation of Hg in reindeer, in
contrast to the higher hepatic accumulation of Hg in marine mammals,
might be caused by exposure to different forms of Hg.
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Table 3

Science of the Total Environment 961 (2025) 178226

A circumpolar overview of previous studies reporting Hg concentrations in kidney and liver samples from the Rangifer tarandus family. All concentrations are reported
in pg/g and given in wet weight (ww). The studies are given in the order of concentrations, from low to high [Hg], with the current study marked in bold.

Tissue n [Hg] ng/g Location Year Subspecies Reference Comment
Kidney 26 0.04 Canada 2010-2013 R. caribou Larter et al., 2016 a, e
Kidney 36 0.14 Svalbard 2021-2022 R. platyrhynchus This study b,d
Kidney 63 0.36 Canada 1994-2006 R. granti Schuster et al., 2011 b, d
Kidney 81 0.38 Greenland 2008-2009 R. groenlandicus Gamberg et al., 2016 a, d
Kidney 315 0.51 Russia 2015-2020 N/A Makarov et al., 2022 b, c
Kidney 1155 0.91 Greenland & Canada 1991-2016 R. groenlandicus Gamberg et al., 2020 a, ¢
Kidney 310 0.99 Canada 1994-1995 N/A Robillard et al., 2002 b, ¢
Kidney 60 1.90 Canada 1991-1992 N/A Elkin and Bethke, 1995 b, c
Liver 280 0.04 Sweden 1983-2003 R. tarandus 0Odsjo et al., 2005 b, e
Liver 35 0.05 Svalbard 2021-2022 R. platyrhynchus This study b,d
Liver 80 0.07 Greenland 2008-2009 R. groenlandicus Gamberg et al., 2016 a, d
Liver 57 0.08 Norway 1978 N/A Froslie et al., 1984 b, c
Liver 101 0.08 Norway 1990-1991 N/A Sivertsen et al., 1995 b, c
Liver 3 0.12 Canada 1994-2006 R. granti Schuster et al., 2011 b, e
Liver 40 0.16 Russia 1997 R. tarandus Bernhoft et al., 2002 b, c
Liver 126 0.23 Greenland 1995-1997 R. groenlandicus Aastrup et al., 2000 b, c
Liver 505 0.34 Russia 2015-2020 N/A Makarov et al., 2022 b, c
Liver 50 0.51 Canada 1991-1992 N/A Elkin and Bethke, 1995 b, ¢
Liver 307 0.56 Canada 1994-1995 N/A Robillard et al., 2002 b, c

The numbers in the comments provide additional information about the data, where a = original [Hg] was provided in dry weight (dw) and recalculated to wet weight
(ww) according to the % water content provided by the article, b = original [Hg] provided as ww, ¢ = both genders were sampled, d = only females were sampled, and

e = only males were sampled.

The kidneys are a major target organ for inorganic Hg, as Hg ions
have a high affinity towards sulfhydryl groups, which are abundant in
the proteins of the kidney. In fact, up to 90 % of the inorganic Hg in adult
mammals is accumulated in the kidneys (Scheuhammer, 1987). Organic
mercury, specifically methylmercury (MeHg), is, on the other hand,
more likely to be retained in the liver, where it can undergo demethy-
lation and detoxification by forming mercuric selenide, HgSe
(Wagemann et al., 1998). The molar Hg kidney:liver ratio can conse-
quently assist in indicating which form of Hg an organism has been
exposed to, where a ratio above 1 indicates higher exposure to inorganic
Hg, while a ratio equal to or below 1 indicates higher concentrations of
organic Hg (Scheuhammer, 1987). The Svalbard reindeer primarily
feeds on vascular vegetation and bryophytes, with an occasional sup-
plement of biomass from the marine food web, e.g., kelp and seaweed
(Bjorkvoll et al., 2009; Hansen et al., 2019). Although certain species of
macroalgae are capable of bioconcentrating MeHg from the sea, inor-
ganic Hg dominates in terrestrial vegetation, and up to 90 % of all
terrestrial sequestration of Hg derives from plant uptake of Hg® (i.e.,
gaseous elemental Hg which oxidates into Hg?* after uptake; Obrist
et al., 2017; Zhou et al., 2021). As the diet of the Svalbard reindeer is
herbivorous and predominantly terrestrial, it is reasonable to assume
that their Hg exposure is primarily to the inorganic form. This is sup-
ported by the results in this study where the kidney:liver ratio was, on
average, 4.8, suggesting a higher exposure to inorganic Hg.

Hg exerts toxic effects even at low concentrations (Klaassen and
Watkins, 2015). Consequently, toxicity thresholds for both wildlife and
humans have been developed to assess environmental status and avoid
adverse health effects in humans. While the Svalbard reindeer are more
polluted with Hg than some central European cervids, their Hg con-
centrations are, similarly to most other reindeer subspecies, far below
the current toxicity threshold of 4.2 pg/g (ww) set for terrestrial mam-
mals (Dietz et al., 2022). This implies that the Svalbard reindeer are at
low risk of suffering from Hg-related adverse effects. In addition, the Se:
Hg molar ratios in the soft tissues (i.e., kidney, liver, muscle) are far
higher than 1, meaning that the levels of Se are sufficiently high to both
mitigate potential toxic Hg-derived effects while ensuring sufficient Se
levels for other physiological functions (Romero et al., 2016).

Furthermore, the concentrations of Hg in Svalbard reindeer
(0.07-0.29 pg/g ww in the kidney, see Table S8 for ww tissue concen-
trations) are lower than the advised threshold of 0.5 pg/g (ww) for
human consumption set by The European Commission (2023). This

implies that human consumption of both meat and offal (i.e., kidney or
liver) from the Svalbard reindeer may be done without major concerns,
especially when considering that inorganic Hg most likely is the domi-
nant form of Hg in these reindeer, which is less toxic than MeHg, mostly
found in, e.g., fish or marine mammals (EFSA, 2012).

4.2. Cd in the Svalbard reindeer

Similarly to Hg, the highest Cd reported in this study (renal con-
centrations of 16.3 pg/g dw or 3.31 pg/g ww) are lower than concen-
trations found in Arctic marine mammals. Dietz et al. (1996) report
renal concentrations of Cd in polar bears ranging from 8.21 to 18.6 pg/g
ww, in seals from 8.93 to 110 pg/g ww, and in toothed whales from 5.23
to 54.3 pg/g ww. Dietz et al. (2000) have previously demonstrated that
herbivores, such as reindeer, can have up to 50 times lower Cd con-
centrations than marine mammals, such as seals.

The Cd concentrations reported in the present study are also lower
than those in Borch-lohnsen et al. (1996), who reported Cd levels
ranging from 0.5 to 23 pg/g ww in renal samples from Svalbard reindeer
collected in the mid-1980s. This overall indicates a decrease in Cd
concentrations in the Svalbard reindeer over the past decades. Atmo-
spheric Cd concentrations have generally decreased in Europe since the
mid-1960s, mainly due to significant technical advancements in emis-
sion control techniques developed for key Cd sources such as smelters
and powerplants (Pacyna et al., 2009). Likewise, atmospheric Cd con-
centrations in Svalbard have been reported to decrease by 2.8%! since
the end of the last century (Platt et al., 2022). Consequently, we suggest
that the decrease in Cd concentrations in Svalbard reindeer during the
past forty years is due to reduced Cd emissions, resulting in less Cd being
transported to the Arctic, hence a lower environmental exposure.

Likewise, the renal Cd concentrations in the Svalbard reindeer in the
present study are seemingly similar to those of other Rangifer tarandus
subspecies, with the exception of certain herds in Canada where renal
concentrations as high as 882 pg/g (dw) have been reported (AMAP,
1998). The dietary composition of the reindeer may again explain some
of the variations in Cd concentrations among different herds of reindeer.
Specifically, high proportions of Salix spp. in the diet are strongly linked
to increased Cd concentrations in other herbivores such as ptarmigans
(Lagopus L. lagopus and L. mutus; Myklebust et al., 1993; Larison et al.,
2000) and a similar relationship in reindeer can be expected.

The dietary composition of the Svalbard reindeer heavily depends on
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the season, with consumption of high-biomass species dominating in
summer and species growing in exposed, snow-free areas dominating in
winter (Staaland, 1984). Some species are, however, omnipresent in
their diet throughout the year, such as the dwarf shrub Salix polaris
(Bjorkvoll et al., 2009). Willows are, in general, well-known for accu-
mulating heavy metals (Luo et al., 2016). This also applies to S. polaris,
where a study in Svalbard found 15-17 times higher Cd concentrations
in the stems and leaves of the plant compared to the surrounding soil
(Wojtun et al., 2013). The concentrations of Cd in Svalbard S. polaris
range between 0.2 and 8.5 pg/g (dw) (Wojtun et al., 2013, 2019;
Krajcarova et al., 2016), which is slightly lower than renal concentra-
tions found in the reindeer in this study. Although dietary uptake of Cd is
not very high (5-10 %), the reindeer consume a total of 600-700 kg (dw)
of plant matter each year (Staaland, 1986; Klaassen and Watkins, 2015).
Consequently, S. polaris may cause Cd exposure and subsequent accu-
mulation in the kidneys of the Svalbard reindeer.

Unlike Hg, Cd is known to accumulate in the kidneys of both marine
and terrestrial organisms (Muir et al., 1992; Riget et al., 2004). Absorbed
Cd is initially stored in the liver bound to metallothioneins (MTs),
rendering the Cd inert. These Cd-MT complexes may, however, be
released from the liver into the circulatory system and reach the kidneys
(Klaassen and Watkins, 2015). Through cellular uptake via specific re-
ceptors, both free Cd and MT-bound Cd bound can enter the cells of the
kidneys. However, once internalised, Cd-MT may be degraded, liber-
ating free Cd in the cell cytoplasm (Johri et al., 2010; Saboli¢ et al.,
2010). The excretion of Cd from the kidney cells is limited, resulting in
continuous renal Cd accumulation during chronic exposure (Nordberg,
1984).

Similarly to Hg, the ratios between the Cd concentrations in the liver
and kidney can be used to determine the type of Cd exposure an or-
ganism has been subjected to. Chronic exposure to Cd will, as described
above, result in renal accumulation. Conversely, an acute, high-dose
exposure will result in higher levels of Cd in the liver, as the initial
storage and binding to MTs occurs there (Scheuhammer, 1987).
Consequently, a kidney:liver ratio below 1 would indicate an acute
exposure event, while a ratio above 1 suggests chronic exposure. The
present study found the average ratio between liver and kidney Cd
concentrations to be 11 (liver:kidney ranged between 3.4 and 25),
indicating that the Svalbard reindeer are chronically exposed to this
toxic metal, which coincides well with their regular intake of Salix
polaris.

Soft tissue Cd concentrations are known to significantly increase
with age in wildlife (Muir et al., 1992; Dietz et al., 1996), which is
related to the decadal half-life of Cd in organs such as the kidneys
(Klaassen and Watkins, 2015). Thus, with chronic exposure, the Cd
levels slowly accumulate and positively correlate with age. In line with
these previous studies, we also found a strong correlation between age
and soft tissue Cd concentrations (Fig. 3), further indicating chronic
exposure to Cd in the Svalbard reindeer.

Cd concentrations exceeding 100 pg/g (ww) are known to cause
toxic effects, including increased bone fragility and nephrotoxicity
(Larison et al., 2000). The reindeer in the present study ranged from one
to twelve years of age. However, not even the oldest sampled individuals
(0.45-7.68 pg/g ww) exceeded this toxicity threshold. The oldest
recorded female Svalbard reindeer was 17 years (Reimers, 1983), i.e.,
not much older than the reindeer analysed for in the present study.
Consequently, it is unlikely that Svalbard reindeer would experience any
adverse health effects related to Cd exposure.

However, with respect to human consumption of the Svalbard rein-
deer, there are additional thresholds to consider. The European Com-
mission does, for instance, not recommend the consumption of offal with
concentrations exceeding 0.5 pg/g ww (The European Commission,
2023). With nearly all kidney and half of the liver samples exceeding this
threshold (Table 2 and Table S8), Svalbard reindeer offal should be
consumed with caution.
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4.3. Pb in the Svalbard reindeer

Pb does not typically biomagnify with increasing trophic levels
(Dietz et al., 2000), and the highest Pb concentrations are generally
found in soils and terrestrial vegetation compared to the marine envi-
ronment (Stalwick et al., 2023). Exposure to Pb is thus dependent on the
natural geology and the proximity to Pb point sources, which results in
large inter- and intra-species variations in Pb concentrations (Muir et al.,
1992; Dietz et al., 1996).

Among studies conducted on Arctic herbivores, a wide range of Pb
concentrations have been reported, with hepatic concentrations of
0.11-2.88 pg/g (ww) in caribou from Northern Alaska, 0.15-0.52 pg/g
(ww) in reindeer from northern Norway and 0.22-0.38 pg/g (ww) in
reindeer from St. Lawrence Island in the northern Bering Sea (O'Hara
et al., 2003; Welfinger-Smith et al., 2011; Ali Hassan et al., 2012). In
comparison, the hepatic concentrations in Svalbard reindeer, ranging
from 0.08 to 0.84 pg/g dw (0.02-0.26 pg/g ww), were slightly lower,
most likely due to the greater distance to Pb emitting sources on the
European or Asian continents (Stalwick et al., 2023).

Moreover, the Pb concentrations in Svalbard reindeer in the present
study were lower than those reported by Borch-Iohnsen et al. (1996) in
samples collected from the mid-1980s (1.3 pg/g ww). Atmospheric Pb
levels in Svalbard have been reported to decrease by an average of 4.6 %
annually, largely due to global reductions in Pb emissions following the
phase-out of leaded gasoline by the late 20th century (Pacyna et al.,
2009; Platt et al., 2022). Similar to Cd, the lower Pb concentrations in
Svalbard reindeer today compared to forty years ago suggest reduced
environmental exposure to Pb in recent decades. Although atmospheric
concentrations of Pb are lower today, legacy emissions (e.g., leaded
gasoline and smelting) have enriched the organic layer of Svalbard soils
with Pb (Pourrut et al., 2011). Additionally, Pb is naturally present in
the geosphere of Svalbard (Dallmann, 2015). Consequently, Svalbard
reindeer are still exposed to Pb, though to a lesser extent than in the past.

Like Cd and Hg, grazing animals are primarily exposed to Pb through
their diet, which mainly includes the ingestion of plant matter (Ma,
2011; Pareja-Carrera et al., 2014). Although accumulation of Pb from
soil is limited in many plant species, Pb concentrations in Svalbard
vegetation still range from 0.2 to 32 pg/g (dw) in mosses, 0.1-9.4 pg/g
(dw) in vascular vegetation and 0.6-4.6 pg/g (dw) in lichen (Wojtun
etal., 2013, 2019; Krajcarova et al., 2016; Klos et al., 2017). In addition
to vegetation, it is well-known that the Svalbard reindeer often ingest
soil particles during grazing, exposing them to soil-derived elements
such as Pb (Reimers, 1983; Tyler, 1987), which influences their faecal
elemental composition. A study on Svalbard found a strong, positive
correlation between elements such as Fe, Al and Pb in soil samples
(Halbach et al., 2016). Similarly, we observe a nearly identical positive
correlation between Fe, Al, Pb (and Se) in the faecal samples from this
study (Fig. 4), suggesting the presence of soil in the Svalbard reindeer
faeces. Due to the limited bioavailability of Pb bound to the soil, such
particles may pass through the gastrointestinal tract of the reindeer and
be excreted with the faeces, with only a little Pb being taken up (Pourrut
et al., 2011).

Unlike Hg and Cd, the highest concentration of Pb was found in the
faeces, with far lower concentrations in the internal tissues (i.e., liver,
kidney and muscle) or fur. The markedly difference between the internal
organ and faecal concentration is most likely attributed to both low
gastrointestinal absorption (3-10 %) in combination with low retention
(around 5 %) of absorbed Pb (Klaassen and Watkins, 2015; ATSDR,
2020). The faecal Pb is, therefore, likely to derive from both unabsorbed
Pb originating from plant matter, soil particles passing through the in-
testines undigested and previously absorbed Pb, which is excreted back
into the faeces via the bile (Klaassen and Watkins, 2015).

After uptake from the intestines, Pb primarily distributes to the soft
tissues before remobilising into fur and bone, including antlers, where
bone stores up to 95 % of the total Pb body burden (Klaassen and
Watkins, 2015). Consequently, while bone concentrations may indicate
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general long-term exposure patterns, the concentrations in the liver or
kidneys tend to mirror the levels in the blood, reflecting the recent
exposure (Ma, 2011; ATSDR, 2020). The relatively low-level dietary
exposure to bioavailable Pb, combined with the accumulation of Pb in
bone, may help explain the low Pb concentrations in the internal tissues
of the reindeer. Moreover, as Pb mainly accumulates in bone tissue,
which was not analysed in the present study, and soft tissues represent
recent exposure rather than an accumulation over time, the lack of a
relationship between age and liver Pb concentrations observed in Fig. 3
was expected.

The highest Pb concentrations in soft tissues from this study were
found in the liver and kidneys (0.28 pg/g dw and 0.17 pg/g dw,
respectively), followed by muscle. This aligns well with previous liter-
ature, where the liver and kidneys typically contain the highest con-
centrations of Pb among soft tissues in mammals (Swaileh et al., 2009;
Bischoff et al., 2016; Ma et al., 2020). Many argue that no Pb levels can
be considered safe (Wani et al., 2015; Hydeskov et al., 2024). However,
with relatively low concentrations in the reindeer soft tissues, we sug-
gest that the Pb levels are most likely not harmful to the reindeer. In
contrast, human consumption of Svalbard reindeer offal with regard to
Pb levels should be done with some caution. The European Commission
(2023) has set the Pb consumption threshold to 0.2 pg/g (ww) in offal,
which was exceeded by the individuals with the highest hepatic con-
centrations in this study (0.02-0.26 pg/g ww; Table S8).

4.4. Using non-invasive samples as proxies for internal concentrations of
contaminants

While non-invasive samples like faeces or hair are becoming
increasingly popular in contaminant biomonitoring, few studies have
attempted to correlate the concentrations of pollutants in faeces with
those in soft tissues or target organs to validate the applicability of the
non-invasive samples (Jota Baptista et al., 2022). In this study, we found
faecal Hg concentrations to significantly correlate with liver Hg levels,
fur Hg concentrations to significantly correlate with muscle Hg levels,
and fur Cd concentrations to significantly correlate with kidney Cd
levels, suggesting that faeces and fur have the potential to act as proxies
to estimate internal tissue Hg and Cd in Svalbard reindeer, and poten-
tially other Rangifer subspecies.

For non-invasive biomonitoring of Pb in Svalbard reindeer, neither
faeces nor fur Pb concentrations correlated with soft tissue levels. In
addition, the biomatrices that normally show high potential for non-
destructive monitoring (i.e., blood) in other species (Skerfving and
Bergdahl, 2007) were not assessed for Pb in our study. In central Europe,
roe deer antlers have been used for Pb biomonitoring over the past de-
cades (Pokorny, 2006). Since most absorbed Pb accumulates in bone
tissue (Scheuhammer, 1987), reindeer antlers may be a viable option for
future biomonitoring efforts of Pb.

4.4.1. Faeces

Faeces is a comparatively easy matrix to use in biomonitoring, as the
collection imposes minimal disruption of the target organism and thus
requires little ethical consideration. However, for the use of faeces in
toxicity assessments, there may be some difficulties interpreting the
relevance of the obtained data as faecal elemental concentrations are
likely to both reflect the elements excreted from the body, as well as
unabsorbed elements from ingestion (Klaassen and Watkins, 2015). Yin
et al. (2008) conclude that animal excrement is suitable for monitoring
heavy metal contamination when comparing species across different
trophic levels or between geographical locations. However, measuring
metal concentrations in other tissues is too necessary for a more precise
toxicity assessment.

The observed relationship between Hg concentrations in the liver
and faeces in the present study may be attributed to several factors. The
faecal elemental composition of grazers is known to reflect their dietary
intake of elements (Roggeman et al., 2013; Andersson Stavridis et al.,
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2024). Granted a retention time of between 21 and 69 h for reindeer
(Aagnes and Mathiesen, 1994), the faeces of the reindeer will only
mirror the ingestion of vegetation and soil up to three days prior to
defecation, meaning that the faeces represent a short-term-exposure
window. In contrast, given the Hg biological half-life of around two
months, the liver should represent a longer exposure time (Klaassen and
Watkins, 2015). However, the confinement by geological features such
as mountains and glaciers limit the Svalbard reindeer to a relatively
small home range (5-25 km?; Tyler, 1986; Kinck, 2014). As a result, they
graze within a set area their entire lives, leading to relatively consistent
exposure to the local environmental Hg. This is supported by the find-
ings of Andersson Stavridis et al. (2024), who reported similar Svalbard
reindeer faecal Hg concentrations (0.08 + 0.02 pg/g dw) in samples
collected during spring when compared with those reported in the
present study (0.08 + 0.03 pg/g dw). A consistent exposure to Hg allows
the reindeer to potentially reach a steady state of accumulation and
excretion, where the liver concentrations also reflect the ongoing
exposure through dietary intake. With constant exposure over time,
samples reflecting both acute and chronic exposure may mirror each
other. The relationship between liver and faecal Hg concentrations may
also be further enhanced by enterohepatic circulation, where Hg may
cycle between the liver and intestines via the bile, influencing concen-
trations in both matrices simultaneously (Clarkson and Magos, 2006).

The hypothesis that the Svalbard reindeer reach a steady state of Hg
accumulation and excretion is further supported by the lack of rela-
tionship between Hg tissue concentrations and age found in the present
study, which indicates low Hg accumulation. These results are consis-
tent with the findings of Robillard et al. (2002), who also found no
relationship between reindeer age and soft tissue Hg concentrations in
their study on caribou from northern Québec.

Similarly to Bechshoft et al. (2019), who developed conversion
equations to predict the concentrations of Hg in muscle tissue from fur
concentrations in polar bears, we used the relationship between liver
and faecal Hg concentrations to produce a linear equation:

log liver [Hg] = —0.26 + 0.52 x log faecal [Hg], (Fig. 2), which may
be used to estimate liver Hg concentrations based on the concentrations
in faeces. This will allow an estimate of Hg concentrations in the liver
without directly interacting with the reindeer, reducing animal stress
and harm. Additionally, by relying on faecal samples, larger sample sizes
across different populations may be collected without needing permits
for lethal sampling, which is particularly beneficial in protected areas
like Svalbard or other parts of the Arctic. Fresh faecal samples are fav-
oured, as they have not been subjected to degradation or environmental
contamination. Moreover, collecting fresh samples from observed in-
dividuals allows the gathering of more information (e.g., biometrics),
which could be important for the study. Nonetheless, previous studies on
contaminants in Svalbard reindeer found no differences between Hg, Cd,
or Pb concentrations in fresh summer faeces and aged winter faeces,
indicating that non-fresh faeces also are suitable for contaminant studies
(Pacyna et al., 2019), further facilitating sampling for biomonitoring.

It is important to note that the relationship between faeces and liver
Hg concentrations, while significant, is subject to certain variability,
which may affect the precision of our estimates. However, when pre-
dictions based on faecal Hg concentrations were compared to the actual
liver Hg concentrations, the model demonstrated an accuracy of 107 %
+ 32 %, emphasising that the equation is suitable for indicative pur-
poses, despite the relatively low R%value (0.33). Nonetheless, it is
important to consider that this model is limited to the faecal concen-
trations used to create the linear regression, and applying the model to
higher concentrations in faeces may result in less accurate predictions,
with both possible overestimations and underestimations of internal
concentrations. Despite these limitations, this model remains valuable
for biomonitoring, as faecal samples can provide indications of internal
tissue concentrations and help determine whether more extensive in-
ternal monitoring is needed. While it is worth noting that this study was
conducted on female Svalbard reindeer and that there could be sex-
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related differences in Hg exposure and accumulation, it is unclear if such
differences would significantly impact the prediction of the equation
presented above. For instance, Gamberg et al. (2020) reported higher
renal Hg concentrations in female caribou compared to males, poten-
tially due to increased energy requirements and feed intake during
gestation. However, since Gamberg et al. (2020) did not analyse faecal
Hg concentrations, it is difficult to conclude whether gender would
affect the prediction of soft tissue Hg concentrations using faeces.

To our knowledge, no previous studies have attempted to correlate
the concentrations of Hg, Cd or Pb in faeces to those in soft tissues. Based
on our findings, we propose that such correlations should be conducted
across other species to further evaluate the potential use of faeces in
future biomonitoring efforts.

4.4.2. Hair

Hair and other keratinised tissues are among the most common non-
invasive samples used for biomonitoring pollution (Jota Baptista et al.,
2022). Hair is easily obtained without causing much stress to the ani-
mals, and it is easy to transport and store due to its stability and inert
nature after formation (Duffy et al., 2005). As hair is formed under
constant contact with blood, the concentration of toxic elements in the
hair will reflect the blood concentrations during formation, which in
turn are influenced by the recent exposure (Wang et al., 2014). There is a
strong correlation between hair and blood Hg concentrations in humans
(Phelps et al., 1980). Similarly, correlations between contaminant con-
centrations in hair and soft tissue concentrations have been reported in a
range of biota, including for Hg in polar bears (Bechshoft et al., 2019;
Born et al., 1991), Hg in Arctic foxes (Treu et al., 2018), Pb and Cd in
wolves (Hernandez-Moreno et al., 2013), Pb in hedgehogs (Erinaceus
europaeus; D'Havé et al., 2006) and Pb and Cd in rabbits (Oryctolagus
cuniculus; Gil-Jiménez et al., 2020). This promotes the use of hair as a
predictor for soft tissue contaminant concentrations. However, since
hair is in direct contact with the external environment, there are known
issues with using hair as a sample matrix for contaminant studies, as it
may reflect a combination of both internal offloading and external
contamination. External contamination of fur and feathers is commonly
reported (e.g., Scheuhammer, 1987; Gil-Jiménez et al., 2020), and
feather concentrations of metals have, for instance, been found to
correlate well with soil contamination levels (Tajchman et al., 2023).

The Svalbard reindeer undergoes annual moulting and starts forming
new winter fur in late August each year (Cuyler and @ritsland, 2002).
Consequently, contaminant levels in the fur from the present study are
expected to reflect blood concentrations from late summer. Given the
half-life of mercury in blood (up to 100 days; Klaassen and Watkins,
2015), blood concentrations measured during the culling in late October
should closely reflect those in late August. Therefore, a positive corre-
lation between fur and blood Hg concentrations was expected. Yet, the
present study did not find strong relationships between fur and soft
tissue concentrations of Hg, Cd, or Pb. This may be due to species-
specific metabolism and excretion efficiencies, as suggested by Dietz
etal. (2009), which could confound any direct relationship between the
matrices. Additionally, as mentioned earlier, external contamination
may further influence the connection between fur and blood contami-
nant levels.

The Svalbard reindeer spend a significant proportion of the day
(29-45 %) lying down on the ground ruminating (Tyler, 1987), thus
exposing their fur to soil-derived elements such as Al, Fe, and Pb
(Halbach et al., 2016). Despite undergoing several cleaning cycles
before the analysis, we report a strong intercorrelation between Al, Fe,
Pb, and Si (p > 0.9) in the fur samples (Fig. 4), which may indicate
external contamination from soil. Consequently, any relationship be-
tween elements in fur and other tissues would be affected, which may
explain why there is a lack of strong relationships between these
samples.

We did, however, find a moderate positive correlation between Hg in
fur and muscle (p = 0.6), similar to Bechshoft et al. (2019), who reported
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a weak positive relationship (R?> = 0.18-0.24) between Hg concentra-
tions in the same matrices in polar bears, and Treu et al. (2018) who
demonstrated positive correlations between hair and soft tissue (i.e.,
renal and hepatic) Hg concentrations in Arctic fox. We also found a
moderate positive correlation between fur and kidney Cd concentrations
(p = 0.5), a relationship previously reported in studies on bats (Pipis-
trellus pipistrellus/pygmaeus) and wood mice (Apodemus sylvaticus L.;
Beernaert et al., 2007; Tete et al., 2014; Hernout et al., 2016).

As noted, the presence of lithogenic elements (Al, Fe, and Pb) in both
fur and faeces suggests that Svalbard reindeer may be both externally
exposed to or directly ingesting soil particles containing these elements.
We found a strong correlation between Si and lithogenic elements in fur
but not faeces. Since Si is a major component of soil, we would expect it
to correlate with Al, Fe, and Pb in faeces as well. However, this
discrepancy might result from limitations in the analytical method used
in this study, specifically nitric acid digestion, which is ineffective at
breaking down silicate minerals (Langenfeld and Bugbee, 2023). As a
result, it may not fully extract Si from soil particles in the samples. This
issue could be more pronounced in faecal samples than the fur samples,
as faeces may contain compacted particles that reduce the effectiveness
of digestion. In contrast, fur samples, which have a larger overall surface
area for digestion, might allow for a more complete extraction of Si. This
difference in digestion efficiency could lead to a biased Si recovery rate
in faeces, affecting the observed relationship between Si and other
lithogenic elements in the samples.

5. Conclusions

In summary, this study provides new insights into the concentration
of Hg, Cd, and Pb in Svalbard reindeer. We found the highest concen-
trations of Hg and Cd in the kidneys, suggesting that the reindeer are
chronically exposed to Cd and inorganic Hg. This exposure likely derives
from their diet, where both Salix polaris (phytoaccumulator of Cd) and
bryophytes (accumulators of atmospheric, inorganic Hg) play major
roles.

While muscle tissues had low concentrations of Hg, Cd, and Pb,
rendering Svalbard reindeer meat relatively safe for consumption, the
high hepatic and renal Cd levels, combined with high hepatic Pb con-
centrations, suggest that Svalbard reindeer offal should be consumed
with caution. Concentrations of both Cd and Pb have, however,
decreased in Svalbard reindeer hepatic and renal tissues over the past
forty years. This likely reflects the impact of technical advancements and
stronger emission regulations, causing reduced atmospheric emissions
and subsequent reduced bioavailability of these metal contaminants.

Hg concentrations in faeces and liver correlated significantly.
Although there are limitations in using faeces as a predictor of soft tissue
Hg concentrations, it may still serve as an indicative marker, supporting
its use as a non-invasive matrix for Hg biomonitoring in Svalbard rein-
deer and potentially other Rangifer subspecies across the Arctic. Fur Cd
and Hg concentrations were positively correlated with soft tissue con-
centrations. However, our results indicated that external contamination
is a confounding factor, complicating the use of fur as a reliable non-
invasive biomonitoring matrix for Hg and Cd.

Overall, our study contributes to the knowledge of contaminant
exposure in Arctic terrestrial biota and highlights the potential of using
non-invasive sampling methods for future biomonitoring efforts across
the Arctic.
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Supplementary

Sampling information

All samples were collected during two culling campaigns in October 2021 and 2022. The
prerequisites for the cullings differed, resulting in slightly different sample sizes for each type.
The total number of samples collected at each culling is summarised in Table S1 below.

Table S1. An overview of the samples collected during the culling campaigns in 2021 and 2022.

Sample type n (2021) n (2022)

Kidney 18 18
Liver 18 17
Muscle 18 18
Brain 15 -

Blood - 17
Fur 18 15
Faeces 18 18
Milk - 7



Quality assurance and contro/

Table S2. Certified reference material recoveries (CRMs) of Hg using a DMA-80 evo. The CRMs used are
MODAS-3 Herring Tissue (227 + 21 pg/kg), GBW 09101b Human hair (1.06 £ 0.28) and Oriental Basma
Tobacco Leaves INCT-OBLT-5 (20.9 + 1.35 pg/kg).

CRM Tissue Year  Minimum recovery %  Maximum recovery %
MODAS-3 Herring Tissue  Faeces 2021 1.01 1.04
MODAS-3 Herring Tissue ~ Muscle 2021 1.04 1.06
MODAS-3 Herring Tissue  Brain 2021 1.02 1.10
MODAS-3 Herring Tissue  Liver 2021 1.09 1.14
MODAS-3 Herring Tissue  Kidney 2021 1.05 1.07
MODAS-3 Herring Tissue  Faeces 2022 1.06 1.15
MODAS-3 Herring Tissue ~ Muscle 2022 1.03 1.10
MODAS-3 Herring Tissue ~ Liver 2022 1.04 1.07
MODAS-3 Herring Tissue  Kidney 2022 1.05 1.10
INCT-OBTL-5 Blood 2022 0.94 0.97
INCT-OBTL-5 Fur 2022 0.95 1.00
GBW 09101b Human hair Fur 2021 1.06 1.17

Table S3. Limits of detection (LOD) for Hg. The LODs are based on three times the standard deviation of the
signal height of the blanks that were analysed using a DMA-80. At least three blanks were run during each

analysis batch, and an LOD was calculated based on these for each separate analysis.

Tissue Year Average blank height  SD LOD
Faeces 2021 0.001 0.0003 0.0009
Muscle 2021 0.0018 0.00002  0.00005
Brain 2021 0.0016 0.0009 0.0026
Liver 2021 0.0051 0.0067 0.02
Kidney 2021 0.0077 0.0062 0.0186
Fur 2021 0.0022 0.0019 0.0057
Faeces 2022 0.0047 0.0039 0.0116
Muscle 2022 0.0026 0.0011 0.0033
Liver 2022 0.0078 0.0055 0.0165
Kidney 2022 0.0121 0.0118 0.0354

Blood 2022 0.0019 0.0008 0.0024



Fur 2022 0.0017 0.0011 0.0032

Milk 2022 0.002 0.002 0.006

Table S4. Certified reference material recoveries (CRMs) of Cd, Pb, Se, Al, Fe, Si, P and S using HR-ICP-MS.
The CRMs used are 1577b Bovine Liver and GBW 09101b Human hair. All concentrations are given in pg/g.
We determined the recovery by comparing our measured concentrations to the certified values of the official

CRM. N/A is given if the CRM is not certified for the element.

1577b Bovine Liver GBW 09101b Human hair

Element  Official CRM Our conc.  Recovery % Official CRM  Our conc.  Recovery %

Cd 0.5+0.03 0.48 97 0.072 £0.01 0.054 75
Pb 0.129 £ 0.004 0.09 72 3.83+0.18 3.21 84
Se 0.73 £0.06 0.66 91 0.59 +0.04 0.63 108
Al N/A N/A N/A 232+2.0 323 139
Fe 184 £ 15 179 97 160 £ 16 151 94
Si N/A N/A N/A N/A N/A N/A
P 1.10+0.03 1.09 99 174 £43 161 93
S 0.785 +0.006 0.78 100 N/A N/A N/A

Table S5. Limits of detection (LODs) are based on either three times the standard deviation of the blanks or the
instrument detection limit, depending on which gave the highest value, based on the HR-ICP-MS results. All

values are provided in pg/g.

Element LOD

Cd 0.0007
Pb 0.0076
Se 0.0059
Al 0.0506
Fe 0.0523
Si 3.1982
P 0.8978

S 1.6521




Shapiro Wilk and Box-Cox transformations of the data

All data were assessed for normal distribution before the statistical analysis. A Box-Cox
transformation was applied to determine the most suitable transformation to achieve normal
distribution for variables that were not normally distributed. The results from these tests are

summarised below.

Table S6. A description of the distribution of Hg, Cd, and Pb concentrations in the analysed samples, indicating

whether the data were normally distributed or required transformation.

Tissue Normal distribution Required logl0 transformation  Required other transformation

Kidney X
Liver X

Muscle sqrt (x)'!
Brain sqrt (x)
Faeces

Milk x
Blood X

Hg

Fur

Kidney X
Liver
Muscle sqrt (x)

Faeces

Cd

Fur

Kidney X

Liver

Pb

Muscle
Faeces

Fur

As illustrated above, different sample types required different transformations to become
normally distributed. Consequently, non-parametric statistical tests were primarily used to
compare different samples, allowing us to use the raw data without ensuring normal

distribution first.

Most Hg concentration data from 2021 and 2022 were not normally distributed. Only kidney

and faeces Hg data had a normal distribution with equal variances between the years.



However, liver and muscle data could be transformed using log'® and x°!, respectively, to
achieve normal distribution. Therefore, a t-test was used to determine significant interannual
differences in these four sample types. However, Fur Hg concentratios could not be
successfully transformed, and a Mann-Whitney U test was used when assessing significant

differences in fur Hg concentrations between years.

Derivation of the equation predicting the liver concentrations

As the liver and faeces Hg concentration data was not normally distributed, we applied a log'®
transformation before running a linear regression between Hg concentrations in liver (y) and
faeces (x) (R? = 0.33). The following linear equation was obtained from the regression:

y =-0.23 + 0.56 x x, where y = log liver [Hg] and x = log faeces [Hg]. As this equation was

produced to predict liver concentrations, the equation was solved for y as follows:
() y=-026+052xx

2) = logliver [Hg] = —0.26 + 0.52 X log faecal [Hg]

(3) = liver [Hg] = 107%%® x faecal [Hg]°52

Similar equations were calculated for the lower (log liver [Hg] = 0.26 x log faecal [Hg] —
0.57) and upper (log liver [Hg] = 0.79 % log faecal [Hg] + 0.04) limits of the confidence
interval (CI) to calculate the fit of the model. The predicted values from the regression model
ranged from -1.02 to -0.66, with 95% ClIs spanning from -1.11 to -0.55. This indicates that,
while the model predictions were generally precise, the width of the confidence intervals
varied slightly across the dataset, reflecting differences in the underlying data distribution and
leverage of individual observations. When using the equation above to predict liver Hg
concentrations from faecal Hg concentrations, the results are on average 107 + 32% of the

observed liver Hg concentrations (min: 61%, max: 181%).



Raw data from the literature review of Rangifer tarandus studies

Table S7. The raw data from the literature review used for Table 4. The data were taken directly from the

articles or found in the study appendices. The Source refers to the article from which the data was obtained.

Tissue refers to the analysed tissue, (n) describes the sample size and [Hg], Unit, and ww/dw describes the

concentration of Hg, unit and whether the authors provide the concentrations in wet weight (ww) or dry weight

(dw). Location and year provide information on when and where the sampling took place, while Gender

explains whether males (M) or females (F) were sampled. The column [Hg] pg/g ww is our recalculations into

ww when the original data was provided in dw. These calculations were made based on the water content

presented in the article, or in a previous article from the same author. For those articles that lacked water content

data, the water content in Gamberg et al. (2016) was used.

Source Tissue (n) [Hg] Unit ww/dw  Location Year Gender [Hg] ng/g ww
(Elkin and Bethke 1995) Kidney 20 0.52 ng/g WW Bathurst, Canada 1991-1992 M/F 0.52
(Elkin and Bethke 1995) Kidney 10 2.93 ng/g WW Arviat, Canada 1991-1992 M/F 2.93
(Elkin and Bethke 1995) Kidney 10 222 ng/g WW SH Island, Canada 1991-1992 M/F 222
(Elkin and Bethke 1995) Kidney 10 1.25 ngl/g ww Cape Dorset, Canada 1991-1992 M/F 1.25
(Elkin and Bethke 1995) Kidney 10 2.56 ng/g WW Lake Harbour, Canada 1991-1992 M/F 2.56
(Elkin and Bethke 1995) Liver 20 0.16 ng/g WW Bathurst, Canada 1991-1992 M/F 0.16
(Elkin and Bethke 1995)  Liver 10 0.92 ng/g wwW Arviat, Canada 1991-1992  M/F 0.92
(Elkin and Bethke 1995) Liver 10 0.38 ng/g WwW Cape Dorset, Canada 1991-1992 M/F 0.38
(Elkin and Bethke 1995)  Liver 10 0.58 ng/g WW Lake Harbour, Canada 1991-1992 M/F 0.58
(Gamberg et al. 2020) Kidney 173 1.65 ng/g dw Porcupine, Alaska 2005-2016 M/F 0.36
(Gamberg et al. 2020) Kidney 16 7.8 ng/g dw Baffin Island, Greenland 1991-2016 M/F 1.72
(Gamberg et al. 2020) Kidney 35 2.1 ngl/g dw Bathurst, Canada 1991-2016 M/F 0.46
(Gamberg et al. 2020) Kidney 16 7.1 ngl/g dw Beverly, Canada 1991-2016 M/F 1.56
(Gamberg et al. 2020) Kidney 22 42 nel/g dw Bluenose East, Canada 1991-2016 M/F 0.92
(Gamberg et al. 2020) Kidney 11 6.8 ngl/g dw Cape Bathurst, Canada 1991-2016 M/F 1.50
(Gamberg et al. 2020) Kidney 260 1.4 ng/g dw Porcupine, Canada 1991-2016 M/E 0.31
(Gamberg et al. 2020) Kidney 61 3.6 ng/s dw Qamanirjuaq, Canada 1991-2016 M/F 0.79
(Gamberg et al. 2020) Kidney 27 59 ng/g dw Baffin Islan, Greenland 1991-2016 M/F 1.30
(Gamberg et al. 2020) Kidney 73 4 ng/g dw Bathurst, Canada 1991-2016  M/F 0.88
(Gamberg et al. 2020) Kidney 51 6.3 ngl/g dw Beverly, Canada 1991-2016 M/F 1.39
(Gamberg et al. 2020) Kidney 16 4.1 nel/g dw Bluenose East, Canada 1991-2016 M/F 0.90
(Gamberg et al. 2020) Kidney 249 1.9 ng/s dw Porcupine, Canada 1991-2016 M/F 0.42
(Gamberg et al. 2020) Kidney 69 5.8 ng/g dw Qamanirjuaq, Canada 1991-2016 M/F 1.28
(Gamberg et al. 2020) Kidney 41 2.1 ng/g dw Akia-Maniitsoq, Greenland 1991-2016 M/F 0.46
(Gamberg et al. 2020) Kidney 35 14 pg/e  dw gf:f;g:;suaq'smmi“" 19912016  M/F 031
(Larter et al. 2016) Kidney 26 0.21 mg/kg dw NW Territories, Canada 2010-2013 M 0.04
(Larter et al. 2016) Muscle 10 0.005 mg/kg dw NW Territories, Canada 2010-2013 M 0.001
(Robillard et al. 2002) Muscle 161 0.0285 ne/g wWwW Leaf River Region, Canada 1994-1995 M/F 0.03
(Robillard et al. 2002) Kidney 264 1.38 ng/g WW Leaf River Region, Canada 1994-1995 M/F 1.38
(Robillard et al. 2002) Liver 260 0.7 ng/g WW Leaf River Region, Canada 1994-1995 M/F 0.7
(Robillard etal. 2002)  Muscle 47 002 pgle  ww george River Region, 1994-1995  MJF 0.02
(Robillard et al. 2002) Kidney 46 0.59 ngle  ww George River Region, 1994-1995  M/F 0.59

Canada



(Robillard et al. 2002)
(Schuster et al. 2011)
(Schuster et al. 2011)
(Schuster et al. 2011)
(Rintala et al. 1995)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Aastrup et al. 2000)
(Gamberg et al. 2016)
(Gamberg et al. 2016)
(Gamberg et al. 2016)
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(Gamberg et al. 2016)
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(Froslie et al. 1984)
(Froslie et al. 1984)
(Froslie et al. 1984)
(Froslie et al. 1984)
(Froslie et al. 1984)
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(Makarov et al. 2022)
(Makarov et al. 2022)
(Makarov et al. 2022)
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(Makarov et al. 2022)
(Makarov et al. 2022)
(Makarov et al. 2022)
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(Makarov et al. 2022)
(Makarov et al. 2022)
(Makarov et al. 2022)
(Makarov et al. 2022)
(Makarov et al. 2022)
(Bernhoft et al. 2002)
(Sivertsen et al. 1995)
Sivertsen et al. 1995)
Sivertsen et al. 1995)
(Ods;jo et al. 2005)
(Ods;jo et al. 2005)

Liver
Muscle
Kidney
Liver
Muscle
Muscle
Muscle
Muscle
Muscle
Liver
Liver
Liver
Liver
Muscle
Liver
Kidney
Muscle
Liver
Kidney
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Muscle
Liver
Liver
Liver
Liver
Liver

Muscle

47
75
63

325

23
47
49

23
47
49
20
40
41
20

40

40
31
30
40
200
150

0.415
0.003
0.36
0.12
0.0055
0.043
0.04
0.007
0.02
0.618
0.058
0.051
0.194
0.05
0.46
222
0.02
0.24
1.41
67
192
46

59
137
45
021
021
0.13
0.17
0.06
0.11
0.62
0.67
043
052
0.05
0.75
0.05
0.16
0.07
0.06
0.12
0.041
0.001

ng/g
mg/kg
mg/kg
mg/kg
mg/kg
ng/g
ug/'g
ng/'g
ng/g
ng/g
ng/g
ng/g
ng/g
ng/g
ng/'g
ng/'g

ng/g

ng/g
ppb
ppb
ppb
ppb
ppb
ppb
ppb
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
ng/g
ng/g
ng/g
ng/'g
ug/'g
ng/g

WWwW

WwW
wWw
WwWw
WwW

WwW

WwW

wWw
dw
dw
dw
dw

dw

dw

ww
wWw
ww

ww

WwW

wWw

ww

wWw

WwW

WwW

George River Region,
Canada

Porcupine, Canada
Porcupine, Canada
Porcupine, Canada
Lapland, Finland

Isortoq, Greenland
Itinnera, Greenland
Kangerlussuaq, Greenland
Akia, Greenland

Isortoq, Greenland
Itinnera, Greenland
Kangerlussuaq, Greenland

Akia, Greenland

Akia-Maniitsoq, Greenland
Akia-Maniitsoq, Greenland
Akia-Maniitsoq, Greenland

Kangerlussuaqg-Sisimiut,
Greenland
Kangerlussuaq-Sisimiut,
Greenland
Kangerlussuaq-Sisimiut,
Greenland

Setedalsheiene, Norway
Dovre, Norway

Lierne, Norway
Hattfjelldal, Norway
Sortland, Norway
Karasjok, Norway
Karasjok, Norway
Kola, Russia

Nenets, Russia

Komi, Russia
Yamalo-Nenets, Russia
Taymir, Russia
Kamchatka, Russia
Kola, Russia

Nenets, Russia

Komi, Russia
Yamalo-Nenets, Russia
Taymir, Russia
Kamchatka, Russia
Taymir, Russia
Rybatsjij Ostrov, Russia
Jarfjord, Norway
Pasvik, Norway
Finnmark, Norway
Lapland, Sweden
Lapland, Sweden

1994-1995
1994-2006
1994-2006
1994-2006
1990-1992
1995-1997
1995-1997
1995-1997
1995-1997
1995-1997
1995-1997
1995-1997
1995-1997
2008-2009
2008-2009
2008-2009
2008-2009
2008-2009

2008-2009
1978

1978

1978

1978

1978

1978

1978

2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
2015-2020
1997

1990-1991
1990-1991
1990-1991
1983-2003
1983-2003

M/F

<

N/A
M/F
M/F
M/F
M/F
M/F

N/A
N/A
N/A
N/A
N/A
N/A
N/A
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F
M/F

0.42
0.003
0.36
0.12
0.006
0.04
0.04
0.007
0.02
0.62
0.06
0.05
0.19
0.01
0.10
0.47
0.00
0.05

0.30

0.07
0.19
0.05
0.02
0.06
0.14
0.05
0.21
0.21
0.13
0.17
0.06
0.11
0.62
0.67
0.43
0.52
0.05
0.75

0.05
0.16

0.07
0.06
0.12
0.04
0.001



(Ods;jo et al. 2005) Liver 80 0.032 ng/g WW Lapland, Sweden 1983-2003 M 0.03
(Odsjo et al. 2005) Muscle 80 0.001 ng/g ww Lapland, Sweden 1983-2003 M 0.001




Table S8. Wet weight concentrations (in pg/g) of Hg (n=36), Cd and Pb (n=18) in kidney, liver and muscle

samples from Svalbard reindeer.

Element  Tissue Mean Median SD Min Max

Hg Kidney  0.14 0.13 0.07 0.03 0.29
Liver 0.04 0.04 0.02 0.02 0.10
Muscle  2.7x10°  1.8x1073 1.9x1073 0.9x1073 7.2x1073
Brain 0.4x103  0.4x103 0.3x1073 <LOD 1.1x1073

Cd Kidney  3.31 2.39 2.36 0.45 7.68
Liver 0.45 0.44 0.18 0.12 0.78
Muscle  1.36x10°  0.89x10°  1.06x103  0.07x10°  3.33x1073

Pb Kidney  0.04 0.03 0.03 0.02 0.11
Liver 0.08 0.07 0.06 0.02 0.26
Muscle  0.88x103 0.81x10°  0.85x103  <LOD 1.77x1073
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ABSTRACT

Seasonal fluctuations in contaminant concentrations are an important, yet often overlooked,
aspect of Arctic wildlife monitoring, particularly in species like the Svalbard reindeer
(Rangifer tarandus platyrhynchus), which exhibit annual fattening and fasting cycles. While
seasonal variation in metal concentrations has been observed in this species, little is known
about how other contaminant groups, such as per- and polyfluoroalkyl substances (PFAS),
vary with season. In the present study, we report concentrations of total mercury (THg),
cadmium (Cd), lead (Pb), and 13 PFAS in the liver and muscle of Svalbard reindeer culled in
August 2022 and October 2023. Seasonal differences were observed, with higher
concentrations of THg, Cd, and several PFAS in October, likely reflecting an extended
foraging time following the winter fasting. The PFAS profiles, dominated by PFOS and long-
chain PFCAs, primarily suggest exposure to long-range transported contaminants rather than
local sources, highlighting that even remote terrestrial wildlife is affected by emissions from

industrialised regions. While Cd and Pb concentrations have decreased compared to levels
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reported in the 1980s, PFAS concentrations have increased over the past decade. These
findings underscore the need for continued monitoring of Arctic terrestrial wildlife,
particularly in the context of environmental change and remobilisation of legacy

contaminants.

SYNOPSIS

Minimal research exists on seasonal contaminant levels in Arctic wildlife. This study reveals
elevated autumn concentrations in Svalbard reindeer, linked to extended foraging after winter

fasting and long-range pollutant exposure.

INTRODUCTION

Arctic wildlife is increasingly exposed to a complex mixture of environmental contaminants,
often referred to as a chemical cocktail "». This cocktail includes toxic metals such as
mercury (Hg), cadmium (Cd), and lead (Pb), and per- and polyfluoroalkyl substances (PFAS),
which are all known to cause adverse health effects, such as neurotoxicity, nephrotoxicity,

and endocrine disruption G4,

Most contaminants found in the Arctic originate from industrial regions at lower latitudes and
are transported northward through long-range atmospheric and oceanic transport ¢, Over
time, many of these pollutants have accumulated in the Arctic cryosphere. As the region
warms, thawing glaciers, snow, and permafrost may remobilise legacy contaminants,
increasing the risk of exposure to Arctic biota ®. While marine mammals have been the
primary focus of Arctic contaminant research, far less is known about terrestrial species,
which may face increasing exposure as pollutants re-enter the environment and become
available to biota again, for instance, via vegetational uptake '), and subsequent ingestion by

herbivores (11,
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The Svalbard reindeer (Rangifer tarandus platyrhynchus) is the largest terrestrial herbivore in
Svalbard and plays a key ecological role in the local Arctic terrestrial food web (!2. However,
contaminant data for this species remain limited. Borch-Iohnsen et al. ('®) reported strong
seasonal variation in hepatic and renal concentrations of toxic metals in Svalbard reindeer
culled at the end of the 1980s. Notably, Cd levels were lower in reindeer culled at the end of
summer (July/August) compared to autumn (October), while Pb concentrations showed the
opposite trend, being higher in late summer and lower in autumn. These shifts were linked to
seasonal changes in diet, which reflect variations in exposure to metals throughout the year. In
a more recent study, Andersson Stavridis et al. ') reported lower Cd and Pb levels in
Svalbard reindeer now, compared to four decades ago 1*), likely due to international emission
regulations. In terms of organic contaminants, the study by Roos et al. (!> remains the only
published study on PFAS in Svalbard reindeer. They found that Svalbard reindeer had the
lowest PFAS concentrations among the circumarctic Rangifer subspecies. However, given the
small sample size (n=7) and single time point (2010), it remains unclear whether PFAS
concentrations may have changed over the past decade, or whether they, like metals, also

follow seasonal patterns.

In this study, we characterise the contaminant profile of Svalbard reindeer liver and muscle
tissue collected in August 2022 and October 2023. We quantified concentrations of toxic
metals (i.e., Hg, Cd, Pb) and 13 PFAS compounds, including perfluorocarboxylic acids
(PFCAs), perfluorosulfonic acids (PFSAs), precursor PFAS, and emerging PFAS. By
sampling individuals from the same geographic area across two seasons, we provide new
insight into the temporal dynamics of contaminant exposure in Arctic herbivores living in a
rapidly changing Arctic environment, where prolonged vegetation growth due to climate

warming and pollutant remobilisation may alter their exposure.
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MATERIALS AND METHODS

SAMPLES
The tissue samples used in this study were collected from female Svalbard reindeer, culled for
a transdisciplinary and international research project !4 under the permission of the Governor

of Svalbard (reference number 16/01632-38).

The culling campaigns took place in early August 2022 and late October 2023 around
Reindalen, Svalbard (77°90-78°10'N, 15°30-16°00'E). The reindeer were shot through the
heart and lung region with regular hunting ammunition and expanding bullets (using bullet
types 6.5x55 Federal Fusion and 30-06 Lapua Naturalis). All culled reindeer appeared to be in
good health, with no visible signs of disease or injury. The age of the reindeer ranged from
one to 11 years old, with age being determined using tooth eruption patterns and cementum
annuli analysis ('®. Reproductive maturity was assessed based on the presence of a calf at the
time of culling and visible milk production. None of the reindeer culled in August were

accompanied by calves, whereas six females culled in October had calves by their side.

In 2022, liver (n=12) and medial thigh muscle (n=12) were sampled within thirty minutes
post-mortem. In 2023, a complete necropsy of the reindeer was performed within 6-12 hours
post-mortem, during which both liver (n = 18) and medial thigh muscle (n = 18) samples were
collected. To prevent cross-contamination, all samples were collected using clean scalpel
blades (Swann-Morton, Swann-Morton Limited, UK) while wearing nitrile gloves. Given the
use of lead-containing bullets, samples were exclusively collected from individuals where the
entry wound was confined to the heart and lung region, ensuring distance from the tissues of
interest. Furthermore, the outer layers (a few mm) of all tissue samples were removed to
reduce external contamination of the samples. The samples were stored in polyethylene zip-

lock bags (VWR, PA, USA) at -80°C until further processing.
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All samples were freeze-dried (using a FreeZone Benchtop Freeze-Dryer, Labconco, MO,
USA) for 72h at -50°C and 0.04 mbar. The samples were then placed in clean zip-lock bags
before being homogenised using a rubber mallet until a fine powder was obtained 4. The
weight of the samples was noted (Mettler Toledo, = 0.01 g) before and after freeze-drying, to
determine the moisture content of the samples (an average moisture content of 70.1% in liver
and 72.0% in muscle). All subsequent chemical analyses used the freeze-dried sample
homogenates. The analyses were conducted at the Department of Chemistry, Norwegian

University of Science and Technology (NTNU).

A subset of the collected samples was selected for contaminant analysis, prioritising muscle
samples as Svalbard reindeer are recreationally hunted and consumed by locals 7). In
addition, liver samples representing a range of ages from both culling years were included in
the contaminant analysis. Figure 1 illustrates the individual PFAS profiles, indicating which
samples were analysed (coloured bars) and which were omitted from the PFAS analysis

(white bars). For further details on the culling and sampling sizes, see Table S1.

MERCURY ANALYSIS

Liver (n=21) and muscle (n=30) samples were analysed for total Hg (THg) using a Direct
Mercury Analyser (DMA-80 evo, Milestone, Italy). The analysis followed the US EPA
method 7473 with Hg calibration standards, certified reference materials (CRMs), and

blanks to ensure analytical accuracy (see Materials and Methods in Supporting Information).

ELEMENTAL ANALYSIS

For analysis of Cd, Pb, and Se, liver (n=21) and muscle (n=20) samples were digested in
ultrapure nitric acid (purified from HNO3, AnalaR NORMAPUR, VWR) in a sub-boiling
distillation system (Milestone, SubPur, Sorisole, BG, Italy) using a high-pressure microwave
system (Milestone Ultraclave, EMLS, Leutkirch, Germany) for 150 min. CRMs and blanks

were digested following the same protocol as the tissue samples and included in the analysis
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to ensure analytical accuracy. The elemental concentrations were quantified in the samples,
CRMs, and blanks using an 8800 Triple Quadrupole inductively coupled plasma mass
spectrometry (ICP-MS) system (Agilent Technologies, USA) equipped with a prepFAST M5
autosampler (ESI, USA), following the protocol described in Andersson Stavridis et al. !4, In
the present study, we report concentrations of toxic elements cadmium (Cd) and lead (Pb), as
well as selenium (Se), due to its protective properties against toxic metals 1319, See Materials
and Methods in Supporting Information for further details on the analysis, quality assurance,

and quality control.

PFAS ANALYSIS

Liver (n=21) and muscle (n=30) samples were analysed for 41 different PFAS compounds
grouped into perfluoroalkyl carboxylic acids (PFCAs; PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTriDA, PFTDA, PFHxDA, and PFOcDA),
perfluoroalkyl sulfonic acids (PFSAs; PFBS, PFPeS, PFHxS, PFHpS, PFOS, PENS, PFDS,
PFDoDS, and PFECHS), fluorotelomer sulfonates (FTSs; 4:2 FTS, 6:2 FTS, 8:2 FTS, and
10:2 FTS), sulfonamides and precursor PFAS (FOSAA, MeFOSAA, EtFOSAA, PFOSA,
MeFOSA, EtFOSA, MeFOSE, and EtFOSE), and emerging PFAS (GenX, NaDONA, 9Cl-
PF30NS, P37DMOA, SaMPAP and diSAMPAP). The analytical method targeted linear
PFAS isomers only. The full names of the PFAS compounds are listed in Table S2. PFAS
concentrations were determined using an Xevo TQ-XS Triple Quadrupole Mass Spectrometer
coupled with an ACQUITY UPLC system (Waters, Milford, MA, USA) following the
methods described in Sait et al. ??. The peak integration was performed manually using
MassLynx software (Waters, Milford, MA, USA). A detailed extraction protocol is described

under Materials and Methods in Supporting Information.
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DATA ANALYSIS

All contaminant concentrations are presented as average concentrations in ng/g, unless
otherwise stated. Only compounds detected above the limit of detection (LOD) in at least 25%
of the samples are reported and included in the statistical analysis. Accordingly,
concentrations of THg, Cd, Pb, and 13 PFAS are presented for liver, and THg, Pb, and 10
PFAS for muscle. The detection rates for all compounds are provided in Table S3. For these
compounds, average and median concentrations were calculated using values above the LOD,

while non-detects were excluded from the calculations.

All statistical analyses were conducted using RStudio version 4.3.0 @V, The data were
analysed for normality using the Shapiro-Wilk test and for equal variances using Levene’s
test. Given the non-normal distribution of the raw data, non-parametric Spearman rank
correlations were used to assess the relationship between PFAS and biometrics. Annual
variations in contaminant concentrations were analysed using Mann-Whitney U tests with
Benjamin-Hochberg corrections applied to limit false discovery rates. Mann-Whitney U tests
were also used to assess potential maternal transfer by comparing contaminant concentrations
in females with calves to those without among individuals culled in October, but no

significant differences were observed.

Statistical analyses were conducted on dry weight (dw) concentrations (Table S3) to avoid
any bias introduced by tissue water content. As such, the significant differences shown in
Tables 1-2 and Fig. 2 refer to dw, whereas all concentrations in the article are reported on a

wet weight (ww) basis, unless otherwise stated.
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RESULTS AND DISCUSSION

SEASONAL VARIATION IN SVALBARD REINDEER CONTAMINANT LEVELS

In general, we found notable variations in both contaminant levels and profiles between
sampling seasons (Table 1-2), and Svalbard reindeer culled in autumn (October) had
significantly higher hepatic concentrations of Se, toxic metals (i.e., Hg and Cd), and PFAS,

compared to the individuals sampled in late summer (August).

In the present study, average hepatic Hg concentrations for August 2022 and October 2023
were 12 ng/g (ww) and 25 ng/g (ww), respectively. Although previously reported average Hg
concentrations for October 2021 (43 ng/g ww) and 2022 (47 ng/g ww) in Svalbard reindeer
(4 were significantly higher than those measured in October 2023, all October data (2021-
2023) show consistently higher Hg levels than those measured in August 2022 (p=0.002). A
similar pattern between seasons was observed for Cd with significantly higher concentrations
in October 2021 (448 ng/g ww) ¥ and October 2023 (532 ng/g ww), compared to the 192
ng/g (ww) measured in August 2022 (p=0.006). Hepatic concentrations of PFAS were also
significantly higher in October relative to August, with higher levels of ZPFAS, XPFCAs, and
YPFSAs (p=0.006, p=0.008, and p=0.015, respectively). Specifically, concentrations of both
PFHxS (p=0.008), PFUnDA (p=0.009), PFTriDA (p=0.008), and PFTDA (p=0.009) were

severalfold higher in October relative to August.

Similarly to liver, average levels of XPFCAs in muscle (Table 2) were significantly higher in
October (8.54 ng/g ww) relative to August (1.12 ng/g ww; p=0.002). Conversely, muscle
PFOS concentrations displayed an opposite behaviour, peaking in August, resulting in a

significantly higher XPFSAs in 2022 (p=0.023).

Seasonal effects on tissue accumulation of metal concentrations in Svalbard reindeer were

previously documented by Borch-Iohnsen et al. 1%, who suggest that dietary changes
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191
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193
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195

influenced by seasonal availability have a significant effect on metal exposure. Seasonal
fluctuations in contaminant concentrations are also documented in other Arctic mammals that
undergo annual shifts in diet and cycles of fattening and fasting, such as polar bears (Ursus

maritimus) ?223,

Table 1. Contaminant concentrations (ww) in liver samples from August 2022 and October 2023. Significant

differences are marked as (*) when p<0.05, and (**) when p<0.01.

Liver concentrations (ng/g ww)

August 2022 October 2023

Contaminant Mean*SD Median Min Max Meant*SD Median Min Max Sig.

THg 11.6+5.27 11.1 571 25.6 24.848.59 215 131 370 (™)
Se® 394+57.0 382 314 496 477+56.6 474 393 575 *)
Cd 192+84.2 178 113 423 532+186 555 329 927 **)
Pb 52.5+37.8 43.2 142 127 48.7+26.5 421 13.8 927
Z13PFAS®) 18.8+13.0 171 595 541 55.8%154 53.8 348 784 (™)
2PFCAs 8.93+6.96 7.64 1.93 274 26.7¥17.0 22.0 1.2 583 (%)
2PFSAs 7.24+4.81 6.15 256 151 21.9+11.2 22.9 1.26 393 (%)
PFUnDA 4.47+3.13 4.24 1.34 124 14.4+11.3 10.1 528 36.1 (™)
PFTriDA 4.17x3.17 3.45 1.59 128 11.0+5.45 10.3 529 223 (™)
PFTDA 0.40£0.22 0.40 0.09 0.80 0.87+0.29 0.84 042 133 ()
PFHxDA 0.91£0.97 0.62 0.10 228 2.32+2.90 2.32 0.27 4.37
PFHxS 5.35+4.10 3.28 1.23 106 21.6+8.30 17.7 125 36.7 (*)
PFOS 3.83+£1.32 3.84 216 6.60 5.28+3.22 4.05 244 121

PFNS 0.19£0.21 0.09 0.04 042 0.23+0.16 0.31 0.04 0.39

PFDS 0.36+0.42 0.20 0.10 1.20 0.30£0.41 0.13 0.05 0.91
PFECHS 0.19£0.10 0.18 0.11  0.39 0.22+0.06 0.23 0.13 0.30
FOSAA 2.07+5.44 0.19 0.05 16,5 0.78+0.94 0.39 0.01 256
MeFOSAA 0.08+0.10 0.03 0.01 0.20 0.67+0.26 0.52 051 0.97
EtFOSAA 0.93+£1.99 0.21 0.01 544 0.68+0.88 0.45 0.04 263
NaDONA 0.44+0.46 0.30 0.08 149 6.41+£7.63 4.94 020 236 (%)

@ Se:Hg molar ratio was on average 99.9 in August and 54.4 in October.

®) ¥413PFAS includes PFUNDA, PFTriDA, PFTDAA, PFHxDA, PFHxS, PFOS, PFNS, PFDS, PFECHS,
FOSAA, MeFOSAA, EtFOSAA, NaDONA.
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The Svalbard reindeer undergoes significant seasonal fluctuations in weight, with a peak in
body mass (~70 kg) in October, followed by a decline to approximately 50 kg by April, due to
limited winter forage ?¥. This is consistent with the individuals used in the present study,
where body mass was slightly lower in August compared to peak mass in October (65 + 9 kg
and 72 + 9 kg, respectively; Table S1). Given that ingestion of vegetation is the primary
exposure route for contaminants in Svalbard reindeer, both the duration of foraging and
seasonal shifts in diet are likely to influence their contaminant burden. Reindeer culled in
October have had two additional months of foraging compared to those culled in August. We
suggest that this extended feeding period may increase cumulative exposure to contaminants
present in their diet, or that shifts in diet due to plant phenology and senescence may result in
a larger dietary proportion of plant species or parts that contain higher levels of THg, Cd, and

2PFCAs.

In addition to two additional months of foraging in October, there is a seasonal shift in the
types of vegetation consumed from late summer to autumn. While reindeer generally
prioritise forage quantity over quality ®>, changes in plant availability and nutritional content
throughout the growing season likely influence dietary composition. Eikeland ?® reported
that certain plant species were frequently grazed in both late summer and autumn, including
willow (Salix polaris) and grass (Poa arctica), while others, such as the flower Eriophorum
scheuchzeri, were primarily consumed in summer, and the herb Saxifraga oppositifolia
mainly in autumn. These patterns suggest a shift in grazing preference that may reflect
biological changes in nutritional needs or the availability of different types of vegetation as
the season progresses. Such dietary shifts are relevant for contaminant exposure, as the
concentration of contaminants may vary widely among different species of plants. For
example, average LPFAS concentrations are higher in vascular vegetation such as Dryas

octopetala (x = 8.39 ng/g dw) and S. polaris (X = 2.37 ng/g dw) than in bryophytes (x = 1.03

10
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ng/g dw) 19, Likewise, S. polaris is known to accumulate Cd, resulting in it having
concentrations several times higher than those reported in other vascular plant species 7. In
contrast, Hg accumulation is more efficient in bryophytes, compared to vascular vegetation
(2829 Contaminant burdens in other Arctic cervids have been linked to dietary shifts, with
proportions of bryophytes and willows such as Salix spp. being important drivers of Hg and
Cd exposure 2. Consequently, changes in the proportion of different species of vegetation in
the diet of the Svalbard reindeer may influence their overall contaminant exposure. In contrast
to many other reindeer and caribou across the Arctic, the Svalbard reindeer are non-migratory,
with a home range limited to a few square kilometres ¢!?. As such, this overall increase in
contaminant concentrations between August to October is more likely related to a dietary
shift, rather than seasonal spatial changes in grazing grounds.

Table 2. Contaminant concentrations (ww) in muscle samples from August 2022 and October 2023. Significant

differences are marked as (*) when p<0.05, and (**) when p<0.01.

Muscle concentrations (ng/g ww)

August 2022 October 2023

Contaminant Mean*SD Median Min Max Mean*SD Median Min Max Sig.

THg 2.43+£1.49 237 0.73 6.37 1.74£0.76 1.41 092 3.19
Sel@ 192+90.0 156 141 424 180+21.3 183 152 205
Pb 0.23+0.15 0.30 0.03 0.36 0.28+0.24 0.25 0.03 0.73
Z10PFAS®) 8.63+12.3 3.45 0.73 339 12.7+8.08 6.97 3.09 295
>PFCAs 1.12+0.92 1.06 0.06 256 8.54%7.19 5.70 1.86 285 (%)
>PFSAs 2.92+3.37 1.70 0.35 109 0.62+0.73 0.44 0.07 3.04 (9
PFUnDA Below LOD 4.48+4.63 2.68 030 17.9 (™)
PFTriDA 0.98+0.55 0.93 0.27 1.77 4.37+2.67 3.41 1.68 106 (*)
PFTDA 0.49+0.57 0.35 0.06 1.84 0.46+0.31 0.35 013 1.27
PFPeS 0.14+0.07 0.14 0.08 0.19 0.10£0.06 0.07 0.04 0.19
PFOS 2.47+2.49 1.27 0.35 6.72 0.57+0.79 0.32 0.07 3.04 ()
PFDS 1.20+0.98 1.55 0.09 1.94 0.14+0.10 0.10 0.05 0.37
FOSAA 4.33x7.10 0.36 0.03 15.7 0.35%0.53 0.14 0.01 220
MeFOSAA 2.26+1.88 2.34 0.13 4.21 0.14%0.09 0.14 0.04 0.23

11



EtFOSAA 1.21+1.84 0.23 0.02 4.16 0.25+0.44 0.07 0.01 1.75
NaDONA 0.39+0.69 0.08 0.03 1.77 0.18+0.45 0.04 0.01 1.67
@ Se:Hg molar ratio was on average 228 in August and 321 in October.

®) 710PFAS includes PFUNDA, PFTriDA, PFTDAA, PFPeS, PFOS, PFDS, FOSAA, MeFOSAA, EtFOSAA,
and NaDONA.

234  TISSUE DISTRIBUTION OF CONTAMINANTS

235  In addition to differences between seasons, contaminant concentrations also varied

236  significantly between tissues. Overall, liver exhibited the highest concentrations of toxic
237  metals (i.e., Hg, Cd, and Pb), ZPFAS, as well as the essential element Se (Tables 1-2).

238  Notably, Cd concentrations in all muscle samples were below LOD. Despite the large

239  variation in total hepatic PFCA and PFSA concentrations, the PFAS profile in the liver

240  remained relatively homogenous across both sampling occasions, with PFOS and the long-
241  chained PFCAs PFUnDA and PFTriDA dominating the composition (Fig. 1A, 1C). In

242 contrast, the PFAS profile in muscle was more heterogeneous, with a clear shift between
243 August and October. While PFOS dominated in August, PFUnDA and PFTriDA were most

244  abundant in October (Fig. 1B, 1D).

245  The differences in contaminant concentrations and profiles between liver and muscle likely
246  reflect several physiological and chemical factors. The overall higher contaminant

247  concentrations in the liver are expected, given that it functions as a major detoxification
248  organ. This may also explain the higher Se concentrations in the liver compared to muscle,
249  given its role in mitigating metal toxicity through the formation of non-toxic complexes ¢339,
250  especially in the liver. While Se concentrations in muscle remained stable between late

251  summer and autumn (Table 2), hepatic Se was significantly higher in October than in August
252 (Table 1), possibly due to an increased dietary intake or an enhanced uptake in response to the
253 higher contaminant burdens. Although hepatic concentrations of both Se and Hg increased in
254 October compared to August, the Se:Hg molar ratio was lower in October (54.4) compared to

255  August (99.9), indicating a greater seasonal hepatic accumulation of Hg relative to Se.

12
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However, this does not indicate a risk of Se limitations, as a 1:1 molar ratio generally is
considered sufficient to mitigate Hg toxicity '), which is far surpassed in both liver and

muscle regardless of season.

Higher PFAS concentrations have been reported in the liver compared to muscle in a range of
wildlife, including seabirds G0 freshwater fish ¢, and polar bears G®_Different mechanisms
may influence the distribution of PFAS across tissues, such as variations in chain length and
functional groups. Chemical properties, such as lipophilicity, play an important role in tissue
distribution, as long-chain PFCAs, with higher logK,w values, tend to accumulate in lipid-
rich tissues, such as the liver %, In addition to chain length, the functional group of a PFAS
influences its distribution in the body by affecting its binding affinity to specific proteins,
resulting in tissue-specific accumulation ®340, Additionally, the PFAS half-lives may also be
tissue-specific. For example, Drew et al. *D found that PFOS has a significantly longer half-
life in the liver (116 days) compared to muscle (77 days) in cattle, suggesting that muscle
tissue may reflect more recent exposure, while liver reflects longer-term accumulation.
Muscle tissue may also be more prone to PFAS remobilisation during periods of energy
demand. Trondrud et al. “» found that 13-22 % of the total energy reserve of Svalbard
reindeer is stored in protein. It is, therefore, possible that muscle may be utilised during the
annual fasting in spring, resulting in PFAS stored in muscle being remobilised and potentially
excreted. Taken together, these mechanisms may help explain the temporal stability observed

in the liver PFAS profiles, compared to the more dynamic shifts reported in muscle.
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Figure 1. PFCA and PFSA concentrations (ww) in Svalbard reindeer liver [A] and muscle [B], and their relative
abundance in liver [C] and muscle [D]. Each bar represents the PFAS fingerprint of a single individual. PFCAs
are shown in red and orange, and PFSAs in blue and purple. Light grey bars indicate individuals with PFAS
concentrations below the limit of detection (LOD), while white bars (NA) represent hepatic samples that were
not analysed for PFAS. Individuals culled in August are marked in yellow, and those from October are marked

in green.

LONG-RANGE VERSUS LOCAL SOURCES OF PFAS

The seasonal shift in the PFAS profile of muscle suggests changes in contaminant exposure
between the two sampling seasons (Fig. 2). Muscle samples from August were mainly
characterised by a strong positive relationship between PFOS and its precursors, FOSAA
(p=0.93, p=0.003) and EtFOSAA (p=0.83, p=0.007), whereas samples from October showed
stronger intercorrelations among PFDS and long-chain PFCAs (PFUnDA, PFTriDA, and

PFTDA; p=0.83-0.96, p<0.001). Although the precursors FOSAA and EtFOSAA remained

strongly correlated in October (p=0.81, p<0.001), their relationships with PFOS were

14
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insignificant. Instead, FOSAA was significantly correlated with PFUnDA, PFTriDA, and

PFTDA (p=0.63-0.66, p<0.005). PFOS concentrations were also lower in October (Table 2).

[A] August 2022 [B] October 2023
EtFOSAA EtFOSAA
MeFOSAA MeFOSAA
FOSAA .
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PFDS PFDS Loq  coefficient (p)
PFOS PFOS 0.6 . 1.8
05
PFPeS PFPeS 0.9 0.0
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Figure 2. Spearman rank correlation analysis illustrating the relationship between contaminants (dw) in Svalbard
reindeer muscle tissue from [A] August 2022 and [B] October 2023. Significant correlations (p < 0.05) are

visualised with colour and p-value.

Although the muscle PFAS profiles differed between August and October, both likely reflect
exposure dominated by long-range atmospheric transport. However, the specific sources or
processes contributing to this long-range input remain uncertain. Volatile precursors such as
FOSAA, EtFOSAA, and MeFOSAA reach remote regions like the Arctic via atmospheric
transport, and then undergo degradation into both PFSAs (e.g., PFOS) and PFCAs **). Hartz
etal. ®, for example, detected both PFOS, PFAS precursors, and long-chain PFCAs
throughout a glacial ice core from Svalbard, demonstrating their continuous deposition
following long-range transport. Once deposited, these PFAS may be remobilised into the local
environment with meltwater runoff, providing a pathway of exposure to wildlife &%, such as

Svalbard reindeer.
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In addition to PFOS and its precursors co-occurring in the Svalbard environment, making
them available for direct exposure to wildlife, the PFOS in Svalbard reindeer may partly
reflect exposure to the precursor compounds alone, as both FOSAA and EtFOSAA are well-
documented to metabolise into PFOS in mammals ¥, and exposure to these compounds has
been suggested to contribute to the accumulation of PFOS in other Svalbard wildlife “®. This
explanation is supported by the strong intercorrelation between PFOS, FOSAA, and
EtFOSAA in August 2022, when concentrations of both PFOS and its precursors were
highest. Meanwhile, the absence of a significant relationship in October 2023, when
concentrations of both PFOS and its precursors were lower, further suggests that precursor
exposure and subsequent biotransformation may have played a role in the PFAS composition

of the Svalbard reindeer in August.

It should be noted that the significantly higher muscle concentrations of PFOS observed in
August 2022 compared to October 2023 (Table 2) may, to some extent, also be attributed to
local emissions. Local sources of PFAS, such as firefighting foam at Longyearbyen Airport
49 or historical use at the former mining site of Svea 7, could contribute to PFOS exposure
through local transport to Reindalen. Specifically, the large-scale soil remediation project in
Svea between 2020 and 2022 “® may have remobilised PFAS-contaminated particles, which
may have spread with the wind to nearby locations, temporarily increasing exposure to PFAS.
However, while local sources may play a role in exposure, the relationship in muscle between
PFOS and its precursors in August 2022 and the strong intercorrelation between long-chain
PFCAs and FOSAA in October 2023 (Fig. 2), suggests that long-range transport, rather than
local emissions, is the dominant influence on the PFAS profiles in the Svalbard reindeer of
the present study. While both profiles (i.e., in August and October) suggest that the PFAS
origin is dominated by long-range transport, the shift between the sampling times remains

unexplained but likely reflects a combination of changes in atmospheric transport patterns,
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degradation processes, and seasonal melting of the cryosphere, all of which can influence the

availability and composition of PFAS in Arctic ecosystems.

THE SVALBARD REINDEER COMPARED WITH OTHER RANGIFER SUBSPECIES

In line with recent findings !, the concentrations of both Hg and Pb in the present study are
among the lowest reported for other Rangifer subspecies across the Arctic (***'; Figures S1-

S2), while Cd concentrations appear similar across circumpolar Rangifer (**#°6; Fig. S3).

In comparison, few studies have quantified PFAS concentrations in Arctic terrestrial wildlife
3% Among those studying reindeer, considerable regional and population differences in both
PFAS levels and homologue patterns have been observed. For example, while PENA and
PFDA concentrations were below the limit of detection in both liver and muscle in the present
study, these compounds were among the most abundant in both reindeer from Greenland
(5.77-17.2 ng/g ww) (® and caribou from Canada (1.43-2.85 ng/g ww) . Roos et al. ¥
documented significant differences in hepatic PFAS concentrations across reindeer
populations, with PFUnDA levels ranging from 2.66—4.04 ng/g (ww) in Bathurst (Canada),
7.63-22.4 ng/g (ww) in Akia-Maniitsoq (Greenland), and 0.02—0.37 ng/g (ww) in Svalbard.
Notably, there were large variations in hepatic PFAS profiles within the same regions, too,
with reindeer from Akia-Maniitsoq having PFUnDA concentrations (7.63-22.4 ng/g ww)
nearly fivefold those of the reindeer in the neighbouring region of Kangerlussuag-Sisimiut
(1.38-4.01 ng/g ww)!!>). These differences were attributed to factors such as proximity to
military installations and airports, local differences in vegetation and climate, and exposure to
sea spray aerosols. Hepatic PFUnDA concentrations in the present study (1.34-12.4 ng/g ww)
are comparable to those in the caribou from Canada and Greenland, but far higher than what

was previously reported in Svalbard reindeer !,

Roos et al. 19 is the only published study reporting PFAS concentrations in Svalbard

reindeer. Although the sample size in their study was limited (n=7), the reported
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concentrations remain interesting to discuss as their samples were collected during the
hunting season of 2010, providing a temporal data point to compare our results with. In
general, their findings revealed relatively low hepatic PFAS concentrations, and a homologue
pattern dominated by PFNA and PFOS. In contrast, our study reports higher overall hepatic
concentrations of both PFSAs and PFCAs, along with a shift in the PFAS signature, with
long-chain PFCAs such as PFUnDA and PFTriDA dominating instead (Figures S4-S7). These
differences may be attributed to spatial variations in sampling in Svalbard or temporal

changes in PFAS exposure over the past decade.

Global emissions of PFOS have decreased following the industrial phase-out ¢ and
implementation of restrictions on its use and production in 2009 ©7). Yet, PFOS continues to
be detected at high concentrations in the tissues of many wildlife species. Recent findings
suggest that concentrations in marine predators such as polar bears and ringed seals (Pusa
hispida) initially decreased following the restriction, but have been increasing again since
2014 ©¥_possibly due to enhanced environmental remobilisation of legacy PFAS or dietary
shifts. The fact that we observe a similar trend of increasing concentrations of both PFOS and
long-chain PFCAs in our study suggests that terrestrial herbivores, such as Svalbard reindeer,
may also be affected by these broader environmental changes, affecting their exposure to

PFAS.

HUMAN CONSUMPTION OF SVALBARD REINDEER

Based on the combined intake of PFOA, PFOS, PFNA, and PFHxS (24PFAS), which are the
four PFAS most commonly found in human blood, a tolerable weekly intake (TWI) of 4.4
ng/kg body weight was established by the European Food Safety Authorities (EFSA) in 2020
(39, Regarding human consumption of Svalbard reindeer, intake should be approached with
caution. According to the present study, Svalbard reindeer in October have an average

¥4PFAS of 26.9 ng/g (ww) in liver and 0.57 ng/g (ww) in muscle, respectively. For a 70 kg
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adult, the TWI corresponds to 308 ng Z4PFAS per week, which would be exceeded by
consuming 11.5 g of liver or 540 g of meat. It is worth noting that the PFAS profile of
Svalbard reindeer meat and offal not only includes PFOS and PFHxS, but is dominated by
long-chain PFCAs, which are not included in the EFSA X4PFAS calculations, making the
comparison between our findings and the TWI less certain. If considering all the PFAS in the
YPFAS of muscle and liver in the present study, far lower amounts could be consumed
without exceeding the set threshold. In addition, although hepatic and muscle concentrations
of Hg and Pb remain below toxicity thresholds, hepatic Cd levels in most individuals culled in
October exceed the limit of 500 ng/g (ww) set by the European Commission ©?, which is in
line with previous findings by Andersson Stavridis et al. (2025) 4. Nevertheless, since
Svalbard reindeer hunting occurs on a small scale, with each hunter being allocated a quota of
one animal per year, the overall contaminant exposure risk is likely low but should still be

considered.

High concentrations of PFAS in wild game meat are not limited to Arctic wildlife, and studies
from different regions around the world report concentrations of contaminants in game that
exceed intake thresholds. For instance, elevated levels of PFAS have been documented in
white-tailed deer (Odocoileus virginianus) in the midwestern USA ©V, and in wild boar (Sus
scrofa) from the Czech Republic ¢, Poland ©¥, and Germany ©®¥. These findings have led to
governmental actions, such as hunting restrictions, and highlight the need for further studies
on wildlife living close to local PFAS emission sources or in environments such as the Arctic,

where legacy pollutants can remobilise in the future.

IMPLICATIONS

The current study reveals significant seasonal differences in contaminant concentrations, with
higher concentrations in Svalbard reindeer culled in October compared to those culled in

August. With the current annual hunting period starting in mid-August and ending at the end
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of September %, our findings suggest that hunters should aim to harvest their licensed
animals as early as possible in the allowed period to minimise their dietary exposure to
contaminants. The seasonal differences observed in this study also highlight the importance of
carefully planning future monitoring programs to ensure that all samples are collected at the

same time of year, as consistency is necessary for the results to be comparable across years.

While the concentrations of toxic metals appear to be relatively stable over the past three
years, there has been a significant increase in PFAS in Svalbard reindeer over the past decade.
The shift in the PFAS composition of the tissues, from a profile dominated by PFOS to one
where long-chain PFCAs are equally abundant, may be due to the remobilisation of legacy
contaminants from the melting cryosphere as the Arctic warms. This increase in PFAS
highlights the need for further monitoring to assess the impact of a rapidly changing Arctic on

terrestrial wildlife.
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TABLE S1. Supplementary culling and analysis information.

Samples analysed for contaminants

Hg Elements PFAS

ID  Culling time Age Weight Location Liver Muscle Liver Muscle Liver Muscle
1 Aug-2022 5 78 Reindalen x x x x x X
2 Aug-2022 4 65 Reindalen x x x x x x
3 Aug-2022 2 62 Semmeldalen x x x x x X
4 Aug-2022 10 73 Semmeldalen x x x x x x
5 Aug-2022 2 56.5 Reindalen x x x x x x
6 Aug-2022 9 70.5 Reindalen x x x x x x
7 Aug-2022 8 70 Reindalen x x x x x x
8 Aug-2022 9 67 Semmeldalen x x x x x x
9 Aug-2022 8 71 Kalvdalen x x x x x x
10  Aug-2022 2 58 Kalvdalen x x x x x x
11 Aug-2022 1 44 Kalvdalen X X x x x x
12 Aug-2022 3 60 Kalvdalen x x x x x X
13 Oct-2023 8 71 Colesdalen x x x x
14 Oct-2023 11 66 Colesdalen x x x
15 Oct-2023 7 71 Colesdalen X x x
16 Oct-2023 7 80 Colesdalen x x x
17  Oct-2023 7 76 Colesdalen x x x
18 Oct-2023 9 68.5 Colesdalen x x x
19  Oct-2023 5 78 Colesdalen x x
20 Oct-2023 6 69 Reindalen x x x
21 Oct-2023 7 73 Reindalen x x x x
22 Oct-2023 10 67 Reindalen x x x x x x
23 Oct-2023 10 75 Colesdalen x x x x X
24  Oct-2023 7 735 Colesdalen x x x x
25 Oct-2023 8 73.5 Colesdalen x x x x
26  Oct-2023 4 67 Reindalen x x x x x
27  Oct-2023 7 74.5 Reindalen x x x x
28 Oct-2023 6 72 Colesdalen x x x x x
29 Oct-2023 4 70.5 Colesdalen x X x x x
30 Oct-2023 6 78 Reindalen x x x x x

n=__ 21 30 21 20 21 30
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TABLE S2. Full name, abbreviation, and recovery rate of all PFAS analysed in the study.
Grouped by functional group and chemical structure.

Full name Abbreviation = Recovery (%)
Perfluorobutanoic acid PFBA 100
Perfluoropentanoic acid PFPeA 103
Perfluorohexanoic acid PFHxA 100
Perfluoroheptanoic acid PFHpA 101
7H-dodecafluoroheptanoic acid PFHeA 63
Perfluorooctanoic acid PFOA 100
g Perfluorononanoic acid PFNA 107
& Perfluorodecanoic acid PFDA 105
Perfluoroundecanoic acid PFUNnDA 55
Perfluorododecanoic acid PFDoDA 55
Perfluorotridecanoic acid PFTriDA 45
Perfluorotetradecanoic acid PFTDA 58
Perfluoro-n-hexadecanoic acid PFHxDA 91
Perfluorooctadecanoic acid PFOcDA 135
Perfluorobutanoic acid sulfonate PFBS 100
Perfluoropentane sulfonic acid PFPeS 61
Perfluorohexane sulfonic acid PFHxS 64
2 Perfluoro-1-heptanesulfonate PFHpS 63
% Perfluorooctano sulfonic acid PFOS 61
o Perfluorononane sulfonic acid PFNS 63
Perfluorodecane sulfonic acid PFDS 61
Perfluorododecane sulfonic acid PFDoDS 63
Perfluoroethylcyclohexane sulfonic acid PFECHS 63
1H,2H-perfluorohexan sulfonate 4:2 4:2 FTS 62
A 1H,2H-perfluorooctane sulfonate 6:2 6:2 FTS 66
E 1H,2H-perfluorodecan sulfonate 8:2 8:2FTS 69
1H,2H-perfluorododecan sulfonate 10:2 10:2 FTS 62
Perfluoro-1-octanesulfonamidoacetic acid FOSAA 81
o 2-(N-methylperfluoro-1-octansulfonamido)acetic acid MeFOSAA 97
& % N-ethylperfluoro-1-octanesulfonamide acetic acid EtFOSAA 94
§ D; Perfluorooctane sulfonamide PFOSA 80
'g @  N-methylperfluoro-1-octanesulfonamide MeFOSA 69
§ § Sulfluramid EtFOSA 74
;; S N-(2-hydroxyethyl)-N-methylperfluorooctane sulfonamide MeFOSE 93
N-ethyl-N-(2-hydroxyethyl)-N-methylperfluorooctane EtFOSE 16
sulfonamide
2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3- GenX 69
2 hept'afluoropropoxy)propanoatg
& Sodium dodecafluoro-3H-4,8-dioxanonanoate NaDONA 69
o 9-chlorohexadecafluoro-3-oxanonane-1-sulfonate 9CI-PF30ONS 67
%, 2-(N-ethylperfluorooctane-1-sulfonamido)ethyl phosphate SaMPAP 66
g Bis[2-(N-ethylperfluorooctane-1-sulfonamido)ethyl] diSAMPAP 0
i phosphate
Perfluoro-3,7-dimethyloctanoic acid P37DMOA 66
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MATERIALS AND METHODS SUPPLEMENTARY

THg determination

Before analysis, Hg calibration standards were made by preparing solutions containing 2%
hydrochloric acid, ultrapure water (Elga® Purelab Flex 4), and Hg from stock (LabKings
B.V.®; 0.01-100 ng) following the instructions provided by Milestone® for ultratrace analysis
of Hg. The calibration standards were used to create calibration curves in both cell 0
(R?=0.999) and cell 1 (R?>=0.998. Both certified reference materials (CRMs) and calibration
standards were analysed to ensure the precision of the analysis, with MODAS-3 Herring
Tissue (M—3 HerTis, 221+21 pg/kg, recovery ranging between 107-108%) from MODAS,
Gdansk (2015) and ORIENTAL BASMA TOBACCO LEAVES (INC-OBTL-5, 23.2+1.6
pg/kg, recovery ranging between 80-87%) from the Institute of Nuclear Chemistry and

Technology, Warszawa (2010) used as CRMs in cell 0 and cell 1, respectively.

Blanks were run at the beginning and end of each analysis day, with blank heights not
exceeding 0.003. All samples were run in singletons with periodic triplicates (about every 10
samples). Approximately 40 mg of sample material was analysed, with less mass analysed for
samples with higher fat content (22-40 mg). Background absorbance was accounted for by
averaging the blank heights from each day and subtracting this from the height of the sample

before calculating the final concentration.

Element quantification
Approximately 400 mg of muscle, 300 mg of liver, 300 mg of CRM (1577b Bovine Liver, US

Department of Commerce National Institute of Standards and Technology, Gaithersburg, Md
20899), 300 g of ultrapure water were added to polytetrafluoroethylene (PTFE) vials
containing 5 ml of 50% (v/v) HNO3 (purified from HNO3, AnalaR NORMAPUR®, VWR) in
a sub-boiling distillation system (Milestone, SubPur, Sorisole, BG, Italy). Once digested using
a high-pressure microwave system (Milestone Ultraclave, EMLS, Leutkirch, Germany), the

samples were diluted to a final weight of approximately 54g. Concentrations of elements Cd,
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Pb, and Se were quantified in the liver and muscle, CRM (Bovine Liver Standard Reference
Material 1577b), and blank digests using an 8800 Triple Quadrupole inductively coupled

plasma mass spectrometry (ICP-MS) system (Agilent, USA) equipped with a prepFAST M5
autosampler (ESI, USA). The final sample and CRM concentrations were corrected for total

dilution volume and blank value concentrations.

The Bovine Liver 1577b certified values were as follows for Cd: 0.5+0.03 pg/g, Pb:
0.129+0.004, and Se: 0.73+0.06. Reference material recovery rates ranged from 79.9-84.3%

for Pb, 84.7-106% for Cd, and 90.2-97.3% for Se.

The limits of detection (LOD) were determined as either three times the standard deviation of
the blanks or the instrument detection limits based on the highest obtained value. The LOD
for Cd was 0.47 pg/kg, for Pb 0.02 pg/kg, and for Se 0.01 pg/kg. All elements were detected
above the LOD in the liver samples. In contrast, Cd was not detected above LOD in a

majority of the muscle samples and therefore not reported.

PFAS quantification

Quantification of target analytes was achieved using internal standards and matrix-matched
calibration curves, which were prepared by spiking target analytes and internal standards into
the matrix prior to extraction, as described in Sait et al., (2023). Calibration was performed
using a 13-point calibration curve (0.00, 0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00,
10.0, 20.0, and 50.0 ng/ml) with R2 values ranging from 0.935-0.999. The method LOD was
determined using the lowest detected concentration in the calibration curve range, corrected
for the dilution factor, with LODs ranging between 0.013-0.152 ng/g ww. Solvent blanks were
run every ten samples to monitor contamination and were subtracted from sample

measurements to correct final concentrations.

The efficiency of the extraction was determined through absolute recovery rates using the

method blanks, matrix-matched, and spiked samples. Out of the 41 targeted PFAS, EtFOSE
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and diSAMPAP had recoveries below 45% and were excluded from the analysis. Recovery
rates for the remaining PFAS ranged between 45-135%, with RSDs <10%. Several PFAS
were not detected above the LOD in at least 25 % the samples and are consequently not
reported in the current study. These include PFBA, PFPeA, PFHxXA PFHpA, PFOA, PFNA,
PFDA, PFDoDA, PFOcDA, PFBS, PFHpS, PFDoDS, 4:2 FTS, 6:2 FTS, 8:2 FTS, 10:2 FTS,
PFOSA, MeFOSA, EtFOSA, MeFOSE, EtFOSE, GenX, 9CI-PF30NS, P37DMOA, SaMPAP,
and diSAMPAP in both liver and muscle samples, PFHxDA, PFHxS, PFNS, PFECHS in

muscle samples, and PFPeS in liver samples.

Analytical standards (purity >98%) were supplied by Wellington Laboratories Inc. (Ontario,
Canada). Internal standards (purity >99%) of isotopically labelled perfluorooctanoic acid
(PFOA-13C8), perfluorooctanesulfonate sodium salt (PFOS-13C8), and 1H,2H-
perfluorooctane sulfonate (6:2) (6:2 FTS-13C2) were supplied by Cambridge Isotope
Laboratories, Inc. (Tewksbury, MA, US). Stock solutions of target analyte (200 ppb) and

internal standards (1 ppm) were prepared in methanol (MeOH) and stored at -20°C.

Protocol for PFAS extraction
Approximately 100 mg of homogenised and freeze-dried liver and muscle samples were

transferred into individual 15 mL polypropylene (PP) test tubes. To these tubes, 3 mL of ethyl
acetate, 300 pL of 1.0 M ammonium acetate, and 10 pL of internal standard mix were added.
The tubes were vortexed for 10 seconds until fully mixed, then ultrasonicated for 45 minutes.
Following centrifugation (4000xg, 10 min) for protein precipitation, the top 3 mL ethyl
acetate layer was transferred to a fresh PP tube. An additional 3 mL of ethyl acetate was added
to the original sample tube, followed by vortexing, ultrasonication, and centrifugation. The
top 3 mL ethyl acetate layer was again transferred to the fresh PP tube. This step was repeated
once more, resulting in a total of 9 mL of ethyl acetate extract. Following the last transfer, 1

mL of ultrapure water was added to the extracts.
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The new mixtures were centrifuged once more (4000xg, 10 min), and the supernatant of each
tube was transferred to fresh PP tubes. The supernatant solutions were evaporated under a
gentle stream of nitrogen gas (~2.5 PSI) to near dryness. The dried residue was reconstituted
in 500 pL of a 1:1 MeOH-water solution, vortexed for 10s, and transferred to liquid

chromatography (LC) autosampler vials. Vials were stored at -20°C until further analysis.

Analysis of PFAS was conducted at the Norwegian University of Science and Technology
(NTNU) using ultra-performance liquid chromatography (UPLC) on a Waters Acquity I-Class
system (Waters, Milford, USA), coupled to a Xevo TQ-S triple quadrupole mass spectrometer
operated in multiple reaction monitoring (MRM) mode. Ionization was performed using a
ZSpray electrospray ion source in negative mode (ESI-). Chromatographic separation was
achieved using a Kinetex C18 column (30 x 2.1 mm, 1.3 um, 100 A; Phenomenex, Denmark)
equipped with a matching C18 guard column (10 % 2.1 mm). The column temperature was

held at 30 °C.

Mobile phases consisted of (A) water with 2 mM ammonium acetate and (B) methanol. A
gradient elution was applied as follows: 20% B for 0.1 min, ramped to 50% at 0.1 min, 70%
at 0.6 min, 80% at 0.7 min, 85% at 1.3 min, and 100% at 1.7 min. This was held for 1 min
before returning to 20% B over 0.1 min, followed by re-equilibration for 0.4 min. The total

run time was 6 minutes, with a flow rate of 0.25 mL/min and an injection volume of 4 pL.

Instrument parameters were optimized as follows: capillary voltage at 2.0 kV, source
temperature 150 °C, desolvation temperature 450 °C, cone gas flow 150 L/h, desolvation gas

flow 650 L/h, and nebulizer pressure at 6 bar.

Peak integration was carried out manually using MassLynx software. Final concentrations

were corrected for sample mass and dilution factor.
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Hg in Rangifer across the Arctic
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Figure S1. Hepatic Hg concentrations (ww) from various Rangifer subspecies across the
Arctic. The dashed red line represents the average Hg concentration reported in individuals
culled in October in the present study (25 ng/g ww). Concentrations from Akia-Maniitsoq
(AM) and Kangerlussuaq-Sisimiut (KS) are reported in Gamberg et al. (2016), concentrations

from Yukon derive from Schuster et al., (2011), and the data from Kola Peninsula and

Kamchatka from Makarov et al. (2022).
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Pb in Rangifer across the Arctic ----Pbinthe
present study
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Figure S2. Hepatic Pb concentrations (ww) from various Rangifer subspecies across the
Arctic. The dashed red line represents the average Pb concentration reported in individuals
culled in October in the present study (49 ng/g ww). Concentrations from Akia-Maniitsoq
(AM) and Kangerlussuag-Sisimiut (KS) are reported in Gamberg et al. (2016), concentrations
from Alaska derive from O’Hara et al. (2003), and the data from Northern Norway from Ali
Hassan et al. (2012).
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Cd in Rangifer across the Arctic ----Cdinthe
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Figure S3. Hepatic Cd concentrations (ww) from various Rangifer subspecies across the

Arctic. The dashed red line represents the average Cd concentration reported in individuals

culled in October in the present study (532 ng/g ww). Concentrations from Akia-Maniitsoq

(AM) and Kangerlussuaq-Sisimiut (KS) are reported in Gamberg et al. (2016), concentrations

from Kola peninsula and Kamchatka derive from Makarov et al. (2022) and the data from

Alaska from O’Hara et al. (2003).
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PFHxS in Rangifer across the Arctic
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Figure S4. Hepatic PFHxS concentrations (ww) from various Rangifer subspecies across the
Arctic. Concentrations from Bathurst, Porcupine, Akia-Maniitsoq (AK) and Kangerlussuaq-

Sisimiut (KS) are all reported in Roos et al. (2021) and are here visualised in different shades
of grey. Average concentrations from both animals culled in August and October in the

present study are visualised in shades of red.
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PFOS in Rangifer across the Arctic
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Figure S5. Hepatic PFOS concentrations (ww) from various Rangifer subspecies across the
Arctic. Concentrations from Bathurst, Porcupine, Akia-Maniitsoq (AM) and Kangerlussuaq-
Sisimiut (KS) are all reported in Roos et al. (2021) and are here visualised in different shades
of grey. Average concentrations from both animals culled in August and October in the

present study are visualised in shades of red.
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PFUNDA in Rangifer across the Arctic
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Figure S6. Hepatic PFuNDA concentrations (ww) from various Rangifer subspecies across
the Arctic. Concentrations from Bathurst, Porcupine, Akia-Maniitsoq (AK) and
Kangerlussuag-Sisimiut (KS) are all reported in Roos et al. (2021) and are here visualised in
different shades of grey. Average concentrations from both animals culled in August and

October in the present study are visualised in shades of red.
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PFTriDA in Rangifer across the Arctic
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Figure S7. Hepatic PFTriDA concentrations (ww) from various Rangifer subspecies across the
Arctic. Concentrations from Bathurst, Porcupine, Akia-Maniitsoq (AK) and Kangerlussuaqg-
Sisimiut (KS) are all reported in Roos et al. (2021) and are here visualised in different shades
of grey. Average concentrations from both animals culled in August and October in the

present study are visualised in shades of red.
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ABSTRACT

The Svalbard reindeer (Rangifer tarandus platyrhynchus) is chronically exposed to low levels

of various environmental contaminants, including toxic metals and per- and polyfluoroalkyl

substances (PFAS). However, no previous studies have assessed whether this contaminant

exposure may cause adverse biological effects in the reindeer. Therefore, the present study

examines the relationships between hepatic concentrations of mercury (Hg), cadmium (Cd),

lead (Pb), and seven PFAS compounds, and the expression of 17 genes involved in key

physiological functions in Svalbard reindeer.

Liver samples were collected from twelve female Svalbard reindeer, and hepatic mRNA was

extracted for downstream qPCR analysis using novel primers, specifically designed for this
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study. Hepatic contaminant concentrations were previously reported for these samples

Andersson Stavridis et al. (2025a).

Using multivariate statistics, we found several genes to be downregulated with increasing
contaminant concentrations, primarily driven by C6 perfluorosulfonic acid (PFHxS), Cd, and
Hg. Notably, genes related to lipid homeostasis (e.g., FABP3, PPARG, and THRA) were the
most affected. Maintaining lipid homeostasis is vital for Arctic mammals like Svalbard
reindeer, which undergo large annual fluctuations in body mass and depend on lipid
regulation for normal physiological function. Consequently, our findings suggest that
contaminants may be influencing crucial physiological processes in the reindeer despite the
contaminant concentrations being below the current toxicity thresholds, indicating that
existing thresholds may underestimate the potential biological effects of contaminant

exposure in wildlife.

Keywords: Svalbard reindeer; Biomonitoring; qPCR; PFAS: Heavy metals
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INTRODUCTION

Contaminant concentrations and effects have been extensively studied in Arctic marine
wildlife, but Arctic terrestrial species remain relatively understudied (Ankley et al. 2020;
Dietz et al. 2022). In addition, most existing studies on terrestrial wildlife focus on reporting
contaminant concentrations, rather than assessing contaminant-driven effects on biologically
relevant endpoints (Aas et al. 2014; Hallanger et al. 2019; Gamberg et al. 2020; Roos et al.
2021; Andersson Stavridis et al. 2025b). Understanding the resulting biological response of
contaminant exposure is crucial for assessing the long-term health risks to Arctic wildlife,
especially given the mixture of contaminants to which Arctic wildlife are exposed (Sonne et
al. 2021). Consequently, wildlife monitoring studies are vital, as they provide essential insight
into whether chronic, low-level contaminant exposure may result in observable effects in

wildlife (Ankley et al. 2020).

A key species in the Svalbard terrestrial ecosystem is the Svalbard reindeer. Contaminant
concentrations in the Svalbard reindeer were first reported in 1996 (Borch-Iohnsen et al.
1996) and have since been followed up in the 2020s (Roos et al. 2021; Andersson Stavridis et
al. 2025b), which included measurements of tissue concentrations of mercury (Hg), cadmium
(Cd), lead (Pb), and a range of per- and polyfluoroalkyl substances (PFAS). Based on the
findings of these studies, contaminant concentrations in Svalbard reindeer are below the
current toxicity thresholds for wildlife, which include hepatic concentrations of 4.2 pg/g (wet
weight, ww) for Hg (Dietz et al. 2022) or 655 ng/g (ww) for PFOS (Dietz et al. 2018), or renal
concentrations of 100 pg/g (ww) for Cd (Larison et al. 2000), and 15 pg/g (dw) for Pb (Ma
2011). Although these toxicity thresholds are derived from other species, they are commonly
applied to Arctic wildlife as no Arctic-specific thresholds currently exist (e.g., Dietz et al.

2022). Moreover, as such thresholds are typically based on the effects on a cellular or
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individual level, the potential molecular responses to contaminant exposure below the toxicity

thresholds remain largely unexplored.

A common method to assess molecular effects is by measuring changes in mRNA expression.
This endpoint is particularly valuable in toxicological studies as it reflects changes at a low
level of biological organisation and may therefore be more sensitive in detecting effects even
before they result in, for instance, altered protein levels or enzymatic responses (Pifia et al.
2007). Thus, it may serve as a useful early-response indicator for induced biological changes
(Ishibashi et al. 2008; Trego et al. 2019). Numerous studies have linked transcriptional
changes to contaminant exposure across Arctic wildlife, with sub-cellular effects on various
vital biological processes being reported (e.g., Lunardi et al. 2016; Routti et al. 2019;

Lithmann et al. 2020; Bjerneset et al. 2023).

To detect contaminant-induced changes at a low biological level in the Svalbard reindeer, the
present study investigated associations between hepatic contaminant concentrations and the
hepatic mRNA expression of 17 genes related to transcriptional regulation, xenobiotic
metabolism, oxidative stress, and lipid transport and metabolism. Although contaminant
concentrations in Svalbard reindeer generally were below established toxicity thresholds, we
observed contaminant-driven transcriptional changes in several key genes, especially in those
related to lipid homeostasis, indicating biological responses even at low exposure levels.
Together, these results underscore the importance of considering sublethal molecular effects
as early warning signals when evaluating contaminant risk in wildlife, both in the Arctic and

elsewhere.
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MATERIALS AND METHODS

TISSUE SAMPLING

Liver and muscle samples were collected from twelve female Svalbard reindeer culled in
Reindalen [77.9°N, 15.4°E] in August 2022, following the approval from the Governor of
Svalbard (permission no. 16/01632—40 and 21/03815-4). Liver and muscle samples
(approximately 0.5 x 1 cm) were placed in RNAlater to preserve RNA integrity for later
extraction. However, due to poor RNA quality obtained from muscle samples, these were not
included in downstream analysis. The age of the reindeer was determined by tooth eruption

patterns or cementum annuli analysis (Veiberg et al. 2020) and ranged from 1 to 10 years old.

GENE EXPRESSION ANALYSIS

Viable hepatic RNA for downstream qPCR applications was successfully extracted from all
Svalbard reindeer liver samples (n=12). Total RNA was isolated using the Qiagen RNeasy®
Mini Plus Kit from samples stored in RNAlater, as described under Methods and Materials in
Supplementary Information (SI). The extracted RNA was reverse transcribed into cDNA

using the iScript cDNA Synthesis Kit, following the manufacturer's protocol.

A total of seventeen target genes were selected by reviewing wildlife toxicity studies that
assessed the associations between mRNA expression and contaminant concentrations, with a
focus on genes involved in key physiological functions (Das et al. 2017; King et al. 2023;
Boyi et al. 2024). Four well-established reference genes were also included based on the
stability of ruminant reference genes (Janovick-Guretzky et al. 2007; De Jonge et al. 2007;

Lisowski et al. 2008). All genes are listed in Table 1.
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Table 1. Target and reference ® genes quantified in liver samples from Svalbard reindeer. Genes are categorised

based on physiological function into the following groups: transcriptional or nuclear regulation ®, xenobiotic

metabolism ©, lipid metabolism and transport (9, oxidative stress ©), and haemostatic proteins .

Abbreviation

Target gene

Relevant function

ACTB @

CYP1A2©)
ECH1@

FABP3 @

FADS1 @

FOS ®

FOXA2 .9

GAPDH @

GSR®
HAMP ©

JUN ®
MET1A ©

NROB2 ©®)

PPARG ®-9)

POR ©
RPS9 @

SELENOP ©
SREBF1 ®.9
TBP @
THRA ®

VLDLR @

Actin Beta

Cytochrome P450 1A2
Enoyl-CoA Hydratase 1

Fatty acid binding protein 3
Fatty acid desaturase 1
Fos proto-oncogene

Forkhead box A2

Glyceraldehyde-3-phosphate
dehydrogenase

Glutathione-disulfide reductase
Hepcidin antimicrobial peptide
Jun proto-oncogene
Metallothionein 1A

Nuclear receptor 0B2

Peroxisome proliferator-activated
receptor gamma

Cytochrome P450 oxidoreductase

Ribosomal protein S9

Selenoprotein P

Sterol regulatory element binding
transcription factor 1

TATA-box binding protein
Thyroid hormone receptor alpha

Very low-density lipoprotein
receptor

Involved in cell structure, motility, and intracellular
transport.

Involved in xenobiotic metabolism.

Involved in the B-oxidation of fatty acids.

Involved in fatty acid uptake, transport, and/or
metabolism.

Regulates the unsaturation of polyunsaturated fatty
acids.

Regulates cell proliferation, differentiation, and
tumorigenesis.

Involved in glucose and lipid metabolism, insulin
secretion, and bile acid homeostasis.

Involved in glycolysis.

Involved in the cellular antioxidant system.

Regulates iron homeostasis.

Regulates cell proliferation, differentiation, and
tumorigenesis.

Involved in the intracellular detoxification of toxic metals.
Regulates the activity of cholesterol, bile, and fatty
acids.

Regulates adipocyte differentiation.

Electron donor protein for cytochrome P450 enzymes.

Ribosomal protein subunit.

Involved in selenium homeostasis and antioxidant
defence.

Involved in the sterol synthesis

Part of the TFIID transcription factor, which initiates
RNA transcription.

Receptor for thyroid hormone T3.

Involved in triglyceride metabolism.

As the Svalbard reindeer genome remains only partially annotated, with structural information

available but limited or no functional annotation, oligonucleotides for our selected target and

reference genes were designed from highly conserved regions of genes in species closely

related to the Svalbard reindeer. Conserved regions were determined by aligning mRNA

sequences from multiple mammals using the Clustal Omega Multiple Sequence Alignment
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Tool and blasting these conserved regions against the Svalbard reindeer genome (NCBI
BLAST). Multiple primer pairs were generated for each gene using the primer design tool
from Integrated DNA Technologies (IDT), with preference for amplicon length (80-250bp),
G/C content (35-60%), similar annealing temperatures, and minimal secondary structures

(AG>-5).

Primers were tested on pooled liver cDNA (100 ng/pL) using a Mastercycler X50s PCR
thermocycler (Eppendorf, Hamburg, Germany), along with no-reverse transcriptase controls
(noRT) and no-template controls (noTC). Assays were run at various annealing temperatures
(50°C, 52°C, 54°C, 56°C, 58°C, and 60°C) to determine the best conditions for each primer
pair. Optimal temperatures were identified based on gel electrophoresis of endpoint PCR
products, with selection based on the presence of a single amplicon of the expected size.
Standard curves were produced for all primer pairs using the Applied Biosystems StepOne
Real-Time qPCR System instrument (Carlsbad, CA, USA) with a six-point dilution series
prepared from pooled liver cDNA. The primer pair with the highest R? value was selected for
downstream qPCR analysis of the Svalbard reindeer samples (Table S1). Primer specificity
was confirmed by observing a single, distinct peak in the generated melt curve. PCR products
of each primer were furthermore Sanger sequenced to confirm the primer specificity (Eurofins
Genomics, Germany). Additional information on the final primers used for subsequent gPCR

is found in Table 2.



132 Table 2. Forward and reverse primer sequences, amplicon length, and primer pair melting temperatures for all

133 the target and reference genes.
Gene Sequence Product Pr.imer
length pair Tm
F CACACGGTGCCCATCTAC
ACTB g AGCTCGTAGCTCTTCTCCA 245 58
F GCCATGAGTTTGTGGAATCCG
CYPIA2 R TAGTGCTCCTGGACCGTTTTC 148 56
F CCATCTTTATGAATCCTCCCTT
ECH1 — —x AAATCCTGGAACATGAGCA 201 60
F TGACCAAGCCTACCACAATC
FABP3 R GGACTTGACCTTCCTGTCATC 143 56
F GGGACAGACGAGTAACAGAAAG
FADST 1 GCAGAGTGGTAGGAAGATGAAA 208 56
F CCCTCCAAGCGGAGACAGA
FOS R GGATTTTGCAGGCAGGTCGG 129 60
F CCCTTCTCCATCAACAACCT
FoxAz g AGTACACGCCCTGGTAGTA 226 60
F AGTGAACAGATTCAGCCGCA
GADPH ¢ CCGTTCTCTGCCTTGACTGT 174 60
F ACTTTGACAACACAGTTGCTATTC
GSR R CGTGATGATTTGGTTCCTTTCTG 129 60
F CACGACAGCTCACAGACCTC
HAMP R GCAGATGGGAAAGTGGGTGT 194 60
F CTTGAAAGCGCAGAACTCGG
JUN R GCGTTAGCATGAGTTGGCAC 19 56
F CTTTCACTCTCTCCTTTCTTCCC
METIA R CACCAGGTCAGGTTGTATGAAT 200 60
F CCGCCCAACCATTCTGTAT
NROB2 7 CCAGCAGGATCTTCTTGAGTATG 332 58
F GCAGAACACCTTCTACGACAT
POR R CCCTTGGTCATCAGCTTCTT 90 60
F CCAGGTTTGCTGAATGTGAAG
PPARG g CTCATGTCCGTCTCCGTTT 200 60
F ATCCCATCCTTCATCGTGCG
RSPO g GCTCAGTCCTCCTCTTCGTC 158 54
F CACCTGACAGTGTAAAGAAGAC
SELENOP o AGTGTAGATTGACTTGAGGAGTA 242 54
F TGGGATCAAAGAGGAGCCAGT
SREBFT g GTAACCCACAATCGGGGC 136 60
F AAGCTGATTGAGCAGAACCGA
THRA R TCTGGCATGGAGACAATGGG 212 60
F TACACTCAGTGGTGGTAGGA
TBP R CCAACTTGTCAACAGCAGTAAG 238 60
F GCCCAGGACATCATTGTCTATC
VIDLR R CACATCCTCCATTCTCCACATC 245 58
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The hepatic gene expression of both target and reference genes was assessed using the
StepOne Real-Time qPCR System with SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad, CA, USA). Samples were run in duplicate, and controls (both noRT and noTC) were
added to each well plate. Detailed primer sequences, amplification efficiencies, and melt
curve data are provided in the Materials and Methods in the SI, and in Table S1. The relative
gene expression (274°9) was calculated by subtracting the mean of the reference gene Cq
values from the target gene expression to normalise individual variability (Schmittgen and

Livak 2008).

CONTAMINANT CONCENTRATIONS

The hepatic contaminant concentrations used in the present study were previously reported by
Andersson Stavridis et al. (2025a). Of these contaminants, Hg, Cd, and Pb were included
along with seven PFAS (Table 3), specifically perfluoroalkyl sulfonic acids (PFSAs): PFHxS,
PFOS, PFDS, and PFECHS, as well as perfluoroalkyl carboxylic acids (PFCAs): PFUnDA,
PFTriDA, and PFTDA. These PFAS were included based on a detection rate above 50 % in
the liver samples (Andersson Stavridis et al. 2025a), their documented toxicity, and their well-
documented presence in the Arctic (Muir et al. 2019; Ankley et al. 2020; Mahoney et al.

2022).

For full methodological details on analytical methods, including procedures for quality
control and limits of detection, see Andersson Stavridis et al. (2025a). In brief, THg was
determined using a Direct Mercury Analyser (DMA-80 evo, Milestone, Italy), Cd and Pb
were analysed using inductively coupled plasma mass spectrometry (ICP-MS, 8800 Triple
Quadrupole, Agilent Technologies, USA), and the PFAS analysis was performed using an
Xevo TQ-XS Triple Quadrupole Mass Spectrometer coupled with an ACQUITY UPLC

system (Waters, Milford, MA, USA).
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Table 3. Mean + SD, median, minimum, and maximum concentrations of contaminants detected in more than

50% of Svalbard reindeer liver samples, as reported in Andersson Stavridis et al. (2025a).

Concentration (ng/g wet weight)

Mean + SD Median Min Max

THg 11.6+5.27 1.1 571 256
Cd 192+84.2 178 113 423
Pb 52.5+#37.8 43.2 142 127

PFHxS 5.35¢4.10  3.28 123 10.6
PFOS 3.83+1.32 3.84 216 6.60
PFDS 0.36+0.42  0.20 0.10 1.20
PFECHS 0.19+0.10 0.18 0.11  0.39
PFUnNDA 4.47+3.13 4.24 1.34 124
PFTriDA  4.17£3.17  3.45 159 128
PFTDA 0.40+0.22  0.40 0.09 0.80

DATA ANALYSIS
Gene expression data are reported as relative fold change (2°2°9), where ACq is the difference
between the target gene expression and the average reference gene expression, normalising

for individual variation (Schmittgen and Livak 2008).

Relative patterns in contaminant concentrations and gene expression (Cq-values) were
visualized in Fig. 1, where each variable was standardised using z-scores, which ensures that
each variable has a mean of zero and a standard deviation of one, allowing comparison of
relative patterns rather than absolute magnitudes across each variable. Statistical analyses
were performed using RStudio version 4.3.0 (R Core Team 2024). The relationship between
gene expression and explanatory variables (age, body mass, and contaminant concentrations)

was initially explored using Spearman rank correlations.

Subsequently, the associations between variables were analysed using orthogonal partial least
squares (O-PLS), a multivariate statistical method designed to handle datasets with few
observations and collinear predictors (Trygg and Wold 2002). Missing contaminant

concentrations were replaced by either a random value between 0 and half the LOD (for

10
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concentrations <LOD) or by the mean of the respective variable (for values missing due to

analytical errors).

O-PLS model performance was assessed using explained variance (R?Y), predictive ability
(Q%*Y), and permutation-derived p-values. Models with R?Y values >0.7, Q*Y>0.4, and p
<0.05 were considered highly robust (Sermo et al. 2011). Variable importance in projection
(VIP) scores were used to assess the contribution of each explanatory variable, with VIP
scores greater than 1 considered indicative of a strong influence on the response variable.
Models were initially optimised by removing variables with VIP < 0.5. Additional variables
with the lowest VIP scores were sequentially removed to improve model fit until a significant
model with the highest possible R*Y and Q*Y scores was achieved (Ciesielski et al. 2017).
Each model was additionally assessed using a cross-validated ANOVA (CV-ANOVA) to

further confirm its significance.

For significant models, bootstrap resampling (with 10,000 iterations) was used to estimate the
variation within the regression coefficients and calculate standard deviations for each

explanatory variable (Ciesielski et al. 2017).

RESULTS

Hepatic mRNA expression levels were successfully quantified for all target genes in all
samples. The mRNA expression varied distinctly among individuals, with the largest
differences observed in genes FABP3, MET1A, and NROB?2, indicating relatively large
individual variation in gene expression (Table 4). Similarly, a relatively large variation in
hepatic contaminant concentrations was reported by Andersson Stavridis et al. (2025a) in
these samples, with several PFAS occurring in concentrations up to ten times higher in the

most contaminated individual, compared to the least contaminated individual (Table 3).

11
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Overall, no consistent patterns in co-variation between contaminants and gene expression are

apparent (Fig. 1). However, certain individuals with higher-than-average contaminant

concentrations also show lower-than-average gene expression levels (e.g., ID 12 and 8), and

vice versa in individuals with relatively low contaminant levels (e.g., ID 6).

Table 4. Minimum and maximum fold change (2-2¢9) values for the 17 target genes. For each gene, the largest

difference between individuals was determined by dividing the maximum by the minimum fold change among

samples (n=12).

Largest fold change

Gene Min Max between individuals
FOS ® 5.06x10°  3.43x102 6.77
JUN ® 7.18x102  3.09x10"  4.30
NROB2 ®) 1.34x10°  2.27x10“%  16.9
THRA ® 2.81x10* 1.41x10°  5.00
CYP1A2 © 1.62x102  555x102  3.43
POR © 1.38x102  1.54x10"  11.2
MET1A © 4.10x104  9.34x10° 228
FOXA2 ®.9) 1.07x10%  5.77x10* 5.38
PPARG @) 3.26x10%  3.01x10%  9.25
SREBF1 @) 1.01x10%  6.41x10*  6.38
ECH1 @ 5.35x102  2.74x10"  5.12
EABP3 (@ 1.29x10*  5.00x10°  38.7
FADS1 @ 1.58x102 1.27x10"  8.08
VLDLR @ 1.99x104 1.17x10°  5.87
GSR © 5.20%x10%  2.58x102  4.96
SELENOP© 2.17x10°  1.42x10'  6.55
HAMP © 4.01x102  3.34x10" 8.35

® transcriptional or nuclear regulation, © xenobiotic metabolism,

@ lipid metabolism and transport, © oxidative stress, and @

haemostatic proteins.

12
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Figure 1. Relative patterns in contaminant concentrations and gene expression (24 values) across individuals

(ID 1-12) of Svalbard reindeer (n=12). As the data was centered and scaled for each variable (z-score), the

heatmap shading is comparable across individuals for each variable, but not across variables. A blue shade

indicates values lower than the variable mean, white values indicate near the mean, while red values are higher

than the mean.

Spearman's rank correlation analysis revealed a few direct, significant relationships between

contaminant concentrations and mRNA expression levels. Pb concentrations were inversely
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associated with POR and FOXA2 (<0.05), while there were positive associations between
PFECHS concentrations and the expression levels of PPARG, ECHI, and FADS1. While the
expression of HAMP was positively related to Cd concentrations (p=0.031), it was negatively
associated with PFUnDA and PFTriDA concentrations (p<0.001). In addition, biometric
variables age and body mass were significantly positively related to several genes, such as

NROB2, SREBF1, and THRA.

With contaminant concentrations having both positive and negative relationships with target
gene expression, and biometric variables having a significant influence on gene expression,
multivariate statistics were further used to better understand how the predictor variables

affected the transcriptional activity of the target genes.

Using O-PLS, significant explanatory models were obtained for the genes JUN, FOXA2,
NROB2, THRA, PPARG, SREBF1, FABP3, and CYP1A2 (Fig. 2). The explained variance
(R?Y) ranged from 0.70 to 0.98, and predictive abilities (Q*Y) ranged from 0.41 to 0.93
(Table 5). Body mass and age were strongly associated with the upregulation of genes related
to transcriptional and nuclear regulation (i.e., FOXA2, NROB2, THRA, and SREBF1) and
xenobiotic metabolism (i.e., CYP1A42). In contrast, increasing body mass and age were
associated with a downregulation of PPARG gene expression. Among contaminants, Hg, Cd,
and PFHxS concentrations had the greatest influence on mRNA expression levels, which all
had strong negative relationships with JUN, PPARG, FABP3, and CYP1A2 transcription
activity. In general, PFOS and long-chain PFCAs (PFUnDA, PFTriDA, and PFTDA) had a
comparatively small influence on gene expression, with VIP values ranging between 0.5-1.
Nonetheless, PFOS was included as a predictor variable in the models for genes CYPIA2,
FOXA2, JUN, SREBF I, and THRA, where increasing PFOS concentrations had an inverse
relationship with transcript levels. Long-chain PFCAs instead had both positive (e.g., FABP3,

JUN, PPARG) and negative (e.g., NROB2, SREBF1) associations with gene expression.
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Figure 2. O-PLS regression coefficient for genes [A] JUN, [B] CYPI1A2, [C] FABP3, [D] FOXA2, [E] NROB2,
[F] PPARG, [G] SREBF1, and [H] THRA with hepatic mRNA expression as a response to predictor variables:
contaminant concentrations, age, and body mass (weight). The bars represent the contribution (coefficient +

standard deviation) of each predictor variable to the model. Predictor variables with VIP values greater than 1

are marked in grey.
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Table 5. Target genes with significant O-PLS models. The models include the most influential predictor
variables (VIPs <0.5), which explain the majority of the variance in gene expression. The explained variance
(R?Y) and predictive ability (Q*Y) of the model. Predictor variables with variable importance in projection (VIP)
scores greater than 1 are specified in bold, along with the direction of the regression coefficient, indicating

whether the predictor is associated with gene upregulation (positive coefficient) or downregulation (negative

coefficient).
Significant variables (VIPs>0.5, VIPS >1)
Gene (n) p-value R2Y Q%Y Downregulating Upregulating
CYP1A2 12 <0.001 0.93 0.55 PFHxS, PFOS, PFECH, Hg, Cd  Age, Body mass
FABP3 10 <0.001 098 093 PFHxS, Hg, Cd PFTDA, PFECHS
FOXA2 10 <0.001 090 0.76 PFHxS, PFOS, Pb Age, Body mass
JUN 10 <0.001 0.79 0.58 PFHxS, PFOS, Hg, Cd, Pb PFUNDA, PFTriDA
NROB2 12 <0.001 0.72 041 PFTDA, PFUnDA, PFOS Age, Body mass, Cd
PPARG 10 <0.001 0.85 0.44 Age, Body mass, PFHxS, Hg, PFUNDA, PFTriDA
Cd, Pb
SREBF1 10 <0.01 0.70 049 PFTDA, PFHxS, PFOS Age, Body mass
THRA 12 <0.001 0.81 0.52 PFOS, PFECHS, Hg Age, Body mass
DISCUSSION

The hepatic concentrations of contaminants in the Svalbard reindeer consistently fall far
below the established toxicity thresholds for wildlife (Andersson Stavridis et al. 2025a, b).
Still, the results of the present study suggest that a low-level chronic exposure to toxic metals

and PFAS may still cause biological effects in Svalbard reindeer.

While there is some degree of variation in individual contaminant levels and gene
transcription among the Svalbard reindeer (Tables 1 and 4), there are no apparent trends
between contaminant levels and gene transcription, as visualised in Fig. 1. This is further
supported by the results of the Spearman rank correlation analysis, where only a few
significant direct relationships between contaminant levels and transcriptional activity were

revealed. Instead, most of the significant models explaining the variation in gene expression
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among individual reindeer include a combination of biometric variables and concentrations of

both metals and PFAS.

Although Pb and PFECHS were significantly associated with the mRNA expression of
several genes in the Spearman rank analysis (with POR and FOXA2, and PPARG, ECH1, and
FADSI, respectively), their individual contribution to explaining the variation in gene
expression in the O-PLS models for the same genes was small. A variable can show strong
individual correlation yet contribute less to the O-PLS model if it is collinear with other
variables or there is overlapping explanatory power between these predictor variables
(Eriksson et al. 2013). This may explain why Pb was included as an explanatory variable in
the O-PLS model for FOXA2, although with a VIP score <1, while PFECHS was not included
in the model for PPARG at all. Since other contaminants and biometric variables exhibited
higher VIP scores in the full models for these genes, contaminants such as PFHxS, PFOS, Hg,
and Cd in combination likely explain more of the variation in gene expression than Pb and

PFECHS do.

INTERPRETING THE MULTIVARIATE MODELS
The impact of age and body mass

The Spearman rank correlation analysis revealed significant positive relationships between
biometric variables: age and body mass, and the genes NROB2, SREBF 1, and THRA. These
relationships were further observed in the O-PLS models, where age and body mass were
among the strongest explanatory variables in this study. While age-related changes in gene
expression are well documented in other mammals (Kwekel et al. 2010; Glass et al. 2013),
body mass appears to be less frequently reported as a significant influence on gene
expression. However, as annual fluctuations in the body mass of Svalbard reindeer are

strongly related to the accumulation of fat in summer (Reimers 1984), the inclusion of body
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mass as one of the most important explanatory variables (VIPs >1) for genes such as FOXA2,

NROB2, PPARG, and SREBF| is biologically likely, given their roles in lipid metabolism.

The impact of contaminants on lipid storage and metabolism

Significant O-PLS models were primarily obtained for target genes related to lipid
homeostasis, and genes FABP3 and PPARG were downregulated with increasing

concentrations of PFHxS, Cd, and Hg.

Svalbard reindeer experience large annual fluctuations in body mass (Albon et al. 2017), with
intense periods of fat accumulation in summer when forage is readily available, and heavy
dependence on stored fat in winter, when food availability is limited (Reimers 1984).
Maintaining lipid homeostasis is therefore critical, which involves the regulation of genes
such as FABP3 and PPARG. Hence, contaminant-driven changes in the transcriptional
activity of these genes may disrupt vital processes in the reindeer. For example, a
downregulation of PPARG transcription levels may result in decreased PPARY receptor
levels, which function as a main driver of adipogenesis (Tontonoz et al. 1994). As the
reindeer in the present study were culled in late summer, at their peak seasonal fattening when
lipid formation normally occurs, such a downregulation may impair their capacity to store
lipids. At the same time, hepatic accumulation of the same contaminants also appeared to
downregulate FAPB3, which functions as a lipid chaperone in the cell and enhances fatty acid
mobilisation and metabolism (Furuhashi and Hotamisligil 2008). Consequently, exposure to
these contaminants may affect pathways involved in lipid storage and lipid metabolism
simultaneously. We also observed a downregulation in THRA expression levels with
increasing exposure to PFOS and PFECHS. THRA is also involved in the regulation of fatty
acids (Sinha and Yen 2024), further indicating that these contaminants have an impact on
pathways involved in lipid homeostasis. Although the ultimate physiological outcome of these

changes in gene expression cannot be determined from the data presented in this study, our
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311  findings suggest an overall disruption of various mechanisms involved in the lipid

312  homeostasis of the reindeer.

313 While heavy metals Hg, Cd, and Pb were consistently associated with a downregulation of
314  target gene expression (e.g., FABP3, PPARG, and THRA), we find conflicting results for

315  PFAS (Table 5). In general, long-chain PFCAs (PFUnDA, PFTriDA, and PFTDA) were

316  associated with both up- and downregulation of gene expression, while shorter-chained

317  PFSAs (PFHxS and PFOS) were consistently associated with a downregulation of target gene
318  expression. However, both chain length and functional group of PFAS can influence their
319  receptor affinity (Rosenmai et al. 2018; Houck et al. 2021; Dale et al. 2022), thereby affecting
320  their capacity to activate or inhibit upstream receptors, which in turn modulates gene

321  expression. Consequently, in addition to differences in structure-related modes of action, our
322 results may simply reflect the concentration-related differences between the subclasses of
323 PFAS. Identifying a clear mechanism behind these conflicting PFAS results or explaining
324 how Cd and Hg contribute to the observed effects, however, remains challenging. Existing
325  literature does not always provide possible mechanistic pathways, and often reports

326  inconsistencies in the direction of the effects (Lee et al. 2020; Dale et al. 2022), which is

327  attributed to species-specific responses, exposure conditions (e.g., sex), developmental stage,
328  and non-monotonic or mixture effects (Lee et al. 2020). Moreover, many receptors, such as
329  thyroid hormone receptors (e.g., THRa) or peroxisome proliferator-activated receptors (e.g.,
330  PPARYy), engage in crosstalk (Lu and Cheng 2010; Mullur et al. 2014), further confounding

331  the possible underlying mechanisms behind the observed results.

332  Impacts of contaminants on other physiological processes

333 In addition to genes involved in lipid homeostasis, we found significant O-PLS models for

334  genes involved in various other processes. These include early response gene JUN, which
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supports cell proliferation and apoptosis (Dunn et al. 2002), and CYP1A42, which is involved

in drug and xenobiotic metabolism (Coleman 2010).

In the model for CYP1A2, several PFAS and metals were strongly associated with decreased
transcriptional activity, with PFHxS and Cd having the highest VIP scores. This is in line with
existing literature, where exposure to both PFAS and heavy metals has been linked to the
downregulation of CYPIA2 gene expression (Franco et al. 2020; Alqahtani et al. 2023; Solan
et al. 2023) and the inhibition of CYP1A enzymatic activity (Solan and Lavado 2023; Ooka et
al. 2024). This process likely occurs through the interaction with ligands on the aryl
hydrocarbon receptor (AhR) (Algahtani et al. 2023), which is the primary regulator of

CYP1A2 transcription (Aleksunes and Klaassen 2012).

The variables included in the model for JUN are more difficult to explain. Chronic exposure
to metals such as Cd has previously been associated with a downregulation of JUN expression
(Sun et al. 2019), possibly explaining the inclusion of toxic metals in the O-PLS model.
Similar to the genes involved in lipid metabolism, we observed conflicting associations
between PFAS and JUN expression levels. While increased hepatic concentrations of PFHxS
and PFOS (PFSAs) were linked to a downregulation of JUN expression, increased PFUnDA
and PFTriDA (PFCAs) concentrations were linked to an upregulation. Again, this may reflect
structural differences among PFAS, and thus different modes of action. PFAS exposure has
previously been associated with an upregulation of JUN expression through oxidative stress-
modulated pathways (Sun et al. 2019), but existing literature generally offers a limited

mechanistic explanation for our findings.

Svalbard reindeer are exposed to a combination of both PFAS and toxic metals (Andersson
Stavridis et al. 2025a, b), both of which are known to induce oxidative stress (Balali-Mood et
al. 2021; Dale et al. 2022). In addition, recent studies indicate that Svalbard reindeer are also

exposed to PAHs (Pacyna-Kuchta et al. 2020; Na et al. 2021), which are one main
20
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contaminant group that is metabolised by CYP enzymes such as CYP1A2 (Coleman 2010).
Genes such as JUN, which regulate cell regeneration or apoptosis in response to oxidative
damage (Meixner et al. 2010), or CYP1A2, which promotes xenobiotic detoxification, are
therefore vital for maintaining cellular defence. Consequently, a downregulation of these

genes may affect stress resilience and metabolic pathways in Svalbard reindeer.

IMPLICATIONS AND FUTURE PERSPECTIVES

Hepatic concentrations of PFHxS and Cd were among the highest contaminant concentrations
reported in these Svalbard reindeer (Andersson Stavridis et al. 2025a, b), which may explain
the consistent inclusion of PFHxS and Cd as highly influential variables in the O-PLS models
for many of the target genes. However, the Svalbard reindeer in the present study were culled
in August, whereas severalfold times higher contaminant concentrations of both metals (i.e.,
Hg, Cd, and Pb) and PFAS were reported for reindeer culled in October (Andersson Stavridis
et al. 2025a), when they are at their annual peak in body mass (Albon et al. 2017). Therefore,
further investigations into contaminant-modulated effects at higher contaminant body burdens
in autumn would be valuable to investigate. Given that the present study predominantly
indicates subcellular effects on pathways related to lipid homeostasis, further evaluation of
endpoints related to these biological processes, including assessments on higher biological

levels, would be especially valuable.

As the present study was limited to include the concentrations of metals Hg, Cd, Pb, and
seven PFAS, there may be contaminant-driven effects on our target genes that we cannot
explain with the current set of explanatory variables. Thus, it may be of interest to expand
potential future studies to include other groups of contaminants. For example, polychlorinated
biphenyls (PCBs) are known to regulate lipid homeostasis in other Arctic mammals (Tartu et
al. 2017; Routti et al. 2019). While concentrations of PCBs in Svalbard reindeer tissues were

undetectable thirty years ago (Kallenborn et al. 2011), PCBs are still present in the Svalbard
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terrestrial environment (Aslam et al. 2019), and more current studies report detectable
concentrations of PCBs in Svalbard reindeer faeces (Zhu et al. 2015), indicating that Svalbard
reindeer are exposed to PCBs. Other contaminants of concern in the Arctic, such as
polybrominated diphenyl ethers (PBDESs) or polychlorinated naphthalenes (PCNs) (Sonne et
al. 2021), would also be of interest to include in future assessments, as no previous studies on

Svalbard reindeer report concentrations of these compounds.

Finally, our findings should be taken into consideration for future contaminant risk
assessments in wildlife. Toxicity thresholds for wildlife are still largely based on single-
contaminant exposure studies, yet wildlife across the globe is exposed to complex chemical
cocktails, which may lead to effects that are not predicted by the existing thresholds (Sonne et
al. 2021). Wildlife species with contaminant concentrations below the established toxicity
thresholds are often assumed to be at a low toxicological risk and are therefore rarely included
in studies that evaluate contaminant-driven biological effects. Instead, research on such
species rather reports contaminant concentrations in terms of human consumption risks (e.g.,
Jota Baptista et al. 2024; LaSharr et al. 2025) or assesses their use as indicators of change in
environmental contaminant concentrations (e.g., Gamberg et al. 2016; Andersson Stavridis et
al. 2024). Our results highlight that even species with low contaminant concentrations may
still experience mixture-driven contaminant effects, suggesting that current contaminant

thresholds may not fully capture the potential for biological effects in wildlife.

CONCLUSIONS

Although contaminant concentrations in Svalbard reindeer are well below established toxicity
thresholds, we observed transcriptional changes in genes involved in key physiological
processes, particularly those involved in lipid metabolism and transport. These findings
suggest that exposure to even low contaminant levels may, together, influence vital molecular

pathways for energy metabolism, which is crucial for Arctic mammals that rely on annual

22



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

cycles of fattening and fasting for their survival, like the Svalbard reindeer. Future studies
should assess contaminant-driven effects at higher levels of biological organisation, such as
protein levels or enzymatic activity, to better understand potential physiological consequences

of this exposure in the reindeer.

This study highlights that wildlife exposed to contaminant concentrations that are far below
the current toxicity thresholds may still experience contaminant-driven biological effects,
suggesting that the current toxicity thresholds may not fully reflect the potential for biological

effects in wildlife.
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SUPPLEMENTARY METODS AND MATERIALS
RNA EXTRACTION

Approximately 20-30 mg of starting material was subsampled from liver tissues stored in
RNAlater solution. The starting material was immediately placed into 2ml Eppendorf tubes
prepared with stainless steel beads (5Smm, Qiagen) and 650pl of buffer lysate (RLT plus beta-
mercaptoethanol, -ME). Homogenisation was performed using a TissueLyser for 2x2
minutes at 25Hz. This was followed by genomic DNA elimination, RNA isolation, and
cleanup per kit instructions (Qiagen RNeasy® Plus Mini Kit (LOT 175040590). The RNA
was eluted in 50ul of nuclease-free water and aliquoted into separate vials for RNA
quantification, quality checking and cDNA synthesis. The RNA was stored at -20°C.

RNA QUALITY CHECK

RNA (3pl) from each sample was run on a Liberty 120 high-speed Pharmacia Biotech
Electrophoresis EPS 600 to assess product lengths and band strength. The purity and yield of
RNA were also evaluated using a Nanodrop 2000 (with requirements of A260/A280>2.0 and
A260/A230 ~2) and an Agilent 2200 Tape Station (RIN close to 10) according to
manufacturer instructions.

cDNA SYNTHESIS

The extracted RNA was reverse-transcribed into cDNA in 20-pl reactions using the iScript
cDNA synthesis kit (Bio-Rad) according to the manufacturer's protocol. Approximately 1000
ng of liver RNA were transcribed, based on the nucleic acid concentrations determined by the
NanoDrop™ 2000. Liver cDNA was aliquoted as undiluted, 1:3, and 1:10 dilutions at final
concentrations of 1000, 333, and 100 ng/ul, respectively. The final cDNA was stored at -20°C
until further preparations.

GENE SELECTION

FASTA mRNA sequences from several mammals were aligned using the Clustal Omega

Multiple Sequence Alignment tool to identify the conserved regions of the gene. Highly



conserved sequences with a length exceeding 200 base pairs were chosen and blasted against
the Svalbard reindeer genome using the NCBI blast tool (NCBI:txid3082113). The gene of
interest was considered located in the Svalbard reindeer genome if the results from the
BLAST gave a single plus/minus match in the two published haplotypes of the reindeer on
NCBI (with E-values below 0.05, high identity scores (>90%), and minimal gaps).

PRIMER DESIGN

Primers were generated using the primer design tool of Integrated DNA Technologies (IDT).
Following the recommendations by IDT, primers with low GC content (35—60%), similar
annealing temperatures for forward and reverse primers (Tm range of maximum 3°C), and
secondary structures (homodimers, heterodimers and hairpin structures) with a delta G value
of maximum negative five were selected. The online OligoAnalyzer Tool by IDT was used to
view the delta G value of any self-dimers, hairpins, and heterodimers. The designed primers
were blasted against the Svalbard reindeer genome (using NCBI blast) to ensure specificity.
PRIMER TESTING AND OPTIMISATION

Dried oligos were resuspended in nuclease-free water at pH 7.0 to a recommended
concentration of 100 uM. Stocks were diluted 1:10 to achieve a working concentration of 10
UM. Primers were tested using the Applied Biosystems StepOnePlus PCR instrument on a
template of pooled extracted liver concentration of 100 ng/pl (diluted 1:10 from 1000 ng/ul),
no reverse transcriptase controls (noRT) prepared for two random liver samples, and no
template controls (noTC). Assays were run at a range of annealing temperatures (Tm) of 50,
54, 56, 58, and 60°C. Gel electrophoresis of endpoint PCR reactions confirmed that our
primers amplified a single product of the target sequence size, and optimal temperatures were

selected for each primer pair.


https://www.idtdna.com/site/order/stock/index/water

STANDARD CURVE PREPARATIONS

Standard curves were produced for all primer pairs using the Applied Biosystems StepOne™
Real-Time qPCR Systems instrument. A six-point dilution series was prepared from pooled
liver cDNA (high dilution: 100, 50, 25, 12.5, 6.25, and 3.125, low dilution: 5, 2.5, 1.25, 0.625,
0.3125, and 0.15625). The Cq values were plotted against the cDNA dilution series, and the
primer pair with the highest R? value was chosen for each gene (R? < 0.95). Each primer pair
was evaluated using qPCR at its optimal annealing temperature. NoRTs were included to
ensure the absence of genomic background contamination from the RNA extraction, and
noTCs (nuclease-free water) were included to ensure the absence of primer dimer formation.
A minimum of five cycles between the noRT controls and the sample with the highest Cq-
value was required to consider the primer pair performance acceptable. The melt curves were
evaluated to ensure clean product amplification (and a lack of product formation in the
noTCs).

SANGER SEQUENCING

PCR products generated with the final primer pairs were cleaned using AMPure XP beads
(Beckman Coulter), followed by two 80% ethanol washes and elution using ultrapure water.
Sanger sequencing was performed by Eurofins Genomics Europe Sequencing GmbH. The
sequencing results confirmed that the final primer pairs amplified the correct regions of
cDNA.

qPCR ANALYSIS

The gene expression of all target and reference genes was assessed in all liver samples (cDNA
concentration of 100 ng/ul) in duplicate. Both noRT and noTC (ultrapure water) controls were
added to each well plate. The reaction volume was 10 pL. The operating cycling conditions
were as follows: 15 seconds at 98°C, followed by 40 cycles of 15 seconds at 98°C
(denaturation), and 60 seconds at the optimal primer temperature (annealing and extension).

This was followed by a stepwise increase in temperature (0.3°C) and fluorescence



measurements every five seconds (from 65°C to 95°C) to generate melt curves. The qgPCR
readings were examined to ensure amplification and confirm that the Cq values fell within the
linear range of the standard curve of the assay (King et al., 2023). The repeatability of the
duplicates was generally high, and intra-sample cycle differences greater than 1 Cq were rerun
to generate quadruplicates. The average of the reference genes used in the assay was
subtracted from the sample Cq value to obtain the ACq. As this study lacks controls, the 2-
ACq method was employed to normalise the expression of the genes of interest (King et al.,

2023; Schmittgen and Livak, 2008).



Table S1. Svalbard reindeer hepatic gene expression gPCR performance for standard curves, and endpoint

PCR checks for assay specificity.

qPCR standard curves qPCR gene array Endpoint PCR

Gene Efficiency R? Melt cur:/e Mean intra electrfper:oresis sez’izﬁ:ng
(%) check assay SD (%) check** check*+*

ACTB 91 0.984 Y 0.18 pass -
FOS 87 0.998 Y 0.16 pass match
JUN 101 0.997 Y 0.10 pass match
CYP1A2 92 0.999 Y 0.06 pass match
ECH1 74 0.992 Y 0.13 pass -
FABP3 95 0.980 Y 0.16 pass match
FABS1 102 0.981 Y 0.06 pass -
FOXA2 75 0.996 Y 0.17 pass match
GADPH 91 0.999 Y 0.11 pass match
GSR 114 0.999 Y 0.13 pass match
HAMP 116 0.997 Y 0.08 pass match
MET1A 99 0.965 Y 0.15 inconclusive match
NROB2 106 0.976 Y 0.29 pass inconclusive
POR 107 0.980 Y 0.14 pass match
PPARG 112 0.974 Y 0.30 pass match
RSP9 88 0.995 Y 0.08 pass -
SELENOP 90 0.959 Y 0.30 pass -
SREBF1 96 0.998 Y 0.15 pass match
TBP 105 0.992 Y 0.11 pass -
THRA 89 0.999 Y 0.20 pass match
VLDLR 101 0.953 Y 0.18 pass -
*a single peak in the dissociation curve
**a single band in the correct amplicon size; if inconclusive, a sample was sent for Sanger sequencing.
***BLAST match
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