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Sammendrag 

 

Per- og polyfluorerte alkylstoffer (PFAS) har blitt funnet i blodprøver fra sørjo (Catharacta 

maccormicki) tatt i løpet av hekkesesongen i kolonien i Svarthamaren (Dronning Mauds land, 

Antarktis). For å undersøke om disse konsentrasjonene i sørjo stammer fra dietten i 

hekkesesongen, sammenligner denne oppgaven biomagnifisering i to næringskjeder. Ved 

innenlands kolonien Svarthamaren spiser sørjoene nesten utelukkende egg og unger fra 

antarktisk petrell (Thalassoica antarctica), og petrellene spiser fisk og krepsdyr. I den 

kystnære kolonien ved Dumont D’Urville (DDU, Adélie Land), spiser sørjoene hovedsakelig 

egg og unger fra Adélie pingviner (Pygoscelis adeliae). Væskekromatografi-

massespektrometri (LC/MS) ble brukt for å måle PFAS i mageinnhold og egg fra antarktisk 

petrell, og i blodprøver fra sørjo, Adélie pingvin-unger, og antarktisk petrellunger og -voksne. 

Stabile isotoper (δ13C and δ15N) ble også analysert som diettdeskriptorer. Resultatene ble slått 

sammen med resultater fra tidligere studier fra begge koloniene for å oppnå et datasett for 

sørjo og dens diett ved både Svarthamaren og DDU. Datasettet ble brukt for å beregne 

biomagnifiseringsfaktor (BMF) og trofisk magnifisering faktor (TMF) for de detekterte 

PFASene i de to næringskjedene. Ved Svarthamaren var PFUnA over deteksjonsgrensen i alle 

matriksene, men var ikke tilstede i enkelte prøver. Andre detekterte PFASer var Perfluoroktyl 

sulfonat (PFOS), Perfluorononanoate (PFNA), Perfluorodecanoate (PFDcA), 

Perfluoroundecanoate (PFUnA), Perfluorododecanoate (PFDoA), Perfluorotridecanoate 

(PFTriA) and Perfluorotetradecanoate (PFTeA). PFAS konsentrasjonene økte oppover i 

næringskjeden, hvorav nivåene for alle detekterte PFASer var høyest hos sørjo. Ved DDU var 

PFAS konsentrasjonene lavere, men mønsteret var sammenlignbart med det i Svarthamaren. 

Forgrenet PFOS ble kvantifisert i sørjo fra DDU, men var ikke over deteksjonsgrense i andre 

matrikser. Byttedyrene hadde flere PFASer over deteksjonsgrensen i Svarthamaren 

sammenliknet med DDU. Vi beregnet BMF og TMF for alle detekterte PFASer i 

Svarthamaren, men kun for PFOS, PFNA, PFDcA og PFUnA i DDU fordi bare disse ble 

funnet i både sørjo og pingvinene.  BMF for PFOS var høyere enn forventet i vanlige 

predator-bytte forhold i begge koloniene, noe som peker på en ukjent kilde. 

Biomagnifikasjonsverdiene for andre PFASer var varierende, men sammenliknbare mellom 

koloniene. PFAS-konsentrasjonene i sørjo fra begge kolonier og i antarktisk petrell reflekterer 

sannsynligvis eksponering utenfor Antarktis i løpet av vinteren. De detekterte konsentrasjoner 
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i Adélie pingviner er ikke høye nok for å forklare de høye PFAS-nivåene i sørjoene i DDU. 

Derfor, i DDU, disse PFAS-nivåer kommer fra andre byttedyr enten innenfor regioner eller 

mest sannsynligvis fra utenfor Antarktis.  
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Abstract 

Per- and polyfluoroalkyl substances (PFAS) have previously been detected in the blood of 

south polar skuas (Catharacta maccormicki) with increasing levels during the breeding 

season at the colony of Svarthamaren (Queen Maud’s Land, Antarctica). To see if these 

concentrations are product of the south polar skuas’ diet during the breeding season, the 

present study compares biomagnification in two food webs. At Svarthamaren (continental 

Antarctica), skuas prey almost exclusively upon eggs and chicks of Antarctic petrels 

(Thalassoica antarctica), and petrels prey on fish and marine invertebrates. At the colony in 

Dumont D’Urville (DDU, Adélie Land, Antarctica), skuas prey almost exclusively upon eggs 

and chicks of Adélie penguins (Pygoscelis adeliae). Liquid chromatography – Mass 

spectrometry (LC/MS) was used to measure PFAS in stomach samples and eggs from 

Antarctic petrels, and in blood samples from south polar skuas, Adélie penguin chicks, and 

Antarctic petrel adults and chicks. Stable isotopes (δ13C and δ15N) were also analysed as 

dietary descriptors. The data were merged with those of previous studies at both colonies to 

form a database for Svarthamaren and DDU, which we used to calculate biomagnification 

factors (BMF) and Trophic Magnification Factors (TMF) for the detected PFAS within the 

two contrasted food chains. At Svarthamaren, PFUnA was quantified above detection limit in 

all matrices, but it was not present in some samples. Other PFAS quantified above the 

detection limit included Perfluorooctane sulfonate (PFOS), Perfluorononanoate (PFNA), 

Perfluorodecanoate (PFDcA), Perfluoroundecanoate (PFUnA), Perfluorododecanoate 

(PFDoA), Perfluorotridecanoate (PFTriA) and Perfluorotetradecanoate (PFTeA). The 

concentrations increased along the food web, with highest concentrations in the south polar 

skuas. At DDU, the PFAS concentrations were lower, but the pattern was comparable to that 

at Svarthamaren. Branched PFOS were quantified in skua samples at DDU, but below the 

detection limit in other matrices. Prey items contained more PFAS congeners above detection 

limit at Svarthamaren than at DDU. We calculated BMF and TMF for all detected PFAS at 

Svarthamaren, but only for PFOS, PFNA, PFDcA and PFUnA at DDU as these were the only 

ones present in both skuas and penguins. BMF for PFOS was higher than usual in predator-

prey relationships in both colonies, indicating another, unidentified major source. For other 

PFAS, values were variable, but comparable between colonies. PFAS concentrations in south 

polar skuas from both colonies and in Antarctic petrels at Svarthamaren probably reflect 

exposure outside Antarctica during winter. The concentrations detected in Adélie penguins 
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are not high enough to explain the PFAS levels in skuas at DDU. Thus at DDU, PFAS levels 

are due to other prey either within the region or more likely outside Antarctica.  
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1 Introduction 

1.1 Antarctica 

 

Antarctica is an isolated, ice covered continent whose landmass is mainly below 70°S of 

latitude. The Antarctic Treaty defines Antarctica as “all area under 60°S, including ice 

shelves” (ATS, 1959). Temperatures are extremely low (yearly average between -30°C and -

60°C in the interior; Joyner, (1986)) , and the scarce precipitation render the Antarctic a harsh 

and dry environment (Joyner, 1986), where only specialized organisms can thrive. 

Located remote from point sources of contaminants, with the only human settlements being 

scientific research stations rather than industrial complexes, the Antarctic continent has a low 

human population despite an increase in tourism (A. Clarke & Harris, 2003). The fauna is 

varied and abundant, comprised of mammals, birds, cephalopods, phyto- and zooplankton, 

and invertebrates (A. Clarke & Harris, 2003; Joyner, 1986). 

The landmasses are surrounded by the oceanic Antarctic Circumpolar Current (ACC), which 

circulates between 50°S and 60°S and separates the cold, nutrient rich waters of the Southern 

Ocean from the warmer ones in the other oceans (Fig.1). This current, together with the 

Antarctic Front in the atmosphere provide a physical barrier that divert other, more 

contaminated ocean and air currents (Bengtson Nash et al., 2010; A. Clarke & Harris, 2003; 

Corsolini, 2009; Joyner, 1986). 

These barriers meant that Antarctica was for a long time considered a pristine place 

(Corsolini, 2009; Joyner, 1986), isolated from direct contamination, and as such it was to be 

preserved via regulation of human activity first under the Antarctic Treaty and then under the 

Protocol on Environmental protection (ATS, 1998). 
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Figure 1. Map of Antarctica indicating the Antarctic Circumpolar Current. The location of the 

breeding colonies at Antarctica investigated in the present study are indicated by the black dots: 

Svarthamaren (71°53´S, 5°10´E), in the Queen Maud’s Land; and Dumont D’Urville at the Adélie 

Land (66°39´47´´S, 140°00´10´´E). Modified from (Rintoul & Church, 2002, Antarctic Australian 

Division). 

 

Nevertheless, pesticides were detected in Antarctic fauna already in the sixties (George & 

Frear, 1966, Risebrough et al., 1968), and later it was confirmed that these and other 

hazardous compounds such as polychlorinated biphenyls (PCB) and other Persistent Organic 

Pollutants (POPs) reached the Antarctic continent through atmospheric transport, and were 
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subsequently absorbed and biomagnified in the food chain. (Bengtson Nash, 2011; Court et 

al., 1997; Wania & Mackay, 1993). 

Compared to the Arctic regions, Antarctica generally has lower pollution levels (A. Clarke & 

Harris, 2003; Connell et al., 1999; Corsolini, 2009; Kallenborn et al., 2016). This is due to the 

higher population density in the northern hemisphere, which means a higher industrialization, 

and subsequently more production and emission of pollutants (AMAP, 2003; Bengtson Nash, 

2011). The southern hemisphere, on the other hand, has increased the release of pollutants to 

the atmosphere (Bargagli, 2008), and thus we should see an increase in the detected levels of 

pollutants, especially POPs in Antarctica. 

1.2 Per- and polyfluorinated substances (PFAS) 

 

POPs are man-made organic compounds and derivatives characterized by their stability, high 

lipophilicity and resistance to biological and chemical degradation (Gobas et al., 2009; Jones 

& de Voogt, 1999; Wijk et al., 2009). Many POPs are volatile and are distributed from source 

areas to remote regions of the world via water and air (Jones & de Voogt, 1999; Wania & 

Mackay, 1993, 1996). Many organic pollutants are lipophilic and recalcitrant, so there is a 

high potential for bioaccumulation and biotransformation along the food chain even in 

pristine ecosystems (Corsolini, 2009; Tomy et al., 2004). 

POPs are classified in different groups according to the chemical structure and the presence of 

specific substituents, which in turn determine the physicochemical properties, their possible 

applications and the potential behaviour and effects in the ecosystem. The Stockholm 

Convention for the Regulation of Persistent Organic Pollutants (UNEP, 2001) defined the 

characteristics and requirements a chemical compound must have to be considered a POP, and 

published a list with 12 compounds that fell into that category. Successive amendments 

extend this list to 33 organic pollutants including perfluorooctane sulfonic acid (PFOS, a 

perfluorinated substance) and its salts (UNEP, 2001). 

Per- and polyfluorinated substances (PFAS) are defined as hydrocarbons where many or all of 

the hydrogens are exchanged with fluorine atoms, forming the perfluoroalkyl moiety CnF2n+1– 

(Buck et al., 2011). PFAS are used in many different applications like stain and water 

repellents, surfactants and film-forming foams in fire extinguishers due to chemical 
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characteristics such as thermal stability, chemical stability and lipophobicity (Buck et al., 

2011). PFAS are substances of concern due to their persistence in the environment 

(Prevedouros et al., 2006), their bioaccumulation potential (Giesy & Kannan, 2001; Kannan et 

al., 2005) and their anthropogenic origin, as the only sources of PFAS in nature are either 

direct emissions from human activity or degradation of precursors into PFAS. 

PFAS can be transported long distances (Prevedouros et al., 2006; Armitage, MacLeod, & 

Cousins, 2009), and have reached pristine, remote regions (such as Antarctica) and 

accumulate in the local food webs (Haukås et al., 2007; Tomy et al., 2004; Verreault et al., 

2005). While the ocean constitutes the main depository of PFAS (Armitage et al., 2009; 

Prevedouros et al., 2006), several researchers concluded that any PFAS levels detected in 

Antarctic fauna come from migratory animals traveling and feeding outside the Antarctic 

Circumpolar Current, where they are exposed and start to accumulate pollutants. These 

migratory animals had higher levels of contaminants compared to those who stayed within the 

Antarctic Circumpolar Current (Bengtson Nash et al., 2010; Colabuono et al., 2016; Roscales 

et al., 2016).  

1.3 Biomagnification 

 

Environmental pollutants can be taken up and stored by the organisms, depending of 

characteristics such as structure, lipophilicity, bioavailability (which is the amount of the 

chemical which is available for uptake in a medium), among others (Mackay & Fraser, 2000). 

This process is known as biomagnification when the diet exposure leads to an increase in 

concentration upwards the food web (Borgå et al., 2004; Mackay & Fraser, 2000). In birds, 

we consider that dietary exposure is the only relevant exposure pathway (Borgå et al., 2004). 

Biomagnification can be measured by calculating two different factors, one for the whole 

food web and other for the comparison of two immediate trophic positions. To determine the 

food web and the trophic position we can use stable isotopes like the 13C, which reflect the 

carbon source of an organism’s diet (meaning that the 13C of an organism will be slightly 

higher than that of the organism right down in the chain), and the 15N, which will be 

considerably enriched as we ascend the food web because the animal will accumulate the 

heavier 15N isotope and eliminate faster the lighter 14N in urine (Hobson, Piatt, & Pitocchelli, 
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1994; Kaufman & Michener, 2008; Peterson & Fry, 1987). The analysis of these two isotopes 

allows us to identify the carbon source and its relative trophic position in the weeks previous 

to sampling (Quillfeldt, McGill, & Furness, 2005). 

1.4 The South Polar Skua 

 

The south polar skua (Stercorarius maccormicki) is an opportunistic predator, kleptoparasite 

and scavenger seabird that can be found in the Antarctic territory. Its diet varies according to 

availability, distance and season of the year and can include mainly fish, but also carrion and 

other birds like penguins, petrels and occasionally other skuas (Furness, 2010; Malzof & 

Quintana, 2008; Mund & Miller, 1995; Olsen, 2010; Steele & Cooper, 2012; Young, 1963).  

One of the breeding places for south polar skuas and other birds like Antarctic petrels 

(Thalassoica antarctica) and some snow petrels (Pagodroma nivea) is the seabird colony of 

Svarthamaren.  

The breeding colony of Svarthamaren is located at 71°53´S, 5°10´E in the Queen Maud’s 

Land, 200 km away from the sea (Fig. 1). While the distance is no obstacle for the Antarctic 

petrels, which can cover up to 3000 km back and forth in foraging trips during the breeding 

season (Lorentsen, Klages, & Røv, 1998), it effectively restricts the hunting grounds and the 

diet of the south polar skua to almost exclusively the eggs and chicks of the Antarctic petrels 

(Brooke, Keith, & Røv, 1999; Swärd, 2014). The Antarctic petrel’s diet is comprised mostly 

of crustaceans, fish and cephalopods (67%, 29% and 5% respectively; Lorentsen et al., 1998). 

As the south polar skuas are restricted to a diet of petrels, this means that if we study the diet 

of the petrels in the breeding colonies, we will be able to have a representation of the south 

polar skua’s food web. This is relevant, as diet is the main exposure route to contaminants in 

non-aquatic animals, and the levels of exposure can vary depending of where the food is 

found (Borgå et al., 2004).  

The breeding colony of Dumont D’Urville in the Adélie Land is located at 66°39´47´´S, 

140°00´10´´E; close to the ocean (Fig. 1). Here, the south polar skuas prey on chicks and eggs 

of among others Adélie penguin (Pygoscelis adeliae). The Adélie penguins’ diet is also 

composed of crustaceans, fish and the occasional cephalopod, while the chicks are fed krill 

and fish in different proportions (Ainley et al., 2003; Coria et al., 1995; Juáres et al., 2016; 
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Puddicombe & Johnstone, 1988; Whitehead et al., 2015). Unlike the petrels (which can be 

occasionally found outside the ACC, (Descamps et al., 2016)) and the skuas, the Adélie 

penguins never leave the Antarctic continent (J. Clarke, Emmerson, & Otahal, 2006; Davis & 

Miller, 1992).  

During the overwintering, the south polar skuas from Svarthamaren fly to the Indian Ocean, 

while those from DDU overwinter around the eastern coast of the Pacific (Weimerskirch et 

al., 2015). The birds from Svarthamaren make a stop in subtropical regions before heading to 

the tropical waters of the Indian Ocean, which makes their overwintering period longer than 

that of the DDU skuas (167 ± 23 days vs. 141 ± 19 days). The DDU skuas migrate mostly to 

the north Pacific and Japan, following a corridor (Weimerskirch et al., 2015). Although there 

is individual variation, these are the main overwintering areas for the south polar skuas, and 

both return directly to Antarctica in the wintering period (Weimerskirch et al., 2015). 

As described by Bengtson Nash et al. (2010), the levels of contaminants in Antarctic fauna 

are affected by their consumption of contaminated food in their wintering areas outside the 

ACC. Therefore, if the food chain is completely within the ACC, we might infer that PFAS 

levels should be low or undetectable, and any inputs from contaminated food sources should 

reach smaller concentrations along the links and toward the top predators when compared to a 

food chain with access to food sources from outside the ACC.  

A previous study done by Midthaug (2017) found PFAS above the detection limit on samples 

from south polar skua taken during the breeding season of 2013/2014. Midthaug’s study 

found that samples taken later in the season had higher concentrations of contaminants than 

those taken earlier in the season, and suggested to investigate if the diet of the skuas during 

the breeding period, particularly the Antarctic petrels, could be a sufficient explanation for 

this finding.  

1.5 Aims and Objectives 

Based on the above, we aim to identify if PFAS biomagnification in the avian top predators in 

Antarctica is related to their consumption of prey during the wintering period outside the 

ACC, as shown for organochlorine compounds (Focardi et al., 1992), or if it is a consequence 

of their food habits during the breeding period in Antarctica, as shown by Bustnes et al., 
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(2006, with both south polar skuas from the Antarctic, glaucous gulls (Larus hyperboreus) 

and great black-backed gulls (Larus marinus) from the Arctic).  

To address this aim, we want to observe if the available diet of south polar skuas at the 

breeding colonies in Antarctica can explain their PFAS accumulation, by analysing the food 

web at two different breeding colonies in the continent, Svarthamaren at Queen Maud’s Land 

and Dumont D’Urville at Adélie Land (Fig. 1), from which the skuas differ in their region of 

winter migration. 

 

Objectives: 

The first objective is to quantify the occurrence and accumulation of PFAS in the main prey 

items in the south polar skua food web, during the breeding season at Antarctica. As we had 

data for south polar skua from two different seasons, we decided first to determine if there 

was any difference in the PFAS concentrations from one season to the other before extending 

the analysis to the rest of the food web. 

H0.1: We expect no difference in the PFAS concentration in the south polar skuas between the 

two seasons; therefore, we can join the observations from both seasons in a single group 

representing south polar skuas. 

H0.2: There is a low background PFAS contamination in the Antarctic food web at the inland 

colony Svarthamaren (Antarctic petrel) and the coastal colony Dumont D’Urville (Adélie 

penguin), and thus no significative difference between the prey item colonies. 

 

The second objective is to compare the bioaccumulation and biomagnification levels of PFAS 

in south polar skuas between the two breeding sites, Svarthamaren and DDU, to evaluate if 

this explains the PFAS levels in the skuas in both colonies. 

H0.3: PFAS bioaccumulation and biomagnification in south polar skua is due to exposure 

during the overwintering season outside the Antarctic region, therefore the biomagnification 

factors for PFAS will differ between the skua colonies, and will be higher than other 

biomagnification factors reported in literature.  
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2 Materials and Methods 

2.1 Study area and sample origin 

 Svarthamaren 

 

The samples for the present study were collected over two seasons, 2013/2014 and 2015/2016 

by the Norwegian Polar Institute. 

During the austral summer season 2013/2014 blood samples were collected from 30 adult 

breeding south polar skuas, 19 Antarctic petrel chicks and 20 Antarctic petrel eggs (Table 1).  

Biometrical measurements such as sex, weight, wing length, bill length (from the tip to the 

culmen) were also taken during the procedure. 

The petrel chicks were randomly selected from the colony and approximately 0.5 ml of blood 

were drawn from the brachial vein using a heparinized 26G needle and a 1 ml syringe. The 

samples were kept in a cooler for the day and later taken to the camp, where they were 

centrifuged 6 to 8 hours after collection. Afterwards the plasma was separated from the red 

blood cells with a micropipette and later both red blood cells and plasma were dried. 

The eggs were sampled from either abandoned nests at the petrel colony, or from depredated 

eggs found close to the skua nests. Approximately 2 ml of egg yolk and egg whites were 

collected from each egg, together with egg membrane and taken to the camp. As the eggs 

were already frozen when found, the separation was performed easily (Sebastien Descamps, 

Norwegian Polar Institute, Personal communication). 

During the summer season 2015/2016, blood samples were collected from 24 adult breeding 

Antarctic petrels and 20 adult breeding south polar skuas. Two of the skuas were recaptured 

individuals, and had been captured first in 2013/2014. In addition, the stomach content of 6 of 

these petrels were collected. Blood was collected with the same procedure as in season 

2013/2014 and the stomach content was obtained by lavage. The stomach content was 

composed of partially digested unidentified material, water and stomach oils (Arnould & 

Whitehead, 1991; Klages, Gales, & Pemberton, 1990; Lorentsen et al., 1998). 
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The samples were stored in freezers at -20ºC, with exception of the petrel chick samples. 

These were dried after collection; therefore, they were preserved in Eppendorf tubes at 

ambient temperature in a storage room at NPI.  

         ’        

 

During the summer season 2011/2012 the French National Centre for Scientific Research 

(CNRS) collected blood samples of 10 Adélie penguin chicks that were in the moulting phase.  

These samples were separated into red blood cells and plasma, frozen and transported for 

further analysis. The weight of the birds was also registered, and feathers were collected for 

stable isotope analysis (SIA). Besides the weight, no other biometric measurements were 

taken. 

In the same breeding season Muñoz et al. (2017) collected plasma samples of 5 adult breeding 

south polar skuas. These samples were collected from the wing, centrifuged and the plasma 

was stored at -20°C until they were analysed for PFAS using Liquid Chromatography/Mass 

Spectrometry (LC/MS). 

 Ethical considerations 

 

The samples used for this project were collected in accordance to the guidelines defined in the 

Antarctic Treaty. The Norwegian Polar Institute (NPI) was responsible for collection of the 

samples from Svarthamaren, and the French National Centre for Scientific Research (CNRS) 

was responsible for the collection of samples at the Dumont D’Urville base. 
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2.2 Chemical Analysis 

 Sample choice and processing 

 

The samples that were used in the present study were collected as part of other projects by the 

NPI and the CNRS. To perform the chemical analyses, the samples were chosen based on the 

type and amount of material available. We decided to centrifuge the stomach sample contents 

prior to analysis and use only the pellet for PFAS and Stable Isotope analysis because we 

found out after thawing it that the water content was high, and we thought it could dilute the 

results. 

For the PFAS analysis corresponding to the present study, we chose the samples of 

approximately 2 g of solid material, and 200 µl of plasma according to the extraction method 

described by Powley et al. (2005). While all stomach content material met these criteria, only 

11 samples of adult Antarctic petrel plasma allowed 200µl; and only 10 samples of chick 

plasma allowed the same volume after reconstituting with MilliQ water. Although none of the 

egg yolk samples met the criteria, we decided to analyse them despite the risk of non-

detectable concentrations. The Adélie penguin plasma samples were all above 200 µl. For the 

analysis of stable isotopes, red blood cells from the petrel adults, petrel egg white and 

centrifugated stomach content were analysed at the Institute for Energy Technology (IFE).  

 Data from other studies 

 

The data generated by the PFAS and SI analysis was complemented with data from other 

studies and researchers, as specified in Table 1.  Some of the samples used in the present 

study were already analysed for either PFAS or SI by other researchers, and results from such 

previous analysis are included in the present study as well. The data from other studies were 

subjected to the same statistical treatment as the data from the present study. 
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Table 1: Description of the analysis done, or data included in present study. The table specifies 

sample season, colony, what type of matrix was used for each analysis, how many samples were used 

(n), where were they analysed and for which project or source. CNRS: National Centre for the 

Scientific Research. IFE: Institute for Energy Technology. LIENS: Littoral Environment and 

Societies. NILU: Norwegian Institute for Air Research. NMBU: Norwegian University of Life 

Sciences. Und. Prep: Under preparation 

 

 

Sample 

 

 

Year 

 

 

Colony 

 

PFAS 

 

Stable Isotope Analysis 

Matrix n Project Analysed 

by 

Matrix n Project Analysed 

by 

Stomach 

content 

 

2015/

2016 

Svartha

maren 

Stomach 

content 

precipitate 

6 Present 

study 

NILU Stomach 

content 

precipitate 

6 Present 

study 

IFE 

Petrel 

eggs 

2013/

2014 

Svartha

maren 

Egg yolk 20 Present 

Study 

NILU Egg whites 20 Present 

study  

IFE 

Petrel 

chicks 

2013/

2014 

Svartha

maren 

Dried 

blood 

plasma 

10 Present 

Study 

NILU Red blood 

cells 

10 Carravieri 

et al., 2018 

LIENS 

Petrel 

adults 

2015/

2016 

Svartha

maren 

Blood 

plasma 

11 Present 

Study 

NILU Red blood 

cells 

11 Present 

study 

IFE 

Skua  2013/

2014 

Svartha

maren 

Whole 

blood 

30 Midthaug, 

2017 

NMBU Dried 

whole 

blood 

30 Midthaug, 

2017 

IFE 

Skua  2015/

2016 

Svartha

maren 

Blood 

plasma 

17 Polar 

Ecotox 

NILU Red blood 

cells 

15 Present 

study 

IFE 

Adélie 

Penguin 

2011/ 

2012 

DDU Blood 

plasma 

10 Present 

Study 

NILU Red blood 

cells 

10 Carravieri 

et al., und. 

prep. 

LIENS 

Skua 2011/ 

2012 

DDU Blood 

plasma 

5 Muñoz et 

al., 2017 

CNRS Red blood 

cells 

5 Not 

published 

LIENS 
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 PFAS analysis at NILU 

 

For the samples analysed in the present study, the extraction of the contaminants and 

subsequent Liquid Chromatography/Mass Spectrometry (LC/MS) measurements was done at 

NILU in Tromsø, Norway. To perform PFAS analysis we used the extraction method 

described by Hanssen et al. (2013) and Powley et al. (2005). 

For the plasma samples 200 µl of thawed plasma were transferred to an Eppendorf tube and 

spiked with 20 µl of internal PFAS standard (0.1 ng/µl). We added 1 ml of LiChrosolv 

methanol (Merck, Darmstadt, Germany) and mixed thoroughly. The mixture was treated with 

three 10-minute cycles of ultrasonic homogenization (Ultrasonic Cleaning Bath, USC-THD, 

VWR International, Leuven, Belgium) and vortex resuspension (Vortex Test Tube Shaker, 

444-1372, VWR International, Leuven, Belgium). 

After these cycles the tubes were centrifuged (Microcentrifuge, A14, Jouan/Thermo Fisher) at 

10000 rpm for 10 minutes for sedimentation and the supernatant was transferred to another 

Eppendorf tube with 25 mg of Supelclean ENVI-Carb 120/400 (Sigma-Aldrich, Oslo, 

Norway) and 50 µl of glacial acetic acid (VWR International, Leuven, Belgium). These were 

mixed in the vortex and centrifuged again in the microcentrifuge at 10000 rpm for 10 minutes. 

Afterwards 0.5 ml of supernatant were transferred to a vial where it was spiked with 20 µl of 

recovery standard (3,7-diMeo-PFOA in methanol; 0.1 ng/µl). The samples were stored at 4ºC 

until analysis. Prior to analysis 50 µl aliquots of the samples were transferred to autosampler 

vials together with 50 µl of NH4OAc in water (2mM) and mixed in the vortex.  

For the egg and stomach content samples the material was transferred to a 20 ml 

polypropylene tube and spiked with 20 µl of the same internal standard as for the plasma 

samples. We added then 8 ml of acetonitrile (Merck, Darmstadt, Germany) and mixed 

thoroughly with the vortex. The samples were then submitted to the same procedure as the 

plasma samples. Afterwards, the totality of the supernatant was transferred to a Falcon tube 

and concentrated to 1 ml in a RapidVap Vacuum Dry Evaporation System (Labconco 

Corporation, Kansas City, United States). The concentrated samples were resuspended 

quickly with the vortex 

Thereafter, 0.8 ml of the concentrated supernatants were transferred to an Eppendorf tube 

with 25 mg of ENVI-Carb 120/400 and 50 µl of glacial acetic acid and mixed with the vortex. 
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The tubes were then centrifuged at 10000 rpm for 10 minutes and finally 0.5 ml of the 

supernatant were set aside in a vial. These were then spiked with 20 µl of recovery standard 

(3,7-brPFDcA in methanol, 0.1 ng/µl). The vials were stored at 4ºC until analysis as well, 

when 50 µl aliquots of the samples were added to 50 µl of NH4OAc in water (2mM) in an 

autosampler vial, vortexed and analysed. 

The Liquid Chromatography/Mass Spectrometry analysis was performed in an TSQ Vantage 

LC/MS equipment (Thermo Scientific). The 22 target analytes were PFOSA, PFBS, PFPS, 

PFHxS, PFHpS, br-PFOS, PFOS, PFNS, PFDcS, PFBA, PFPA, PFHxA, PFHpA, PFOA, 

PFNA, PFDcA, PFUnA, PFDoA, PFTriA, PFTeA, 6:2FTS and 8:2 FTS (Table 2).  

 

 Quality assurance 

 

NILU 

For the South Polar Skuas from the season 2015/2016, the petrel and the stomach content 

samples, PFAS were analysed at the laboratory of the Norwegian Institute for Air Research 

(NILU). The analytes were validated by including both a reference sample (SRM plasma and 

fish muscle) and a blank sample in each analysis batch of 10. The recovery limit was 

determined to be >40% by internal quality assurance procedures. 

For the petrel and stomach content samples, a blank and a reference were included for each 

analysis batch (SRM plasma for the plasma samples, and fish muscle for the egg and stomach 

content samples). For the skuas’ analysis, there were used three blanks and one reference. The 

blank was composed of methanol in the case of plasma and acetonitrile in the case of egg yolk 

and stomach content. Both the blank and the internal reference were spiked with internal and 

recovery standard, and were analysed with the same procedure as the samples.  
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Table 2: Group names, acronyms, names, CAS numbers and formula of the different PFAS 

compounds analysed in the samples from the animals in the food chain in Antarctica. Based on ITRC, 

(2018) and Muñoz et al., (2017). 

Group Acronym Name CAS Number Formula 

Sulfonic acid PFOSA Perfluorooctanesulfonamide 754-91-6 C8F17 SO2NH2 

 PFBS Perfluorobutane sulfonate  45187-15-3 C4F9SO3- 

 PFPS  Perfluoropentane sulfonate 2706-91-4* C5F11SO3- 

 PFHxS  Perfluorohexane sulfonate  108427-53-8 C6F13SO3- 

 PFHpS  Perfluoroheptane sulfonate 375-92-8* C7F15SO3- 

 br-PFOS  Branched PFOS   

 PFOS  Perfluorooctane sulfonate  45298-90-6 C8F17SO3- 

 PFNS  Perfluorononane sulfonate 474511-07-4* C9F19SO3- 

 PFDcS  Perfluorodecane sulfonate 126105-34-8 C10F21SO3- 

Carboxylic 

acid 

PFBA  Perfluorobutanoate 45048-62-2 C3F7CO2- 

 PFPA  Perfluoropentanoate 45167-47-3 C4F9CO2- 

 PFHxA  Perfluorohexanoate 92612-52-7 C5F11CO2- 

 PFHpA  Perfluoroheptanoate 120885-29-2 C6F13CO2- 

 PFOA  Perfluorooctanoate 45285-51-6 C7F15CO2- 

 PFNA  Perfluorononanoate 72007-68-2 C8F17CO2- 

 PFDcA  Perfluorodecanoate 73829-36-4 C9F19CO2- 

 PFUnA  Perfluoroundecanoate 96859-54-8 C10F21CO2- 

 PFDoA  Perfluorododecanoate 171978-95-3 C11F23CO2- 

 PFTriA  Perfluorotridecanoate 862374-87-6 C12F25CO2- 

 PFTeA  Perfluorotetradecanoate 365971-87-5 C13F27CO2- 

Fluorotelomer 6:2FTS  6:2 Fluorotelomer sulfonic 

acid 

27619-97-2 C8H5F13O3S 

 8:2 FTS 8:2 Fluorotelomer sulfonic 

acid 

678-39-7 C10H5F17O3S 
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NMBU - MT Lab 

 

During the study of Svarthamaren South Polar Skua 2013/2014 by Midthaug (2017), the 

PFAS analysis was performed at the laboratory of Environmental Toxicology (MT-LAB) at 

the Norwegian University of Life Sciences (NMBU), Campus Adamstua, Norway. The 

analytes were validated using the accreditation standard (NS- EN ISO/IEC17025). The 

analysed batches included at least 3 blanks containing only solvent and internal standards, at 

least 2 recovery standards including cattle blood as a matrix similar to those of the samples, 

internal standards and spiked with a known concentration of a relevant PFAS. A blind sample 

was included, and it contained only cattle blood and internal standards. The recovery standard 

was established by the laboratory’s own quality control protocol, which means that it had to 

be within an acceptable limit after sample preparation. The mean recovery percent for PFAS 

were between 90-95%, which was within the accepted limit.  

 

CNRS 

 

The skua samples from DDU were analysed by Muñoz et al. (2017) at the laboratories of 

CNRS in France. The analytes in that study were validated by using a chicken plasma as a 

similar matrix to that of the seabirds. This plasma had non-detectable levels of the analysed 

PFAS congeners. The recovery percent was defined by analysing chicken plasma spiked with 

30 pg. of internal standard before and after preparation of the skua samples, then dividing the 

analyte to internal standard ratio of the chicken plasma spiked before the skua samples by that 

of the chicken plasma spiked after, and multiplying the result by 100. The target analytes 

were also spiked with mass-labelled internal standard to account for pre-analytical and 

analytical variation. Additionally, chicken plasma samples spiked with two different 

concentrations (0.5 and 5 ng/g) and a human serum standard reference (SRM 1957) was 

included in the analysis to evaluate method accuracy. (Muñoz et al., 2017) 

To control for cross contamination between samples, HPLC-water aliquots were run between 

samples, and it contained low, detectable concentrations of Bis-[1H,1H,2H,2H-

perfluorooctyl] phosphate (6:2 diPAP), PFUnA and FOSA. The findings were reproducible, 

therefore 25 µl of HPLC-water was used as procedural blank.  In total 12 procedural blanks 

were used during the analysis. (Muñoz et al., 2017) 
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PFOA, FOSA and 6:2 diPAP was detected in all 12 blanks, followed by PFUnA or PFHpA in 

10 blanks, and PFHxA, PFDcA and PFTriA in 3 blanks. Therefore, any detection of such 

congeners had to be blank-corrected. (Muñoz et al., 2017) 

For the other analytes the LOD was calculated from the signal-to-noise ratio (SNR) found in 

either seabird plasma samples with low-contamination detected or in spiked chicken plasma 

samples. The limit of quantification (LOQ) was established as the lowest from two 

possibilities, either 3 x LOD or the lowest acceptable level in the calibration curve. A positive 

detection was determined as SNR >3 compared to a reference standard. All these procedures 

are described more in detail at Muñoz et al. (2017) and its supplementary data. 

 Stable Isotope Analysis 

 

The Stable Isotope Analysis of carbon (δ13C) and nitrogen (δ15N) for the petrel and stomach 

samples analysed in the present study was done by The Stable Isotope Laboratory at the 

Institute for Energy Technology (IFE) in Kjeller, Norway (Table 1).  

The sample material was dried and packed into tin cups, and then it was combusted at 1700°C 

to carbon dioxide (CO2) and nitrogen gas (Nox) in a ThermoQuest NCS 2500 elemental 

analyser (EA; Thermo Instrument Systems Inc, Waltham, USA). Afterwards, each gas was 

separated and detected by a Micromass Optima IsotopeRatio Mass Spectrometer (IRMS) 

(Micromass, Manchester, UK).  

The proportion of each stable isotope was expressed in delta (δ) notation, where δ values 

indicate deviation from a known standard (PeeDee Belemnite (Vienna) for 13C and 

atmospheric N2 for 15N) expressed in parts per thousand (‰) according to the Equations 1 and 

2, respectively: 

 

δ 13C= [(13C/12C-)sample]/ [(13C/12C-)PeeDee Belemnite – 1]*1000  (Eq. 1) 

δ 15N = [(15N /14N)sample]/ [(15N /14N)Atmospheric N - 1]*1000  (Eq. 2) 
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2.3 Data treatment 

 

The data of the PFAS and stable isotope analysis quantified in present study were combined 

in a database with the data for south polar skuas from season 2013/2014 from Midthaug 

(2017), those from Muñoz et al. (2017) and those from season 2015/2016 from the Polar 

Ecotox Project (Table 1).  

To create the database, the samples were registered in an Excel file including identification, 

species, age, biometric information when available (body weight, bill length, wing length), 

tissue analysed, season and geographical sampling location. To this we added the results from 

the SIA (δ13C and δ15N; %C, % N and C/N ratio where available) for each sample in 

addition to the PFAS results. The database was compiled and preliminarily examined with 

Microsoft Excel 2016 (Microsoft Corporation) followed by statistical analysis using RStudio 

Statistical Software (x64, version 3.4.2, The R project for Statistical Computing). 

We found that several of the PFAS were below the limit of detection (<LOD) for several 

samples. An <LOD is a signal which cannot be easily distinguished from that of the 

background, therefore we cannot be sure of the complete absence of a particular PFAS in the 

samples. It is possible that these PFAS are present, but in such low quantities that we cannot 

identify them with the available equipment and techniques we have at our disposition. This is 

why we decided to exclude all PFAS which gave only <LOD values from the present study 

and other studies included in this work. To do so, we compared the LOD values used for all 

PFAS analysis included in the present study and decided to use the LOD values from the 

PFAS analysis at NILU as a general LOD because these were the highest values, and as such 

we could be assured that all values over the LOD were distinguishable from the background.  

Some substances gave a few detections above the limit, and the rest were <LOD. In these 

cases, we decided to set a limit of frequency of detection to 70%, meaning that at least 70% of 

the data of a given PFAS had to be above the detection limit to be included in the statistical 

analysis. We chose to do so because we considered that a 70% of detections over the limit 

gave us enough of an interval to infer the distribution and the most likely values to correspond 

to the <LODs, and that such limit was flexible enough to include as many PFAS as possible in 

the subsequent statistical analysis. Therefore, we excluded 15 PFAS congeners of the 22 

analysed in the present study. This criterion was applied to the data from other studies; in 
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most cases it had no effect in the number of PFAS that were included from these studies into 

the present one, but it meant that we excluded the br-PFOS detected by Muñoz et al. (2017) in 

the skuas from DDU. While we had detections in all of the samples from these skuas, the br-

PFOS were absent from the samples of Svarthamaren and the penguin samples from DDU, 

and therefore we had no possibility to compare it to another species or to calculate 

biomagnification. 

For the seven remaining PFAS congeners, we replaced any missing value with a random 

value between 0 and the LOD value. This replacement was generated by maximum 

likelihood-based imputation using a procedure similar to the one described by Baccarelli et al. 

(2005). We assumed a lognormal distribution in the data and then generated 500 simulations 

to find the most likely values under the limit of detection given the distribution, variance and 

the intervals of the detected values. Each imputation was then used to generate new 

simulations to calculate successive inputs, until we replaced the non-detect values in these 

seven PFAS. We considered that, although the sample sizes are low and there are only 7 

analysed PFAS congeners, the imputation method would be appropriate as this one has the 

least possibility to generate biases in the final database. 

In total, 9 <LOD values were replaced by imputation: 2 for PFNA, 5 for PFUnA and 1 for 

PFDoA in the present study, and in the data from Muñoz et al. (2017) we replaced 1 <LOD 

value for PFTeA. This represent a 1.03% of the total data that was used for the statistical 

analysis. 

We adjusted the limit of <LOD values for stomach content from 30% to 60%. This was done 

to allow the inclusion of a lower trophic position otherwise left completely aside, and 

therefore to be able to see if the petrel’s PFAS concentrations were an effect of local diet 

during the breeding period, and to see if there was PFAS biomagnification between these two 

positions, even if it was only for PFUnA. This produced 4 of the 5 total imputations done for 

PFUnA. Afterwards, the data was tested by using a Shapiro-Wilk test to find if it had a 

normal distribution. The data had both normal and non-normal distributions, therefore, we 

log-transformed all the data for consistency to reduce skewed distribution. A boxplot (Fig. 2 

and Fig. 3) revealed that there was little heteroscedasticity when the data was log transformed. 

But as the log-transformation did not sufficiently reduced the skewedness, we decided to 

discard the transformation and proceed with the data as it was.  
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Figure 2: Boxplot of the main PFAS found in Svarthamaren. Whiskers represent 1,5*Interquartile 

Range, the points represent outliers. Calculations included the inputted values replacing <LOD values. 

Imputation was done on PFAS totalling ≥70% detections, except for PFUnA in stomach content, 

where it was done on a 40% of detections. PFAS in sample types with only <LOD did not generate a 

boxplot. 
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Figure 3: Boxplots of the main PFAS found in Dumont D’Urville. Whiskers represent 

1,5*Interquartile Range, the points represent outliers. Calculations for the boxplots included the 

inputted values replacing <LOD values. Imputation was done on PFAS totalling ≥70% detections. 

PFAS in sample types with only <LOD did not generate a boxplot. 
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To comply with our first objective and verify if the skuas from Svarthamaren, season 

2013/2014 were different from those of the season 2015/2016, we performed a non-

parametric (Wilcoxon-Mann-Whitney) test and plotted a histogram as a visual aid to 

complement the results of the statistical tests. 

For the second objective, which is the comparison of the biomagnification in the colonies of 

Svarthamaren and DDU, we calculated the Biomagnification Factor (BMF) and the Trophic 

Magnification Factor (TMF) to quantify biomagnification.  

The BMF is calculated according to Equation 3, where [PFAS]predator and [PFAS]prey are the 

mean of the concentrations of a specific PFAS congener in the relevant species: 

 

BMF= [PFAS]predator/[PFAS]prey   (Eq. 3) 

 

The BMF can be adjusted to reflect one exact trophic position between predator and prey by 

correcting for the trophic position (TP), as in Equation 4:  

 

BMF-TP= BMF / (TPpredator – TPprey)   (Eq. 4) 

 

To find the trophic position for predator (TPpredator) and prey (TPprey), we used Equation 5: 

 

TPconsumer= ((δ 15Nconsumer - δ
 15Nbaseline)/ Δ

 15N) +2   (Eq. 5) 

 

Where Δ 15N ≅ 2.4‰ between trophic positions and represents the mean enrichment of 15N in 

each level in birds as described by Mizutani, Kabaya, & Wada (1991). For the stomach 

content samples, we decided to use the Δ 15N ≅ 3.3‰ between trophic position as described 

by Wada et al., (1987). We used the stomach content as a baseline, but as it contains various 

secondary producers, we decided to use the lowest measured 15N value as a nitrogen baseline. 

The use of the stomach content as a baseline is also considered by adding 2 in the last part of 
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the Equation 5 instead of 1, which is the standard value when the baseline includes primary 

producers (Borgå et al., 2011).  

For the baseline in the colony of DDU, we chose to use the mean δ15N for the stomach 

content of adult Adélie penguins described by Cherel (2008) because it is a representative 

sample of penguin diet, and as the diet of the penguins can vary between individuals and 

seasons (Tierney et al., 2008; Wienecke et al., 2000), we considered that this mean would 

cover this variation. 

The TMF was calculated from the slope in the linear regression between the logarithm of the 

PFAS concentration in an organism and the trophic position (Borgå et al., 2004), according to 

Equation 6: 

  

Log [PFASorganism]= a + bTPorganism + e   (Eq. 6) 

 

Where a is the intercept, b is the regression slope and TPorganism is the trophic position. The 

TMF is the antilog of the slope, 10b.  

To calculate the biomagnification factors, we used the available values above the detection 

limit to calculate the mean for each PFAS. This means that, if a PFAS congener had 10 

detections above the limit in 10 samples, we used these values to calculate a mean for that 

congener in that sample type. If another congener had, for example, 3 detections in the same 

10 samples, then the mean was calculated as the sum of the 3 values and divided by 3 instead 

of 10. If there was only one detection of a PFAS congener above the limit, then we used that 

value as the mean to calculate bioaccumulation for such congener. We decided to do this to 

avoid underestimation of the PFAS that are transferred from one trophic position to the next 

one.  

Afterwards, to compare the biomagnification in the colony of Svarthamaren with that of the 

colony in DDU, we did a visual inspection of the relative contaminant profiles for all the 

PFAS congeners that were included in the statistical analysis. We also calculated the BMF, 

BMF-TP and TMF values for PFOS, PFNA, PFDcA, PFUnA and total PFAS concentration in 

both colonies to see if there was any difference.  
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3 Results 

3.1 Comparison of Svarthamaren skuas from 

2013/2014 and 2015/2016  

 

The samples of skuas, petrels and stomach content were collected in different years, and 

therefore we wanted to see if there was a difference in PFAS concentrations between the 

skuas from season 2013/2014 and 2015/2016. A histogram of the two groups for each PFAS 

analysed and quantified in both years, indicated that the two skua groups differ in PFAS 

content (Fig. 4), This was confirmed by a Wilcoxon-Mann-Whitney test between groups, 

which confirmed our perception that the two skua groups were separate with generally higher 

levels in the latter season (p <0.001). PFTriA had no difference between the seasons (p = 

0.63).  

 

 

Figure 4: Histograms of the distribution of each skua group from Svarthamaren for each PFAS 

substance. 

 

Two south polar skua individuals (a male and a female) had been caught first in 2013/2014, 

and then recaptured in 2015/2016. The PFAS concentrations in these individuals had 
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increased for all of the PFAS congeners included in the statistical analysis with the exception 

of PFTriA, which had decreased by almost 300 pg/g between the seasons (Table 3). 

For PFOS and PFNA, the concentrations in 2015/2016 were three times higher than those in 

2013/2014; and for PFUnA, PFDcA and total PFAS, the concentrations doubled from 

2013/2014 to 2015/2016. For PFDoA there was an increase in different rates for each 

individual, while the PFTriA had a different development between the two individuals.  

Based on the above, we decided to maintain the two skua groups as two separate groups for 

the rest of the analysis. 

 

Table 3: PFAS concentrations in the two recaptured individuals, here identified as A and B to 

differentiate them. The concentrations are indicated in pg/g ww. 

 
South Polar Skua A South Polar Skua B 

 
2013/2014 2015/2016 2013/2014 2015/2016 

PFOS 3871 14079 5163 14894 

PFNA 163 377 181 349 

PFDcA 557 1115 778 1103 

PFUnA 2296 5875 3632 5987 

PFDoA 619 1675 1009 1641 

PFTriA 1879 2058 2647 2325 

SUM PFAS 9385 25179 13410 26298 

 

When studying the two individuals present in both years, we have to remember that we 

compare them to themselves, the samples being separated by two seasons. We cannot 

consider these two samples as independent from one year to the other, therefore it is not 

possible to confirm that the changes from one season to the other are significative in these two 

individuals. 
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3.2 PFAS Occurrence 

Svarthamaren 

 

All the values specified for PFAS are reported in picograms/gram (pg/g) (Table 4). PFBS, 

PFPS, br-PFOS, PFNS, PFBA, PFPA, PFHxA, PFHpA, 6:2 FTS were under LOD in all the 

samples from Svarthamaren. 

In Svarthamaren, PFOS, PFNA, PFDcA, PFDoA, PFTriA and PFUnA were found above the 

detection limit in more than one species. Of these, PFUnA was detected across all the species, 

and all studied life stages of petrels, but not in all the stomach content samples.  

In the stomach content, which represent a low level of the food chain, we found quantifiable 

levels of PFUnA in only two samples out of six. None of the other analysed PFAS or samples 

were above detection limit. The mean level of PFUnA in the stomach content are below the 

detection limit, and in the samples where the substance was quantified, PFUnA was close to 

the LOD (51.3 and 59.5 pg/g; LOD is 50 pg/g). This mean level was not used later on for the 

PFAS profile and the calculation of the BMF and the TMF; we used instead the mean level 

obtained after replacing the non-detects by inputs.  

Of the 6 stomach samples, 3 were from adult petrels analysed in present study, and only one 

of the samples with PFUnA above LOD can be connected to an adult petrel. This individual 

had the highest PFUnA concentration detected in the petrel adults and was also one of the two 

adult petrels with PFOS concentrations above LOD. Besides, this individual was the adult 

petrel with the highest PFDcA concentration, the only adult petrel with PFDoA above LOD, 

and the second highest PFNA and PFTriA concentration. 

The petrel eggs had a wider PFAS profile (Fig. 5), with PFOS, PFNA, PFDcA, PFUnA, 

PFDoA, PFTriA and PFTeA at levels above LOD in all twenty samples. In addition, 8:2 FTS, 

PFOSA, PFHpS, PFDcS and PFHxS were above LOD in some of the eggs (Table 4), but are 

not included in the profile. 

The petrel chicks’ blood had a very similar profile to that of the eggs (Fig. 5). PFOS, PFDcA, 

PFUnA and PFTriA were above detection limit in all ten samples; while PFNA, PFDoA, 

PFTeA, PFOA, PFHxS, PFHpS and 8:2 FTS were found in some samples.  
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Adult petrels had a lower PFAS concentration than the chicks and the eggs, except for PFNA. 

The petrels’ profile was also similar to that of the chicks and eggs, but we found that some of 

the contaminants present in the earlier life stages were absent in the adult individuals and 

others were detected less frequently (Fig. 5). 

 

Table 4: Description of the PFAS quantified in the different samples at the colony in Svarthamaren in 

2013/2014 and 2015/2016. The table shows the PFAS species, type of sample, number of samples, 

number of samples with detections over LOD (Dt), mean and standard deviation (SD), range of 

concentrations (maximal and minimal, pg/g ww). NA: Not Analysed, <LOD: Below Level of 

Detection. The mean and SD include the LOD imputations. 

 

 

Stomach Content Petrel Egg 1314 Petrel Chicks 1314 Petrel Adults 1516 Skua 1314 Skua 1516 

1516 (n=6) (n=20) (n=10)  (n=11) (n=30) (n=17)

Dt Mean ± SD Dt Mean ± SD Dt Mean ± SD Dt Mean ± SD Dt Mean ± SD Dt Mean ± SD

Max-Min Max-Min Max-Min Max-Min Max-Min Max-Min

PFOSA 0 <LOD 8 30 ± 41 0 <LOD 0 <LOD NA NA 0 <LOD

52 - 120

PFHxS 0 <LOD 3 6 ± 16 3 170 ± 298 1 191 5 25 ± 12 0 <LOD

38 - 47 299 - 802 35 - 66

PFHpS 0 <LOD 6 16 ± 26 1 173 0 <LOD NA NA 0 <LOD

36 - 87

PFOS 0 <LOD 20 1438 ± 433 10 1593 ± 571 2 91 ± 207 30 5084 ± 1308 17 15439 ± 2749

637 - 2477 748 - 2788 422 - 584 2696 - 8619 10680 - 20547

PFDcS 0 <LOD 5 34 ± 61 0 <LOD 0 <LOD NA NA 0 <LOD

111 - 156

PFOA 0 <LOD 0 <LOD 3 47 ± 94 1 68 NA NA 0 <LOD

57 - 286

PFNA 0 <LOD 20 87 ± 24 9 248 ± 124 4 85 ± 141 30 196 ± 47 16 373 ± 100

41 - 128 21 - 473 147 - 440 95 - 298 39 - 499

PFDcA 0 <LOD 20 215 ± 37 10 296 ± 89 5 73 ± 108 30 654 ± 148 17 1169 ± 196

135 - 288 215 - 500 105 - 353 371 - 1063 821 - 1522

PFUnA 2 37 ± 16 20 1078 ± 214 10 1196 ± 464 10 363 ± 265 30 2668 ± 577 17 5559 ± 752

20 - 60 576 - 1553 675 - 1922 32 - 1090 1620 - 4230 4321 - 7021

PFDoA 0 <LOD 20 365 ± 83 9 166 ± 112 1 95 30 695 ± 140 17 1678 ± 334

244 - 438 38 - 328 433 - 1059 1028 - 2375

PFTriA 0 <LOD 20 773 ± 186 10 503 ± 197 3 46 ± 84 30 1778 ± 446 17 1978 ± 698

443 - 1107 300 - 954 103 - 226 903 - 2745 1219 - 3476

PFTeA 0 <LOD 20 200 ± 49 6 109 ± 104 0 <LOD NA NA 3 108 ± 242

113 - 326 118 - 259 560 - 724

8:2 FTS 0 <LOD 11 53 ± 52 1 396 0 <LOD NA NA 0 <LOD

75 - 137


13C -30.10 ± 0.82 -25.74 ± 0.49 -26.89 ± 0.31 -26.39 ± 0.32 -24.31 ± 0.23 -24.88 ± 0.26

-31.04; -28.63 -26.79; -25.00 -27.50; -26.42 -26.83; -25.72 -25.29; -23.83 -25.40; -24.40


15N 7.2 ± 2.1 9.61 ± 0.72 8.12 ± 0.31 9.69 ± 0.37 11.98 ± 0.26 12.10 ± 0.17

5.10; 10.30 7.42; 10.39 7.57; 8.48 9.11; 10.32 11.60; 12.86 11.71; 12.34
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The PFAS pattern in skuas was comparable to the adult petrels (Fig. 5). In both seasons we 

found PFOS, PFDcA, PFUnA, PFDoA and PFTriA in all the samples (thirty in the 2013/2014 

season and 17 in the 2015/2016 season). PFNA was found in thirty samples from 2013/2014 

and 16 in 2015/2016, and the concentrations were similar to those of the petrel adults and the 

chicks. 

 

  

Figure 5: Relative pattern of the PFAS compounds found in four or more species at Svarthamaren, 

Queen Maud’s Land in 2013/2014 and 2015/2016. The patterns show PFAS compounds with 2 or 

more detections, and include inputs as they are based on the mean values for said PFAS. 

 

A Wilcoxon-Mann-Whitney test done for the petrels revealed that there were differences in 

the mean concentrations for PFNA, PFDcA, PFDoA and PFTriA (p < 0.05) between life 

stages. When comparing petrel eggs and adults, we found that all PFAS mean concentrations 

are different (p < 0.05), except for PFDoA (p = 0.09). A detailed comparison show that eggs 

have higher concentrations of PFAS than adults (p < 0.05), but in the case of PFNA the eggs 

had a lower concentrations than the adults. A comparison of means between the petrel chicks 

and the adults show that the adults had lower concentrations than the chicks for all PFAS (p < 

0 % 10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 %

Stomach Content 1516

Petrel eggs 1314
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0.05), except for PFNA (p = 0.63) and PFDoA (p = 0.9). Finally, the test done for the petrel 

eggs and the chicks show that the eggs had lower PFNA and PFDcA levels than the chicks, 

but higher PFDoA and PFTriA levels (p < 0.05). For PFOS, PFUnA and PFTeA, the 

concentrations were like (p-value between 0.4 and 0.8).  

        ’        

 

In the Adélie penguin samples from DDU, we found detectable levels of PFUnA in all ten 

samples. Besides, we found detectable levels of PFNA, PFDcA, PFHpS and PFOS. The 

profile of the skuas from Muñoz et al., (2017) included PFOS, PFNA, PFDcA, PFUnA, 

PFDoA, PFTriA and PFTeA (Fig. 6, Table 5). The study from Muñoz is the only one included 

in the present work to report detectable values of br-PFOS, as they found br-PFOS above 

detection limit in all seven samples with a mean ± SD of 1267 ± 1058.  

 

 

Figure 6: Relative pattern of the main PFAS compounds found at Dumont D’Urville, Adélie Land in 

2011/2012. The patterns show PFAS compounds with 2 or more detections, and include inputs as they 

are based on the mean values for these PFAS. 
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The pattern of the skuas were very different to that of the Adélie penguins, with the former 

having more PFAS congeners detected in their blood. In the skuas, the highest relative 

concentration correspond to PFOS, while in the penguins we found mainly PFUnA (Fig. 6). 

 

Table 5: Description of the PFAS quantified in the different samples at the colony in Dumont 

D’Urville in 2011/2012. The table shows the PFAS species, type of sample, number of samples, 

number of samples with detections over LOD (Dt), mean and standard deviation (SD), range of 

concentrations (maximal and minimal, pg/g ww). <LOD: Below Level of Detection. The mean and SD 

include the LOD imputations. 

 

Adelie Penguin Skua DDU 

1112 (n=10) 1112 (n=5)

Dt Mean ± SD Dt Mean ± SD

Max-Min Max-Min

PFOSA 0 <LOD 0 <LOD

PFHxS 0 <LOD 0 <LOD

PFHpS 1 148 2 15 ± 25

50 -53

PFOS 1 466 5 4740 ± 3278

1300 - 8500

PFDcS 0 <LOD 0 <LOD

PFOA 0 <LOD 0 <LOD

PFNA 3 45 ± 73 3 112 ± 114

131 - 174 110 - 250

PFDcA 3 36 ± 58 2 77 ± 144

103 - 139 170 - 370

PFUnA 10 317 ± 143 5 2200 ± 1357

175 - 673 840 - 3700

PFDoA 0 <LOD 5 566 ± 349

190 - 1000

PFTriA 0 <LOD 5 1116 ± 616

450 - 1900

PFTeA 0 <LOD 4 295 ± 295

36 - 800

8:2 FTS 0 <LOD 0 <LOD


13C -24.40 ± 0.42 -23.66 ± 0.24

-24.67; -23,15 -23.93; -23,47


15N 10.9 ± 0.19 12.04 ± 0.81

10.56; 11.29 10.91; 12.90
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3.3 Stable Isotope signatures 

Svarthamaren 

The stable isotopes signature varied between the representatives of the Svarthamaren food 

web (Fig. 7). The stomach samples were partially digested, and any visual identification of 

the composition was not possible; therefore, we describe only the isotopic signature of the 

samples. Most of the stomach samples are grouped with the lowest relative values of δ15N and 

δ13C except for two samples. These two are the samples which had detectable concentrations 

of PFUnA, and are located at an apparent higher trophic position, with δ15N values 

comparable to adults and eggs of petrel.  

 

 

Figure 7: Stable Isotope Analysis plot of the samples collected at Svarthamaren. The two stomach 

content samples with higher proportions of 15N and 13C were the samples with detectable PFUnA 

concentrations. The arrows indicate both the stomach sample with detectable PFAS levels, and the 

adult it was collected from. 

 

In the middle of the plot we find the petrel samples. The petrel chicks are placed at a lower 

trophic position (7.5‰) than the adults and the eggs (10.5‰). Finally, the skuas from both 
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seasons are tightly grouped at the top of the plot, with the highest values of 15N but separated 

by their 13C values.  

The difference in δ15N predominantly reflects the relative trophic position in the food web, 

meaning that the skuas are the top predators and the petrels are in the middle level. The 

stomach content had the lowest trophic position as a total, but if we separate the samples with 

detectable PFUnA we find that these are placed at a higher trophic position than those with no 

detectable PFAS, and would be placed above the petrel chicks. The trophic positions 

corresponding to the food web at Svarthamaren were afterwards calculated using Equation 5 

and are presented in Table 6. 

 

Table 6: Trophic position for each sample type from the Svarthamaren colony, indicated as mean ± 

SD. The results are arranged in descending order. For the stomach content, Group 1 represents the two 

individuals with detectable levels of PFUnA; Group 2 represents the remaining 4 samples, and the 

total gives the mean ± SD for both groups. 

Sample type Trophic position  

(Mean ± SD) 

Skua 2015/2016 4.91± 0.07 

Skua 2013/2014 4.86 ± 0.10 

Petrel Adult 2015/2016 3.91 ± 0.16 

Petrel Egg 2013/2014 3.87 ± 0.30 

Petrel Chick 2013/2014 3.25 ± 0.13 

Stomach Content 2015/2016 

Group 1 

Group 2 

Total 

 

3.49 ± 0.11 

2.20 ± 0.21 

2.63 ± 0.68 

 

The difference in trophic position between the petrel eggs and the chicks was significant, as 

well as the difference in trophic position between the adult and the chicks (p = <0.001, 
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Wilcoxon-Mann-Whitney test). On the contrary, we could not find a significant difference 

between the trophic position of the petrel eggs and that of the petrel adults (p = 0.73). 

        ’        

 

The stable isotope analysis was done based on information from previous studies (Table 1), 

and a plot of these data is presented in Figure 8. The Adélie penguins are grouped tightly in 

comparison to the skuas from this colony, which are spread both between in their δ15N and 

δ13C. There is one penguin outlier which seem to have a completely different diet than the 

others, signalled by the considerably richer δ13C signature in the bottom right of Fig. 8.  

 

 

Figure 8. Stable Isotope Analysis plot of the samples collected at Dumont D’Urville. 

 

Afterwards we used Equation 5 to find the trophic position for both skuas and Adélie 

penguins at DDU. The baseline for this food web was taken from Cherel (2008), and the 

calculated trophic positions are then presented in Table 7. 
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Table 7: Trophic position for each class of sample from the Dumont D’Urville colony, indicated as 

mean ± SD. The results are arranged in descending order.  

Sample type Trophic position  

(Mean ± SD) 

Skua DDU 2011/2012 4.1 ± 0.34 

Adélie penguin 2011/2012 3.64 ± 0.08 

 

3.4 Biomagnification of PFAS 

Svarthamaren 

 

To measure biomagnification processes of PFAS in the food chain at Svarthamaren, we 

calculated the Biomagnification factor (BMF), the BMF corrected for Trophic Position 

(BMF-TP) and the Trophic Magnification Factor (TMF), according to Equations 3, 4 and 6. 

For Equation 4 we used the mean trophic position as shown in Table 5.  

For PFUnA, we calculated the BMF and BMF-TP for the skuas relative to the Antarctic 

petrels. We did so because PFUnA is the only PFAS congener that was detected above the 

limit in the stomach content of the petrels. The BMF is higher for the petrel chicks than for 

the adults (7.5 for the petrel adults, while that for the chicks is 24.7), and the correction for the 

trophic position increases the difference (BMF-TP is 5.9 for the adults, 39.6 for the chicks).   

It was possible to determine an individual’s BMF and BMF-TP for PFUnA in a petrel adult 

and a sample of its stomach content as well. This BMF was found to be 18.3, and the BMF-

TP was 36.1. 

The results of the BMF and BMF-TP calculations for the south polar skua relative to 

Antarctic Petrel are shown in Tables 8 and 9 for seasons 2013/2014 and 2015/2016, 

respectively. We included the adult petrels in the calculations, although we are aware that the 

skuas feed on eggs and chicks. We did this to evaluate if the occasional consumption of adult 
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petrel carcasses could explain the high PFAS levels in skuas.  

 

Table 8: BMF and BMF-TP results for each PFAS congeners in the food items for skuas (season 

2013/2014) in Svarthamaren. NA: Not Analysed. 

Skua 1314, Svarthamaren 

 
Petrel Egg 1314 

(n=20) 

Petrel Chick 1314 

(n=10) 

Petrel Adult 1516 

(n=11) 

 
BMF BMF-TP BMF BMF-

TP 

BMF BMF-TP 

PFOS 3.5 3.6 3.2 2.0 10.1 10.6 

PFNA 2.2 2.3 0.8 0.5 0.8 0.9 

PFDcA 3.0 3.1 2.2 1.4 4.1 4.3 

PFUnA 2.5 2.5 2.2 1.4 7.3 7.7 

PFDoA 1.9 1.9 4.2 2.6 7.3 7.7 

PFTriA 2.3 2.3 3.5 2.2 10.5 11.0 

PFTeA NA NA NA NA NA NA 

SUM 

PFAS 

2.7 2.7 2.7 1.7 16.6 17.4 

 

When the skuas from the season 2013/2014 were compared to the petrel eggs and the chicks, 

the BMF and BMF-TP of the petrel adults seemed high, which would indicate that the effect 

of the adults in the bioaccumulation of PFAS in the south polar skuas is minimal. 

For the petrel eggs and the chicks, the bioaccumulation factors were indicative of 

biomagnification with the exception of PFNA in petrel chicks, as these factors were both 

under 1. 
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The total PFAS values indicated biomagnification from the petrel eggs and the chicks (which 

are part of the skuas’ diet), and discarded the adults as a source of PFAS for the skuas in 

season 2013/2014. 

We observed almost the same results when comparing the skuas from season 2015/2016 to 

their prey items. In general, the values of the BMF and BMF-TP were higher when compared 

to those for the skuas from season 2013/2014, but proportionally the values indicated the 

same relationships between the skuas and the petrel in the different life stages.  

 

Table 9: BMF and BMF-TP results for each PFAS congeners in the food items for skuas (season 

2015/2016) in Svarthamaren. <LOD: Under Level of Detection. 

Skua 1516, Svarthamaren 

 
Petrel Egg 1314 (n= 20) Petrel Chick 1314 

(n=10) 

Petrel Adult 1516 (n=11) 

 
BMF BMF-TP BMF BMF-TP BMF BMF-TP 

PFOS 10.7 10.3 9.7 5.8 30.7 30.5 

PFNA 4.3 4.1 1.5 0.9 1.6 1.6 

PFDcA 5.4 5.2 4.0 2.4 7.3 7.3 

PFUnA 5.2 5.0 4.6 2.8 15.3 15.2 

PFDoA 4.6 4.4 10.1 6.1 17.6 17.6 

PFTriA 2.6 2.5 3.9 2.4 11.7 11.6 

PFTeA 3.1 2.9 3.4 2.0 <LOD <LOD 

SUM PFAS 6.3 6.1 6.4 3.9 39.4 39.2 

 

For PFNA, we observed that the BMF was over 1 in the petrel chicks, but after correction it 

was left at 0.9. We considered that this indicates biomagnification nevertheless, as it was so 
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close to 1 and the uncorrected BMF indicates biomagnification. The values for PFOS seemed 

especially high compared to the other factors, which would indicate that the skuas from 

season 2015/2016 have a source of PFOS unaccounted for. Also, we can discard the petrel 

adults as a source for PFAS in the south polar skuas from season 2015/2016. 

We were only able to calculate the TMF for PFUnA, as this was the only PFAS congeners 

where we had concentrations from all the levels in the trophic chain. The TMF value was 3.7 

± 1.12, with a p-value <0.001 (Fig. 9). 

 

 

Figure 9: Linear regression for the TMF for PFUnA in the food chain at Svarthamaren. The equation 

is log PFUnA= 0.72 + 0.56 TL (r2 = 0.596). 

 

We calculated the TMF for the remaining PFAS using the data from the petrels and the skuas. 

The stomach content was not included in the regression because there was no available data 

for other PFAS besides PFUnA. The results are presented in Fig. 10, and are indicative of 

bioaccumulation in the studied food chain in Svarthamaren.  



50 

 

 

 

 

Figure 10: Linear regression for the TMF for the other PFAS congeners at Svarthamaren. The 

equation and the values of the TMF for each PFAS are indicated in their respective plots. The p-value 

for all the regressions was <0.001. Trophic Position is indicated in the X axis. 
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Dumo    ’        

 

We were able to determine the BMF for only four PFAS congeners in the birds from DDU, 

because these were the only ones where we had detections for both skuas and penguins. The 

BMF, BMF-TP and TMF values for DDU were calculated in the same way as those for 

Svarthamaren, using the trophic positions shown in Table 7.  

The BMF and BMF-TP values for DDU are presented in Table 10. We found that the values 

for BMF-TP almost doubled those of the BMF, and the highest factors were those for PFOS 

and PFUnA. Yet, we should remember that the calculation of the BMF and the BMF-TP for 

PFOS was done based in only one point for the Adélie penguins, representing the only PFOS 

measurement we found above the detection limit. This is not a problem for PFUnA, as we 

quantified PFUnA above the detection limit in all of the penguin and skua samples. 

 

Table 10: BMF for South Polar Skuas respective of their prey items in DDU and Svarthamaren (both 

seasons) 

South Polar Skua 2011/2012 

Adélie Penguin chicks 

2011/2012 

BMF BMF-TP 

PFOS 10.2 22.2 

PFNA 1.2 2.7 

PFDcA 2.3 5.0 

PFUnA 6.9 15.2 

SUM PFAS 1 2.2 

 

Calculation for the TMF (Fig. 11) showed only a significant regression for PFUnA in the food 

web at DDU, with a TMF value of 8.3±2.1 (p < 0.05). For PFOS and PFNA it appears to be 

biomagnification, but here the regression was not found to be significant (p = 0.68 and 0.25, 
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respectively). For PFDcA, it apparently shows a weak correlation, but the result was not 

significant either (p = 0.98). 

 

 

 

Figure 11: Linear regression for the TMF for the PFAS congeners at Dumont D’Urville. The equation 

and the values of the TMF for each PFAS are indicated in their respective plots. The p-value for all the 

regressions was >0.05 with exception of PFUnA, where it was <0.05. 
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3.5 Comparison of biomagnification between 

               d         ’        

 

The PFAS concentrations between the skuas of both colonies were significantly different (p < 

0.01 for PFTeA between the skuas at DDU and those in Svarthamaren season 2015/2016; p < 

0.001 for all other PFAS, Wilcoxon-Mann-Whitney test).  

The PFAS profile of the south polar skuas was remarkably similar in both colonies, except for 

br-PFOS and PFTeA which were detected in DDU, but not in Svarthamaren. On the other 

hand, the concentrations of PFUnA in Svarthamaren were higher than those in DDU. (Fig. 

12). When removing br-PFOS, the profile of the skuas from DDU (collected in 2011/2012) 

became much more similar to the skuas from season 2015/2016 in Svarthamaren. The PFOS 

proportion in the skuas from DDU was between that of the season 2013/2014 and 2015/2016 

in Svarthamaren, while the proportion of PFUnA appeared to be almost equal. 
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A)  
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Figure 12: Comparison of the relative PFAS profiles in the skuas from both colonies, DDU and 

Svarthamaren (both seasons). A) includes br-PFOS in the skuas from DDU, B) excludes it. The 

patterns show PFAS compounds with 2 or more detections, and include inputs as they are based on the 

mean values for these PFAS.  
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We compared the relative profiles for the prey items of the skuas, Antarctic petrels in 

Svarthamaren and Adélie penguins in DDU (Fig. 13). The Adélie penguins had less PFAS 

congeners than the Antarctic petrels, and the relative proportions were different. Although 

PFUnA was present in all the prey items, it had a higher relative proportion in the penguins 

compared to the petrels.  

 

 

Figure 13: Comparison of the relative PFAS profiles in the skuas’ prey items from both colonies, 

DDU and Svarthamaren (all seasons). The patterns show PFAS compounds with 2 or more detections, 

and include inputs as they are based on the mean values for these PFAS. 

 

The comparison of the BMF for the two colonies indicated that, for PFOS and PFUnA, the 

results of the Adélie penguins were high. The BMF-TP increased the difference, pointing to 

an unidentified source as a cause of the PFOS and PFUnA levels detected in the skua at DDU, 

while at Svarthamaren only PFOS could not be explained by the petrel diet for the skuas from 

season 2015/2016 (Tables 11 and 12). 
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Table 11: BMF for South Polar Skuas respective of their prey items in DDU and Svarthamaren (both 

seasons) 

South Polar Skua 

BMF DDU 

2011/2012 

Svarthamaren 2013/2014 Svarthamaren 2015/2016 

 Adélie 

Penguin 

chicks 

2011/2012 

Petrel Egg 

2013/2014 

Petrel Chicks 

2013/2014 

Petrel Egg 

2013/2014 

Petrel Chicks 

2013/2014 

PFOS 10.2 3.5 3.2 10.7 9.7 

PFNA 1.2 2.2 0.8 4.3 1.5 

PFDcA 2.3 3.0 2.2 5.4 4.0 

PFUnA 6.9 2.5 2.2 5.2 4.6 

SUM PFAS 1 2.7 2.7 6.3 6.4 

 

Table 12: BMF -TP for South Polar Skuas respective of their prey items in DDU and Svarthamaren 

(both seasons) 

South Polar Skua 

BMF- TP DDU 

2011/2012 

Svarthamaren 2013/2014 Svarthamaren 2015/2016 

 Adélie 

Penguin 

chicks 

2011/2012 

Petrel Egg 

2013/2014 

Petrel Chicks 

2013/2014 

Petrel Egg 

2013/2014 

Petrel Chicks 

2013/2014 

PFOS 22.2 3.6 2.0 10.3 5.8 

PFNA 2.7 2.3 0.5 4.1 0.9 

PFDcA 5.0 3.1 1.4 5.2 2.4 

PFUnA 15.2 2.5 1.4 5.0 2.8 

SUM PFAS 2.2 2.7 1.7 6.1 3.9 
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4 Discussions 

 

Although it is well known that organic pollutants are present in Antarctica, there are so far 

few studies quantifying PFAS in the Antarctic wildlife (Corsolini, 2009; Midthaug, 2017; 

Muñoz et al., 2017; Routti et al., 2015). According to Midthaug (2017), the concentration of 

PFAS detected above the limit in the south polar skuas was higher in samples taken later in 

the breeding season, compared to earlier. To see if this increase in levels was caused by the 

diet at Antarctica, we decided to include breeding colonies from opposite sides of the 

continent, expecting the biomagnification factors to be similar if the PFAS source was the 

identified prey. We decided to focus this study on the diet of skuas because the diet is the 

main uptake route for POPs for non-aquatic animals at higher trophic levels (Borgå et al., 

2004).  

We considered that neither the PFAS results nor the stable isotope signatures were affected by 

the fact that three different laboratories processed and analysed the respective samples. In the 

case of PFAS, (CNRS for the skuas at DDU, NMBU for the season 2013/2014, and NILU for 

the season 2015/2016) these laboratories follow comparable Quality Assurance processes and 

protocols. In addition, the laboratory at NILU is part of the AMAP Ring Test for Persistent 

Organic Pollutants in Human Serum, which is an inter-laboratory comparison program 

(Hanssen et al., 2013). Therefore, we assumed that the PFAS concentrations in the skuas 

differ from one season to the next and from one colony to the other as a result of biological 

processes, rather than as an artifact of the analysis. 

 

4.1 Comparison of skuas from 2013/2014 and 

2015/2016 at Svarthamaren 

 

We compared the PFAS concentrations in the south polar skuas from Svarthamaren between 

two different seasons, 2013/2014 and 2015/2016. In principle, the contaminant profile was the 

same for the skuas of both 2013/2014 and 2015/2016: the predominant PFAS congeners were 

the same in both analysed seasons and the main change is that PFOS became more 
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predominant in the latter, and PFTriA diminished compared to the former. The concentrations 

were higher in the season 2015/2016 than in 2013/2014 with exception of PFTriA, which 

remained stable. This would indicate that the skuas were exposed to the same PFAS 

congeners during the year, but the exposure might vary from one year to another producing 

differences in the detected concentrations from one season to another. 

A comparison of the absolute mean concentrations showed an increase in the PFAS congeners 

found in the skuas with exception of PFTriA, which had remained stable. The detected 

concentrations were distinctly above the detection levels and the difference between them is 

greater than what could be produced by differences in analytical procedures. Also, the 

difference in concentrations from 2013/2014 to 2015/2016 was significant for all the analysed 

PFAS with exception of PFTeA; therefore, we think that the increase observed in most of the 

PFAS present in the skuas from one season to the next is due to bioaccumulation rather than a 

consequence of analysing the samples at two different laboratories, a very interesting 

observation as the only two recaptures we have available present a similar pattern to each 

other and to the other analysed skuas despite having been analysed by two different 

laboratories. 

Among the skua samples, we found two individuals that had been sampled during the 

2013/2014 season and then again during the 2015/2016 season. One of these birds was a 

male, therefore it cannot eliminate toxicants via egglaying, but the increase in toxicants was 

similar to the recaptured female. Both birds increased in mass from the former season to the 

latter, which could imply that these birds have had access to enough food, but in such case the 

concentrations should decrease due to growth dilution. It is possible, then, that the increase in 

the PFAS concentrations is due to continued exposure, and that the birds eliminate PFAS at a 

slower rate than the uptake.  

We hypothesised that the PFAS levels would not differ between the skuas from the two 

different years, and that we therefore could study biomagnification in the food web including 

several years of both predators and prey. Thus, we had to reject our first hypothesis, and be 

cautious when discussing biomagnification in the food web.  
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4.2 Stable Isotopes and PFAS at Svarthamaren  

 

Based on stable isotopes of nitrogen, we found that the petrel adults and the eggs had a higher 

trophic position compared to the petrel chicks. This is an interesting result, as the diet of the 

petrel adults and the diet of the chicks is assumed to be the same during the breeding season, 

or that bird chicks are fed with prey from higher trophic positions than those usually captured 

by the parents for themselves (Cherel, 2008; Hodum & Hobson, 2000). Changes in the diet 

will not be reflected by the individuals’ stable isotopes in blood before at least 2 weeks, on 

average (Bearhop et al., 2002; Vander Zanden et al., 2015). Therefore, it is possible that the 

trophic position of the chicks is composed by the mother’s signature during egg production 

and the diet it has been fed after hatching. The trophic position of the petrel adults could then 

reflect changes in the diet the adults consumed during the breeding period. 

The similarity between the trophic position of the petrel adults and the eggs indicated that the 

trophic position of the eggs reflects the trophic position of the mother, as the mother uses own 

nutrients and resources to produce the eggs (Hobson, 1995). Thus, the enrichment seen in the 

eggs respective of the diet will be like the enrichment seen in the adults compared to their 

diets (Hobson, 1995). As PFAS congeners are proteinophillic, we can then assume that a 

proportion of the PFAS in the mother is transferred to the eggs, as shown by Vicente et al., 

(2015) in gulls in the Mediterranean region. 

We should consider as well that there might be significant differences in the stable isotopes in 

a bird from one year to the next due to changes in the isotopic signature of the diet (Hodum & 

Hobson, 2000), which is a relevant factor in the present study due to the inclusion of samples 

taken in different seasons. Therefore, the comparison between the eggs and the chicks became 

more relevant, as the eggs and the chicks were collected in the same season, and we expected 

that the eggs would reflect the status of the mother (Hobson 1995), while the chick would be 

the integrated signal from the mother via the egg, plus the diet it had consumed during the 

rearing period.  

The stomach content samples presented an interesting case when analysed for stable isotopes. 

Four of the six samples had low δ15N and δ13C, while the other two were placed higher for 

both isotopes. These two samples that separated from the rest were also the samples where we 

quantified PFUnA above detection limit. It is possible that the high values of stable isotopes 
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can be explained by differences in the digestion length of these two samples compared to the 

others. Digestion changes the isotopic signatures of krill because the chitin exoskeleton, 

which has a low δ15N, resists the process longer than muscle and other tissues, and therefore 

the longer a stomach content has been digested, the lower isotopic signature it will have 

(Cherel, 2008). Unfortunately, there were no indications of differences in the digestion of the 

content that we could recognize, and therefore we cannot conclude if this is the reason why 

there is a difference. This difference could be as well due to the presence of another prey 

elements in the stomach content but, as mentioned, it was not possible to identify the 

composition of these samples. 

For evaluation of PFAS bioaccumulation we included the results from other studies in both 

Svarthamaren and Dumont D’Urville to complement our database, and to see if the status of 

the birds in Svarthamaren was like that of birds with a similar diet and food web in other 

places in Antarctica. This raised some challenges, because some of the studies did not include 

the same PFAS that were analysed in the present study, and therefore we could not assess 

possible differences on the concentrations for such substances. For example, the skua samples 

from the 2013-2014 season were analysed by Midthaug (2017) at the laboratory of NMBU, 

and those samples were analysed only for seven compounds: PFHxS, PFOS, PFNA, PFDcA, 

PFUnA, PFDoA and PFTriA. While the other compounds gave <LOD values in the 2015 

season, we cannot ensure that these compounds were either present or absent in the samples 

from 2013. 

We assumed that the stomach contents consisted mostly of krill, as it is known that the 

petrels’ diet is composed in its majority of krill during the breeding season (Lorentsen et al., 

1998). However, the detection of PFUnA in two of the samples might be due to the presence 

of other, yet undetermined organisms. The stomach content samples were partially digested, 

and a few rests of carapaces and scales remained; therefore, any identification of prey species 

was not done.  

Six adult petrel individuals were sampled for stomach content; although three of these 

individuals are not included in the present study due to insufficient blood samples, their 

stomach content samples were analysed together with the stomach content samples collected 

from three Antarctic petrels that were included in this study. From the latter, only one of the 

stomach samples had quantifiable PFUnA levels above detection limit. The individual petrel 

adult the sample was collected from had the highest PFUnA concentration detected among the 
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petrel adults. Interestingly, only PFUnA was found above the detection limit in the stomach 

content, which might point to the other PFAS found in the adult petrels to be a product of diet 

during the overwintering period. We cannot, nevertheless, discard the possibility that these 

PFAS congeners were present in the prey of petrels, but in concentrations that cannot be 

differentiated from the background with the current methods. 

The low concentrations of other PFAS in the stomach content samples, which were all under 

the level of detection, do not allow us to confirm neither the presence nor the absence of other 

PFAS congeners in the stomach content at very low concentrations. An exposure to high 

PFAS concentration can however be excluded on the basis of our findings. 

The relative PFAS profiles of the petrel eggs, adults and the chicks were apparently similar. 

Although these samples were from different years, we see that the PFAS congeners were the 

same across life stages in different proportions. The increase in PFOS, PFNA, PFDcA and 

PFUnA could be caused by the integration of PFAS from the diet, while the decrease in the 

other PFAS congeners can be due to elimination processes if these compounds are truly 

absent from the diet.  

Still, we found that the petrel adult had lower PFAS concentrations than the petrel chicks and 

the eggs. This might be due to mobilisation of PFAS associated with proteins from the mother 

to the eggs (which would explain the difference in PFOS from the petrel eggs to the adults), 

or because the petrel adults have an elimination mechanism that is not yet well-developed in 

the petrel chicks (which would explain why only some of the PFAS congeners and not others 

are lower in the chicks than in the eggs). One such mechanism is the elimination of pollutants 

via preen produced in the uropygial gland, which has been proposed as an elimination 

pathway for certain pollutants in birds such as black-legged kittiwakes (Rissa trydactila) and 

European shags (Phalacrocorax aristotelis) (Solheim et al., 2016; Yamashita et al., 2018), 

among others. The adult birds use the preen to cover their feathers and make them waterproof 

(Solheim et al., 2016), and as such we could think that the chicks, which are still on the nest, 

are not yet able to use preen for this purpose. But, as the preen is an oily substance and PFAS 

are not lipophilic, this possible mechanism does not seem appropriate to explain the 

difference in PFAS concentrations between the petrel chicks and the eggs. Another possible 

explanation is that the petrel chick samples were taken in a different season than those of the 

adults, and variations in diet from one season to the other could be the cause of the difference 
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between PFAS concentrations found in the petrel chicks and the adults. This is also a possible 

explanation for the difference in the trophic position between the petrel adults and the chicks. 

The PFAS concentrations in the skuas from Svarthamaren were considerably higher than 

those in the petrels, although the relative profile was the same as in petrel eggs and chicks. In 

both petrel chicks, petrel eggs and skuas, the predominant congener was PFOS followed by 

PFUnA, but PFTeA is absent from the skuas. This reflected that the petrel eggs and the chicks 

are confirmed prey of the skuas, while the adult petrels have a relative profile with different 

proportions of PFAS and are therefore set apart from the prey consumed by the skuas. 

4.3 Bioaccumulation of PFAS at Svarthamaren 

 

When we calculated the BMF, we had to consider that for some PFAS congeners in some 

samples we replaced the non-detects by imputation. Therefore, we included the imputed 

values in the calculation of the mean bioaccumulation metrics. Although this inclusion can 

lead us to underestimated bioaccumulation metrics, it enabled us to include information from 

3 food chain tiers to calculate a TMF for PFUnA.  

The petrel adults and chicks BMF and TMF for PFOS and total PFAS were within the results 

reported for arctic predatory birds, however, the reported BMF range is high, with PFOS 

BMF between 5.1 and 38.7 (Haukås et al., 2007; Tomy et al., 2004) and total PFAS varied 

between 5.25 and 22.8 (Haukås et al., 2007). For other substances, such as PFUnA, the 

comparison with other predator birds was hampered by the limited information on 

biomagnification of PFUnA in birds, but comparisons with other animals allows evaluate that 

our results are well within the expected range (between 3.1 and 6.6 for similar trophic 

positions, Powley et al., 2008; Tomy et al., 2009).  

The BMF of PFUnA between the adult petrels and the stomach content was 7.5, but when 

corrected to the trophic position it was reduced to 5.9. Therefore, we could suspect that the 

source of PFUnA for the petrels is the prey captured in the Antarctic waters, as the factors are 

similar to others described in literature (Powley et al., 2008; Tomy et al., 2009). The values 

for PFUnA between the petrel chicks and the stomach content (24.7 for the BMF and 39.6 for 

the BMF-TP) were high, in contrast to those of the adults and therefore contradict our 

suspicion that the diet from inside the ACC is a source of PFUnA.  
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The individual-based PFUnA BMF and BMT-TP for the adult petrel and its stomach content 

was very high, and as such similar to those calculated for the petrel chicks respective of the 

stomach content. High magnification factors, similar to those, are mostly found in larger 

mammals such as beluga whales and caribous (Franklin, 2016). We could not, therefore, 

affirm that the PFUnA concentration found in this individual petrel adult is a product of the 

diet consumed during the breeding season. 

We might, then, discard the lower tiers of the food web in Svarthamaren as the main PFUnA 

source, and propose that the PFAS levels found in the petrels are taken up during the 

overwintering period, when they occasionally venture outside the ACC, and then transferred 

to the skuas as they prey upon the chicks and eggs of the petrels. We should remember, 

though, that we had only six samples of stomach content as a representation of the lower links 

in the food web, and therefore we should not discard the presence in them of PFAS in general 

and PFUnA in particular with absolute certainty. 

The BMF for the petrels and the skuas were more varied. For the 2013/2014 season, the BMF 

and BMF-TP for skuas relative to petrel eggs and chicks resulted in values that were 

comparable to previous BMF studies, and thus the PFAS accumulation could be explained by 

the consumption of petrel eggs and chicks during the breeding. The case of PFNA in the 

petrel samples is interesting, because the BMF for skuas in 2013/2014 relative to petrel egg 

indicate biomagnification, but the BMF relative to the petrel chicks do not. In literature, it is 

known that PFNA do biomagnify (Haukås et al., 2007), and, considering that the chicks and 

the eggs have a similar pattern, there should not be such discrepancy between these two 

matrixes. 

For the petrel adults, the obtained BMF and BMF-TP values confirm the fact that the skuas 

are not predators for petrel adults, because the majority of the PFAS magnification factors in 

the skuas are too high to be adequately explained by the concentrations found in the petrel 

adults.  

The situation seemed to be more complex for the skuas from season 2015/2016. The PFOS 

concentration in these skuas does not seemed to be adequately explained by the detected 

concentrations in the petrels, and the difference was more extreme in the petrel adults. In 

these animals, the BMF and BMF-TP were very high, again pointing to the fact that the petrel 
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adults are not part of the diet of the skuas despite the BMF for PFNA being indicative of 

magnification.  

The BMF and the BMF-TP for the skuas relative to the petrel eggs were in line with others in 

literature. But in the case of PFOS, we could almost rule out the eggs as a major source for 

the skuas, because the factor values were too high to explain the concentrations of this PFAS 

congener detected in the birds.  

We think that the difference in the BMF and BMF-TP for the skuas in 2015/2016 is due to the 

fact that we are comparing the skuas with diet taken two years earlier, and that the values for 

these factors could be better explained if we had access to petrel chick and egg samples from 

2015/2016. In that case, we could have an accurate image of the bioaccumulation occurred in 

the food web during the season 2015/2016, and we could compare it to that of the season 

2013/2014 to see if there are significative differences. 

We did observe some general patterns in the calculations of the BMF and BMF-TP. The 

biomagnification factors of the skuas/petrel adults were much higher than those of the petrel 

eggs and the chicks, and all the biomagnification factors were higher for the skuas in season 

2015/2016 than for those of the season 2013/2014. Also, a comparison of the BMF and BMF-

TP calculated for the petrel chicks revealed that the BMF-TP was much lower, sometimes 

half of the value of the BMF. It is possible that this difference is caused by the 

underestimation of the BMF due to the inclusion of inputs, but then we would see this 

disparity only in the imputed PFAS, such as PFUnA, and not in those that had a detection 

percentage of 100%, such as PFOS. Finally, we found that the BMF and BMF-TP for PFOS 

was generally high, indicating exposure outside Antarctica. 

Despite the different levels in skuas between the years, all data were included in the TMF 

calculation for PFUnA. PFUnA was the only compound detected across the studied trophic 

positions and matrices, and the calculated TMF indicates biomagnification from the petrel 

eggs and chicks toward the skuas. Besides, the TMF found by Xu et al. (2014) for PFUnA in 

a food chain that included bird predators (3.1) was lower than the TMF we calculated here, 

3,7; therefore, we believe that the TMF we calculated for our food web is comparable to 

others in literature. 
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For the other PFAS we had to determine the TMF including only petrels (early stages) and the 

skuas (both seasons), as the PFAS analysis produced only <LOD values in the stomach 

content samples. All TMFs were above 1, but note that the value of the BMF-TP for PFNA 

for petrel chicks to the skuas from season 2013/2014 contradicts the TMF for the same 

congener; the BMF-TP indicates no biomagnification while the TMF does. This could be 

interpreted in two different ways: either the PFNA levels in the eggs are solely responsible for 

the concentrations found in the skuas, or, that the biomagnification of PFNA in the petrel 

chicks is underestimated by the BMF-TP found in the present study. 

The PFAS biomagnification studies done by Kelly et al. (2009); Martin et al. (2004); Tomy et 

al. (2004); Tomy et al. (2009) and Xu et al. (2014) present TMF values between 1 and 13.7, 

covering the range of the avian TMF values we found in the present study. The literature 

indicates that the PFAS we studied in the present work do biomagnify across different food 

webs, and as such we think that there is biomagnification in the Antarctic food web too, if 

only quantifiable in the top tiers in the present study. 

We must proceed with caution anyway. Both Borgå et al. (2011) and Franklin (2016) in their 

reviews raises some points that we should consider when analysing the biomagnification 

factors obtained by field studies. The comparison between the concentration measured in a 

tissue sample (the petrel plasma) and the concentration in whole body (the stomach content) 

can overestimate the BMF because the studied tissues are usually those with the highest 

affinity for the substance of interest; although the estimation of a whole-body concentration 

becomes difficult for animals in the top tiers of the food web for both practical and ethical 

reasons (Borgå et al., 2011; Franklin, 2016).  

Another caveat comes from the fact that that we assume a steady state concentration, but this 

is not possible to verify from field studies, especially as both skuas and petrels are migratory 

birds (Borgå et al., 2011; Franklin, 2016). We do not have information from the skuas’ and 

petrels’ diet outside Antarctica during overwintering, nor do we have data on the metabolism 

of the birds; and we lack details from the migratory routes followed by the south polar skuas.  

In short, we did not find a clear evidence of significant background PFAS pollution at 

Svarthamaren or the Antarctic marine food web in Queen Maud’s Land represented by the 

samples of stomach content. While the results for the petrel chicks do not correspond to 

background pollution in the lower part of the food web, the BMF for the petrel adults indicate 
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otherwise. We do observe PFAS contamination in the Antarctic petrels, which suffice to 

explain the observed PFAS concentrations at the south polar skuas. 

4.4 Comparison of biomagnification between 

               d         ’       . 

 

The Adélie penguins seemed to have a cleaner profile than the petrels, we found fewer PFAS 

compounds and in lower concentrations. PFUnA was found in all of the penguin samples, in 

low concentrations compared to petrel adults, eggs, chicks and the skuas. PFUnA is an 

interesting compound for the purposes of the present study because it was found in all of the 

studied organisms, including the stomach content and the Adélie penguins. The fact that the 

penguins remain close to the ice edge year round (Ainley, 2002), together with an exclusively 

local diet indicate that PFUnA has crossed the Antarctic Circumpolar Current and the 

Antarctic Front, and biomagnify in the organisms living in the continent. We cannot, 

however, determine in this study if the source of PFUnA is long range transport, or local. We 

assume that, if the source was local for the research station, we would expect that the levels 

be higher, and that we would also detect traces of other PFAS in the penguins.  

By comparing the Adélie penguins to the petrels, as major (but not the only) prey to skuas in 

their respective colonies, we observed apparent differences in the hypothesised background 

PFAS contamination at Antarctica, because the penguins have a lower concentration than the 

petrels. Also, if we consider that the petrels might cross the ACC during the overwintering 

period and be exposed to PFAS, we cannot therefore say that there is a common PFAS 

background contamination for the Antarctic continent. Thus, we reject our second hypothesis. 

The study done at DDU by Muñoz et al. (2017) focused on many of the PFAS analysed in the 

present study, but for PFPS, PFNS, PFDcS and PFBA we had no information to make a 

proper comparison, so we can neither confirm nor deny the presence of these PFAS in the 

skuas from DDU. Therefore, we decided to include only the PFAS from these skuas that were 

common to the present study, and then compare these with the results obtained from the 

Adélie penguins. 

For the skuas at Dumont D’Urville we found the same PFAS than in Svarthamaren, together 

with br-PFOS. The detection of br-PFOS in the skua from Muñoz et al. (2017) is interesting, 
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because we did not find these compounds in the other samples, including the penguins. We 

could think that the skuas from DDU are then exposed to sources of br-PFOS, either in the 

other prey that they capture during the breeding season; or during the overwintering, because 

we know that the south polar skuas from DDU overwinter in more temperate regions along 

the Pacific Ocean, while the skuas from Svarthamaren overwinter in the Indian Ocean 

(Weimerskirch et al., 2015) where they might not be as exposed to br-PFOS.  

We should consider, as well, that the samples for both penguins and skuas were taken in the 

season 2011/2012, and therefore the concentrations in DDU could have changed for season 

2031/2014 or 2015/2016, maybe even increasing and becoming closer to those found in 

Svarthamaren. We assumed that the difference in the sampling seasons did not affect the 

results of the biomagnification study, because biomagnification factors are a measurement of 

the ratio pollutants are amplified along the food web, and should not be affected by 

differences in the absolute concentration from one season to another. 

If local food was the main source of PFAS contamination in skuas, we would have expected 

to find similar magnification factors in the skuas respective of both penguins and petrels, 

which was our third hypothesis. The PFOS BMF for skua relative to penguin is especially 

high compared to the PFOS BMF for skuas relative to petrels, but we have to remember that 

this BMF was calculated using the only available detection of PFOS in the penguins as the 

mean concentration for the species. Therefore, it is possible that this BMF value do not reflect 

the reality of PFOS in the food web at DDU.  

The remaining PFAS we were able to analyse in the food web at DDU seemed to biomagnify, 

although PFUnA was remarkably high. For PFNA, the BMF for skuas relative to penguins 

was closer to the BMF for skuas (season 2015/2016) relative to petrel chicks in Svarthamaren. 

For PFOS and PFUnA, the BMF for skua relative to penguin was higher than the BMF for 

skua (both seasons) relative to petrel chicks. For PFDcA and total PFAS, the BMF at DDU 

was close to the BMF for the skuas (season 2013/2014) relative to petrel chicks from 

Svarthamaren. 

The stable isotope signatures show that there are a definite population group (the penguins), 

and another population with more variability (the skuas), where some skua individuals 

overlap with the penguins along the δ15N range. This could be an indication of south polar 

skuas sharing some prey (and trophic position) with the penguins, as we know that the skuas 
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diet is varied in the coastal colonies and includes scavenging, krill and fish (Carravieri et al., 

2017; Furness, 2010; Olsen, 2010). It might be as well an explanation for the Adélie penguin 

located at the end of the δ13C axis; as penguins have variations in their diet according to the 

season (Tierney et al., 2008; Wienecke et al., 2000) this individual might be feeding on a 

different prey than the other penguins.  

After adjusting the BMF to represent one trophic level, the BMF-TP were almost double as 

much as the BMF. This is especially notorious with PFOS and PFUnA, so this difference 

indicates that the penguins are not the sole source of the PFAS concentrations found in the 

south polar skuas, and that we cannot discard the possible contamination of other prey items, 

or the uptake of PFAS during the overwintering outside Antarctica. Therefore, we cannot 

discard our third hypothesis. 

The TMF, which we predicted would be a clearer indication of biomagnification, seemed to 

be affected by the insufficient information about PFAS in the sampled individuals. For PFOS, 

PFNA and PFDcA there apparently is a biomagnification, but it was not significant. For 

PFUnA, on the other hand, the TMF is quite high and significant. We think that the difference 

between the TMF for PFUnA and the others is that we had more detections for PFUnA, and 

therefore more points to make a regression. Thus, our conclusion based upon the BMF and 

BMF-TP for the penguins and the south polar skuas at DDU becomes stronger for PFOS, 

PFNA and PFDcA. 

We should remember, though, that the calculation of the trophic position for the birds at the 

colony in DDU was done by using a baseline taken from a previous study (Cherel, 2008) and 

that the baseline for the colony at Svarthamaren was established as the stomach sample with 

the lowest nitrogen signature detected. Therefore, the comparison of trophic positions, and the 

subsequent comparison of biomagnification factors was done as a general approximation. In 

order to have a more precise calculation of the trophic levels, it is necessary to collect samples 

of the prey items of the penguins at DDU and the petrels at Svarthamaren to determine their 

isotopic signature. Another possible solution could be to determine the isotopic signature 

from the 15N present in aminoacids, as described by Nielsen, Popp & Winder (2015). This 

method allows to identify the trophic level of an animal more precisely by using the 15N in 

some aminoacids as markers of trophic position, and the 15N in other aminoacids as markers 

of the “source” that synthesized them; and is less sensible to confounding factors arising from 
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the determination of the isotopic content of the diet items, and the determination of the 

nitrogen baseline, among others (Nielsen, Popp & Winder, 2015) 

Midthaug (2017) compared the concentrations of several POPs, including some PFAS 

between the south polar skuas and the great skuas (Stercorarius skua) from three colonies in 

the north Atlantic: Iceland, Bjørnøya and Shetland based on the data from Leat et al. (2013) 

and Leat et al. (2011). Apparently, both species accumulate the same PFAS congeners, and 

PFOS seem to be the dominant compound in the relative profiles except the for the great 

skuas from Iceland, which had a lower proportion of this compound than the other skuas. For 

the skuas in Svarthamaren, season 2015/2016 PFOS was the most abundant contaminant 

detected. PFUnA has almost the same proportion in all the species and colonies, except for 

the great skuas at Shetland. Finally, PFTriA has a variable relevance in these birds, being the 

dominant PFAS in the great skuas at Iceland, while at the south polar skuas from 

Svarthamaren it is only the third most dominant, with a relative proportion under 20%. 

Midthaug (2017) proposed that the likeness of the PFAS patterns in both south polar skua and 

great skua could be because these birds are placed at similar trophic niches, but Leat et al. 

(2018) found that the skuas at Bjørnøya were bird-specialized predators, while those at 

Iceland were specialized fish predators and those at Shetland were more generalists. As the 

relative profile show the same PFAS congeners across these colonies and species, we believe 

that this is because of genus-related similarities in uptake and elimination mechanisms in 

these seabirds.  
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5 Conclusions 

 

The concentrations of the majority of the PFAS analysed in Antarctic wildlife in the present 

study were below the limit of detection, and therefore it was not possible to quantify and 

analyse biomagnification of all the analysed PFAS in the studied food webs.  

The PFAS levels in south polar skuas were higher in 2015/2016 than in 2013/2014. We have 

only two timepoints, not enough to see if there is a trend in the concentrations of PFAS 

detected in these seabirds. Although the samples for each season were analysed at different 

laboratories, we think that the difference in concentrations is greater than what we should 

expect from analytical differences. It is very possible that these concentrations continue to 

increase for some time before we notice stabilisation or decrease, following the recent 

inclusion of PFOS and its salts in the Stockholm convention.  

At Svarthamaren we found PFAS biomagnification from the Antarctic petrel chicks and eggs 

to the south polar skuas, although the only PFAS detected in all the matrixes was PFUnA. 

Therefore, we concluded that the detected contamination in these birds might be a product of 

Antarctic petrel exposure to PFAS during the overwintering periods near the Antarctic 

Circumpolar Current. Additionally, during the breeding period at Svarthamaren, the diet of 

the south polar skuas exposes them to PFAS that might have been transferred from the petrel 

mother to their eggs and chicks, and therefore these contaminants are biomagnified in the top 

trophic positions of this food web. The occasional scavenging of dead petrel adults, if it 

happens, does not seem to influence the bioaccumulation of PFAS in the south polar skuas.  

For PFNA the BMF and the BMF-TP apparently do not indicate biomagnification as most are 

below 1, despite the BMF calculated for the south polar skuas in the season 2015/2016. Our 

finding is contrary to literature reporting PFNA BMF and BMF-TP indicative of 

biomagnification along the food webs. On the other hand, the TMF is over 1, confirming that 

PFNA is biomagnified in the food web at Svarthamaren. 

The PFAS biomagnification at the skua breeding colony in Dumont D’Urville confirmed the 

presence of PFUnA in the Antarctic environment within the ACC, and that it is 

biomagnifying in the food web. The comparison between Svarthamaren and DDU also 
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revealed that the south polar skuas are polluted with the same PFAS congeners across 

Antarctica, with exception of br-PFOS. The differences in the PFAS profile between the two 

Antarctic colonies can be due to the difference in the diet, which is more variated in DDU 

than in Svarthamaren. Anyhow, the relative PFAS profile for the south polar skuas is like that 

of great skuas, which are separated geographically. This might be explained by the fact that 

these two species are closely related, and therefore their biotransformation mechanisms are 

similar. This is strengthened by their migration patterns, which do not overlap. 

We therefore conclude that there is PFAS contamination and biomagnification occurring in 

the top trophic positions in these two Antarctic food webs, although only PFUnA was above 

the level of detection in the lowest part of the web. The concentrations found in the Antarctic 

petrel chick and eggs seem to be sufficient to explain the levels detected on the south polar 

skuas at Svarthamaren with exception of PFOS, where the high BMF indicates significant 

additional exposure during overwintering. For the food web at Dumont D’Urville, we find 

that the concentrations in the Adélie penguins explain partially those of the local south polar 

skuas, and therefore it must be other causes, such as the difference in the prey availability at 

Antarctica or the winter migration the causes of this variation.    
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6 Further directions 

 

During the development of the present work we found several challenges that could have 

influenced the results presented in this study, and thus give an incomplete picture of the PFAS 

contamination in the top tiers of our two breeding colonies.  

The assessment of biomagnification could be affected by the comparison of samples collected 

at different seasons, because the diets can change from one season to the other and therefore 

the dietary samples collected in one year might not reflect the true diet of a predator sampled 

on another season. Therefore, it would be advisable to collect enough samples of south polar 

skuas and known prey items at the same year, to control for differences in the concentration 

that could be explained by temporal trends and overwintering areas. Other information, like 

biometric measurements, should be collected as well to control for differences due to body 

condition. 

It is necessary to collect samples of the lower tiers of the Antarctic food web, invertebrates 

and fish, to investigate PFAS contamination in these organisms and thus the exposure source 

to petrels. If possible, also other skua breeding sites should be investigated, for example 

colonies at the Ross Sea and the Antarctic Peninsula. Samples from the feeding grounds for 

different bird colonies should be taken, because we cannot discard the possibility of local 

sources releasing enough PFAS in the Antarctic environment to cause differences in the 

background of a colony compared to another.  

Finally, migratory movements and overwintering areas for the south polar skuas and the 

Antarctic petrels can become a confounding factor, as we know only the general areas where 

the birds spend the winter, but we do not have more detailed information about the diet or the 

PFAS exposure of the south polar skuas. Research oriented to answer these questions, for 

example the analysis of PFAS in the feathers of the birds, can therefore contribute to the 

knowledge of the species, and to establish the influence of the overwintering period in the 

bioaccumulation of PFAS in the skua population.  
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Appendices 

Appendix A. Limit of detection (LOD) 

Table A1. LODs calculated for all PFAS analysed at NILU, applied to all the data included in 

the present study. 

Analyte LOD pg/g 

PFOSA 50 

PFBS 50 

PFPS 50 

PFHxS 35 

PFHpS 35 

br-PFOS 100 

PFOS 100 

PFNS 100 

PFDcS 100 

PFBA 100 

PFPA 100 

PFHxA 100 

PFHpA 50 

PFOA 40 
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Table A1 continued. LODs calculated for all PFAS analysed at NILU, applied to all the data 

included in the present study. 

PFNA 40 

PFDcA 50 

PFUnA 50 

PFDoA 40 

PFTriA 100 

PFTeA 50 

6:2 FTS 100 

8:2 FTS 50 
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Appendix B. Individual PFAS concentrations for the samples from 

Svarthamaren 

Table B1. Individual characteristics and concentrations (pg/g ww) of four PFAS quantified 

over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *. NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

4182637 Stomach 

content  

1516 TOR <LOD <LOD <LOD <LOD 

4214720 Stomach 

content  

1516 TOR <LOD <LOD <LOD <LOD 

4214727 Stomach 

content  

1516 TOR <LOD <LOD <LOD <LOD 

POLL018 Stomach 

content  

1516 TOR <LOD <LOD <LOD <LOD 

POLL019 Stomach 

content  

1516 TOR <LOD <LOD <LOD <LOD 

POLL020 Stomach 

content  

1516 TOR <LOD <LOD <LOD <LOD 

Egg_901 Petrel Egg 1314 TOR <LOD 1146.7 67.1 134.9 

Egg_902 Petrel Egg 1314 TOR <LOD 1363.5 116.7 247.4 

Egg_903 Petrel Egg 1314 TOR <LOD 1074.1 53.1 221.0 

Egg_904 Petrel Egg 1314 TOR <LOD 1690.1 99.4 221.7 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *. NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

Egg_905 Petrel Egg 1314 TOR <LOD 1122.2 49.8 173.4 

Egg_906 Petrel Egg 1314 TOR <LOD 1330.6 74.3 200.2 

Egg_907 Petrel Egg 1314 TOR <LOD 2333.6 100.8 235.7 

Egg_908 Petrel Egg 1314 TOR <LOD 2029.2 76.6 250.4 

Egg_909 Petrel Egg 1314 TOR <LOD 1524.5 82.3 211.5 

Egg_910 Petrel Egg 1314 TOR <LOD 1466.6 103.2 219.3 

Egg_911 Petrel Egg 1314 TOR <LOD 1198.6 90.6 221.1 

Egg_912 Petrel Egg 1314 TOR <LOD 636.6 121.0 187.1 

Egg_913 Petrel Egg 1314 TOR <LOD 1620.0 91.2 288.2 

Egg_914 Petrel Egg 1314 TOR <LOD 1182.5 100.4 211.3 

Egg_915 Petrel Egg 1314 TOR <LOD 1688.6 111.7 232.2 

Egg_916 Petrel Egg 1314 TOR <LOD 1161.8 41.4 159.8 

Egg_917 Petrel Egg 1314 TOR <LOD 1417.7 62.3 175.5 

Egg_918 Petrel Egg 1314 TOR <LOD 1220.7 128.0 231.7 

Egg_919 Petrel Egg 1314 TOR <LOD 1076.9 82.6 201.8 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *. NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

Egg_920 Petrel Egg 1314 TOR <LOD 2477.1 90.8 276.1 

ANPE_chick_241 Petrel 

Chick 

1314 TOR <LOD 1584.9 346.9 222.7 

ANPE_chick_244 Petrel 

Chick 

1314 TOR <LOD 1915.8 302.2 286.3 

ANPE_chick_245 Petrel 

Chick 

1314 TOR <LOD 747.9 124.7 214.5 

ANPE_chick_249 Petrel 

Chick 

1314 TOR <LOD 2788.2 21 319.5 

ANPE_chick_250 Petrel 

Chick 

1314 TOR <LOD 1218.2 209.7 253.3 

ANPE_chick_254 Petrel 

Chick 

1314 TOR <LOD 1732.5 238.8 236.6 

ANPE_chick_260 Petrel 

Chick 

1314 TOR <LOD 1920.3 293.5 363.3 

ANPE_chick_264 Petrel 

Chick 

1314 TOR <LOD 1349.6 183.7 221.8 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *. NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

ANPE_chick_265 Petrel 

Chick 

1314 TOR <LOD 1671.9 473.3 499.6 

ANPE_chick_266 Petrel 

Chick 

1314 TOR <LOD 1000.7 285.0 340.0 

ANPE_POLL_003 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD <LOD 

ANPE_POLL_004 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD <LOD 

ANPE_POLL_006 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD 109.2 

ANPE_POLL_007 Petrel 

Adult 

1516 TOR <LOD 584.0 151.7 121.7 

ANPE_POLL_009 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD 109.9 

ANPE_POLL_010 Petrel 

Adult 

1516 TOR <LOD <LOD 440.1 <LOD 

ANPE_POLL_011 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD <LOD 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *.  NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

ANPE_POLL_013 Petrel 

Adult 

1516 TOR <LOD <LOD 147.4 <LOD 

ANPE_POLL_018 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD <LOD 

ANPE_POLL_019 Petrel 

Adult 

1516 TOR <LOD 422.1 197.0 352.7 

ANPE_POLL_020 Petrel 

Adult 

1516 TOR <LOD <LOD <LOD 104.6 

52/15 1314 Skua Adult 1314 TOR NA 3368 106 415 

53/15 1314 Skua Adult 1314 TOR NA 5286 216 652 

55/15 1314 Skua Adult 1314 TOR NA 4290 167 584 

56/15 1314 Skua Adult 1314 TOR NA 7356 287 942 

57/15 1314 Skua Adult 1314 TOR NA 6430 242 786 

58/15 1314 Skua Adult 1314 TOR NA 4333 178 525 

60/15 1314 Skua Adult 1314 TOR NA 4991 176 602 

62/15 1314* Skua Adult 1314 TOR NA 3871 163 557 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *.  NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

63/15 1314 Skua Adult 1314 TOR NA 4398 208 612 

65/15 1314 Skua Adult 1314 TOR NA 6065 269 874 

67/15 1314 Skua Adult 1314 TOR NA 4961 190 626 

69/15 1314 Skua Adult 1314 TOR NA 7048 262 864 

71/15 1314 Skua Adult 1314 TOR NA 5308 223 679 

75/15 1314 Skua Adult 1314 TOR NA 6090 228 727 

76/15 1314 Skua Adult 1314 TOR NA 8619 298 1063 

77/15 1314 Skua Adult 1314 TOR NA 6303 217 713 

78/15 1314 Skua Adult 1314 TOR NA 4036 168 606 

51/15 1314 Skua Adult 1314 TOR NA 2696 95 371 

54/15 1314 Skua Adult 1314 TOR NA 3898 161 540 

59/15 1314 Skua Adult 1314 TOR NA 4431 193 634 

61/15 1314 Skua Adult 1314 TOR NA 3993 169 543 

64/15 1314 Skua Adult 1314 TOR NA 5356 201 602 

66/15 1314 Skua Adult 1314 TOR NA 4922 201 648 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *.  NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

68/15 1314 Skua Adult 1314 TOR NA 4617 176 607 

70/15 1314 Skua Adult 1314 TOR NA 6325 202 735 

72/15 1314 Skua Adult 1314 TOR NA 4295 179 539 

73/15 1314 Skua Adult 1314 TOR NA 4004 164 548 

74/15 1314 Skua Adult 1314 TOR NA 6299 218 699 

79/15 1314 Skua Adult 1314 TOR NA 3781 138 554 

80/15 1314** Skua Adult 1314 TOR NA 5163 181 778 

NE 3051056 Skua Adult 1516 TOR <LOD 18797 412 1364 

NE3051106 Skua Adult 1516 TOR <LOD 20274 487 1471 

NE 3036558 Skua Adult 1516 TOR <LOD 15289 414 1218 

NE394661 Skua Adult 1516 TOR <LOD 15514 368 1148 

NE376218** Skua Adult 1516 TOR <LOD 14894 349 1103 

NE3051051 Skua Adult 1516 TOR <LOD 13480 425 951 

NE3051114 Skua Adult 1516 TOR <LOD 10680 39 821 

NE 3051067 Skua Adult 1516 TOR <LOD 13008 329 1156 
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Table B1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s Land, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar skua 

recaptures are indicated with *.  NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

NE 3036563* Skua Adult 1516 TOR <LOD 14079 377 1115 

NE 3051369 Skua Adult 1516 TOR <LOD 14996 395 1094 

NE 376238 Skua Adult 1516 TOR <LOD 17554 458 1522 

NE 3051075 Skua Adult 1516 TOR <LOD 12852 369 947 

NE 376245 Skua Adult 1516 TOR <LOD 20547 499 1480 

NE 376242 Skua Adult 1516 TOR <LOD 14013 364 1010 

NE 3051100 Skua Adult 1516 TOR <LOD 16918 330 1202 

NE 3051073 Skua Adult 1516 TOR <LOD 12643 351 1161 

 NE 3051112 Skua Adult 1516 TOR <LOD 16922 369 1115 
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Table B2. Individual characteristics and concentrations (pg/g ww) of the remaining four 

PFAS quantified over LOD in ≥70% of the samples collected at Svarthamaren, Queen Maud’s 

Land, Antarctica. Inputs replacing values under LOD are highlighted in bold. The south polar 

skua recaptures are indicated with *.  NA: Not Analysed. <LOD: Under Level of Detection. 

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

4182637 Stomach 

content  

1516 TOR 37.2 <LOD <LOD <LOD 

4214720 Stomach 

content  

1516 TOR 51.3 <LOD <LOD <LOD 

4214727 Stomach 

content  

1516 TOR 22.5 <LOD <LOD <LOD 

POLL018 Stomach 

content  

1516 TOR 20.4 <LOD <LOD <LOD 

POLL019 Stomach 

content  

1516 TOR 59.5 <LOD <LOD <LOD 

POLL020 Stomach 

content  

1516 TOR 28.2 <LOD <LOD <LOD 

Egg_901 Petrel Egg 1314 TOR 575.5 259.8 442.7 113.3 

Egg_902 Petrel Egg 1314 TOR 1079.9 308.6 540.9 199.4 

Egg_903 Petrel Egg 1314 TOR 1001.2 458.3 744.8 187.5 

Egg_904 Petrel Egg 1314 TOR 1220.8 473.9 741.5 233.8 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.    

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

Egg_905 Petrel Egg 1314 TOR 866.5 281.5 538.6 191.0 

Egg_906 Petrel Egg 1314 TOR 1142.3 423.4 775.2 239.2 

Egg_907 Petrel Egg 1314 TOR 988.2 301.3 831.7 160.0 

Egg_908 Petrel Egg 1314 TOR 1129.5 392.5 1106.9 325.9 

Egg_909 Petrel Egg 1314 TOR 1248.3 441.8 944.3 269.5 

Egg_910 Petrel Egg 1314 TOR 1058.7 434.7 1029.9 209.1 

Egg_911 Petrel Egg 1314 TOR 964.4 419.1 678.2 190.7 

Egg_912 Petrel Egg 1314 TOR 1091.3 300.0 931.0 152.0 

Egg_913 Petrel Egg 1314 TOR 1388.8 353.1 720.4 232.5 

Egg_914 Petrel Egg 1314 TOR 1178.5 448.5 869.7 162.3 

Egg_915 Petrel Egg 1314 TOR 1275.6 434.6 815.4 214.6 

Egg_916 Petrel Egg 1314 TOR 839.2 247.4 518.1 159.6 

Egg_917 Petrel Egg 1314 TOR 1094.6 244.1 754.2 201.7 

Egg_918 Petrel Egg 1314 TOR 838.4 349.8 720.5 138.7 

 



99 

 

Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

Egg_919 Petrel Egg 1314 TOR 1026.1 258.7 672.5 172.7 

Egg_920 Petrel Egg 1314 TOR 1553.0 473.5 1092.5 245.8 

ANPE_chick_241 Petrel 

Chick 

1314 TOR 674.8 42.7 300.2 <LOD 

ANPE_chick_244 Petrel 

Chick 

1314 TOR 1265.9 281.9 511.6 179.4 

ANPE_chick_245 Petrel 

Chick 

1314 TOR 733.0 93.0 320.9 <LOD 

ANPE_chick_249 Petrel 

Chick 

1314 TOR 1921.6 285.6 954.2 <LOD 

ANPE_chick_250 Petrel 

Chick 

1314 TOR 896.3 254.9 539.4 119.4 

ANPE_chick_254 Petrel 

Chick 

1314 TOR 839.4 38 417.9 <LOD 

ANPE_chick_260 Petrel 

Chick 

1314 TOR 1007.5 62.2 540.2 235.8 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

ANPE_chick_264 Petrel 

Chick 

1314 TOR 1098.7 109.8 422.9 117.5 

ANPE_chick_265 Petrel 

Chick 

1314 TOR 1866.8 327.8 678.1 183.3 

ANPE_chick_266 Petrel 

Chick 

1314 TOR 1654.2 161.0 347.6 259.3 

ANPE_POLL_003 Petrel 

Adult 

1516 TOR 241.0 <LOD <LOD <LOD 

ANPE_POLL_004 Petrel 

Adult 

1516 TOR 192.5 <LOD <LOD <LOD 

ANPE_POLL_006 Petrel 

Adult 

1516 TOR 292.5 <LOD <LOD <LOD 

ANPE_POLL_007 Petrel 

Adult 

1516 TOR 344.5 <LOD 225.5 <LOD 

ANPE_POLL_009 Petrel 

Adult 

1516 TOR 347.9 <LOD <LOD <LOD 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

ANPE_POLL_010 Petrel 

Adult 

1516 TOR 408.6 <LOD <LOD <LOD 

ANPE_POLL_011 Petrel 

Adult 

1516 TOR 32 <LOD <LOD <LOD 

ANPE_POLL_013 Petrel 

Adult 

1516 TOR 283.9 <LOD <LOD <LOD 

ANPE_POLL_018 Petrel 

Adult 

1516 TOR 439.4 <LOD <LOD <LOD 

ANPE_POLL_019 Petrel 

Adult 

1516 TOR 1089.5 95.0 179.0 <LOD 

ANPE_POLL_020 Petrel 

Adult 

1516 TOR 324.0 <LOD 103.2 <LOD 

52/15 1314 Skua Adult 1314 TOR 1940 539 929 NA 

53/15 1314 Skua Adult 1314 TOR 2855 768 1776 NA 

55/15 1314 Skua Adult 1314 TOR 2405 661 1693 NA 

56/15 1314 Skua Adult 1314 TOR 3630 878 2000 NA 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

57/15 1314 Skua Adult 1314 TOR 3164 758 1700 NA 

58/15 1314 Skua Adult 1314 TOR 2214 602 1599 NA 

60/15 1314 Skua Adult 1314 TOR 2520 706 2239 NA 

62/15 1314* Skua Adult 1314 TOR 2296 619 1879 NA 

63/15 1314 Skua Adult 1314 TOR 2370 611 1750 NA 

65/15 1314 Skua Adult 1314 TOR 3461 882 2745 NA 

67/15 1314 Skua Adult 1314 TOR 2433 646 1907 NA 

69/15 1314 Skua Adult 1314 TOR 3413 872 2508 NA 

71/15 1314 Skua Adult 1314 TOR 2582 640 1722 NA 

75/15 1314 Skua Adult 1314 TOR 3082 799 2033 NA 

76/15 1314 Skua Adult 1314 TOR 4230 1059 2516 NA 

77/15 1314 Skua Adult 1314 TOR 3044 785 1527 NA 

78/15 1314 Skua Adult 1314 TOR 2423 687 1718 NA 

51/15 1314 Skua Adult 1314 TOR 1620 433 903 NA 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

54/15 1314 Skua Adult 1314 TOR 2125 548 1299 NA 

59/15 1314 Skua Adult 1314 TOR 2485 634 1536 NA 

61/15 1314 Skua Adult 1314 TOR 2195 573 1809 NA 

64/15 1314 Skua Adult 1314 TOR 2364 631 1626 NA 

66/15 1314 Skua Adult 1314 TOR 2643 695 1855 NA 

68/15 1314 Skua Adult 1314 TOR 2267 560 1538 NA 

70/15 1314 Skua Adult 1314 TOR 2849 714 1967 NA 

72/15 1314 Skua Adult 1314 TOR 2199 567 1212 NA 

73/15 1314 Skua Adult 1314 TOR 2338 640 1553 NA 

74/15 1314 Skua Adult 1314 TOR 2875 721 1867 NA 

79/15 1314 Skua Adult 1314 TOR 2384 625 1284 NA 

80/15 1314** Skua Adult 1314 TOR 3632 1009 2647 NA 

NE 3051056 Skua Adult 1516 TOR 6696 2375 3476 <LOD 

NE3051106 Skua Adult 1516 TOR 6637 2125 3323 560 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

NE 3036558 Skua Adult 1516 TOR 5154 1490 2345 <LOD 

NE394661 Skua Adult 1516 TOR 5979 1675 2251 <LOD 

NE376218** Skua Adult 1516 TOR 5987 1641 2325 <LOD 

NE3051051 Skua Adult 1516 TOR 5126 1028 1219 <LOD 

NE3051114 Skua Adult 1516 TOR 4321 1505 1387 <LOD 

NE 3051067 Skua Adult 1516 TOR 5895 1419 1538 <LOD 

NE 3036563* Skua Adult 1516 TOR 5875 1675 2058 <LOD 

NE 3051369 Skua Adult 1516 TOR 4729 1676 1274 <LOD 

NE 376238 Skua Adult 1516 TOR 7021 2128 2736 <LOD 

NE 3051075 Skua Adult 1516 TOR 4964 1278 1388 <LOD 

NE 376245 Skua Adult 1516 TOR 5732 2054 2080 714 

NE 376242 Skua Adult 1516 TOR 5121 1611 1697 <LOD 

NE 3051100 Skua Adult 1516 TOR 4933 1508 1233 <LOD 
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Table B2 continued. Individual characteristics and concentrations (pg/g ww) of the 

remaining four PFAS quantified over LOD in ≥70% of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. Inputs replacing values under LOD are 

highlighted in bold. The south polar skua recaptures are indicated with *.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

NE 3051073 Skua Adult 1516 TOR 5288 1662 1655 561 

 NE 3051112 Skua Adult 1516 TOR 5042 1671 1636 <LOD 

 

 

Appendix C. Individual PFAS concentrations for the samples from Dumont 

 ’        

Table C1. Individual characteristics and concentrations (pg/g ww) of four PFAS quantified 

over LOD in ≥70% of the samples collected at Dumont D’Urville, Terre Adélie, Antarctica. 

Inputs replacing values under LOD are highlighted in bold.  NA: Not Analysed. <LOD: 

Under Level of Detection.   

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

ADPI_APP_001 Adélie 

Chick 

1112 DDU <LOD <LOD 144.0 <LOD 

ADPI_APP_002 Adélie 

Chick 

1112 DDU <LOD <LOD 131.7 102.5 
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Table C1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Dumont D’Urville, Terre Adélie, 

Antarctica. Inputs replacing values under LOD are highlighted in bold.  NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

ADPI_APP_003 Adélie 

Chick 

1112 DDU <LOD <LOD <LOD <LOD 

ADPI_APP_004 Adélie 

Chick 

1112 DDU <LOD <LOD 174,2 139,2 

ADPI_APP_005 Adélie 

Chick 

1112 DDU <LOD <LOD <LOD <LOD 

ADPI_APP_006 Adélie 

Chick 

1112 DDU <LOD <LOD <LOD <LOD 

ADPI_APP_007 Adélie 

Chick 

1112 DDU <LOD 466.2 <LOD <LOD 

ADPI_APP_008 Adélie 

Chick 

1112 DDU <LOD <LOD <LOD <LOD 

ADPI_APP_009 Adélie 

Chick 

1112 DDU <LOD <LOD <LOD 113,7 

ADPI_APP_010 Adélie 

Chick 

1112 DDU <LOD <LOD <LOD <LOD 

Skua_DDU_1 Skua Adult 2013 DDU 2100 8500 200 170 
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Table C1 continued. Individual characteristics and concentrations (pg/g ww) of four PFAS 

quantified over LOD in ≥70% of the samples collected at Dumont D’Urville, Terre Adélie, 

Antarctica. Inputs replacing values under LOD are highlighted in bold. NA: Not Analysed. 

<LOD: Under Level of Detection.   

ID Species Year Location br-PFOS PFOS PFNA PFDcA 

LOD 
   

100 100 40 50 

Skua_DDU_2 Skua Adult 2013 DDU 2400 9800 190 LOD 

Skua_DDU_3 Skua Adult 2013 DDU 830 4300 110 370 

Skua_DDU_4 Skua Adult 2013 DDU 2600 7700 250 LOD 

Skua_DDU_5 Skua Adult 2013 DDU 470 1900 LOD LOD 

Skua_DDU_6 Skua Adult 2013 DDU 180 1300 LOD LOD 

Skua_DDU_7 Skua Adult 2013 DDU 290 2300 LOD LOD 
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Table C2. Individual characteristics and concentrations (pg/g ww) of the four remaining 

PFAS quantified over LOD in ≥70% of the samples collected at Dumont D’Urville, Terre 

Adélie, Antarctica. Inputs replacing values under LOD are highlighted in bold. NA: Not 

Analysed. <LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

ADPI_APP_001 Adélie 

Chick 

1112 DDU 370.9 <LOD <LOD <LOD 

ADPI_APP_002 Adélie 

Chick 

1112 DDU 321.8 <LOD <LOD <LOD 

ADPI_APP_003 Adélie 

Chick 

1112 DDU 672.5 <LOD <LOD <LOD 

ADPI_APP_004 Adélie 

Chick 

1112 DDU 355.3 <LOD <LOD <LOD 

ADPI_APP_005 Adélie 

Chick 

1112 DDU 240.8 <LOD <LOD <LOD 

ADPI_APP_006 Adélie 

Chick 

1112 DDU 337.9 <LOD <LOD <LOD 

ADPI_APP_007 Adélie 

Chick 

1112 DDU 287.7 <LOD <LOD <LOD 

ADPI_APP_008 Adélie 

Chick 

1112 DDU 176.6 <LOD <LOD <LOD 

ADPI_APP_009 Adélie 

Chick 

1112 DDU 231.6 <LOD <LOD <LOD 
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Table C2 continued. Individual characteristics and concentrations (pg/g ww) of the four 

remaining PFAS quantified over LOD in ≥70% of the samples collected at Dumont D’Urville, 

Terre Adélie, Antarctica. Inputs replacing values under LOD are highlighted in bold. NA: Not 

Analysed. <LOD: Under Level of Detection.   

ID Species Year Location PFUnA PFDoA PFTriA PFTeA 

LOD 
   

50 40 100 50 

ADPI_APP_010 Adélie 

Chick 

1112 DDU 175.1 <LOD <LOD <LOD 

Skua_DDU_1 Skua Adult 2013 DDU 3700 820 1400 150 

Skua_DDU_2 Skua Adult 2013 DDU 4000 850 1500 230 

Skua_DDU_3 Skua Adult 2013 DDU 2000 560 1300 250 

Skua_DDU_4 Skua Adult 2013 DDU 3500 1000 1900 240 

Skua_DDU_5 Skua Adult 2013 DDU 960 260 530 36 

Skua_DDU_6 Skua Adult 2013 DDU 840 190 450 800 

Skua_DDU_7 Skua Adult 2013 DDU 1100 270 530 28 
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Appendix D. Individual stable isotope signatures at Svarthamaren 

Table D1. Individual characteristics and stable isotope signature of the samples collected at 

Svarthamaren, Queen Maud’s Land, Antarctica. The south polar skua recaptures are indicated 

with *.  NA: Not Available.  

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

4182637 Stomach 

content  

1516 TOR -29.98 5.57 41.65 6.83 6.10 

4214720 Stomach 

content  

1516 TOR -28.63 9.74 51.37 8.11 6.33 

4214727 Stomach 

content  

1516 TOR -31.04 5.71 41.58 5.94 7.01 

POLL018 Stomach 

content  

1516 TOR -30.40 5.10 37.61 5.81 6.48 

POLL019 Stomach 

content  

1516 TOR -29.63 10.30 45.18 5.69 7.94 

POLL020 Stomach 

content  

1516 TOR -30.95 6.76 42.05 5.70 7.37 

Egg_901 Petrel Egg 1314 TOR -25.00 10.12 38.02 9.23 4.12 

Egg_902 Petrel Egg 1314 TOR -25.31 9.60 34.28 8.98 3.82 

Egg_903 Petrel Egg 1314 TOR -25.25 9.82 41.54 11.25 3.69 

Egg_904 Petrel Egg 1314 TOR -25.08 9.68 30.36 8.01 3.79 

Egg_905 Petrel Egg 1314 TOR -25.51 10.39 33.67 9.03 3.73 

Egg_906 Petrel Egg 1314 TOR -25.95 10.04 42.17 10.54 4.00 
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Table D1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Svarthamaren, Queen Maud’s Land, Antarctica. The south polar skua recaptures 

are indicated with *.  NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

Egg_907 Petrel Egg 1314 TOR -26.07 10.27 43.05 10.10 4.26 

Egg_908 Petrel Egg 1314 TOR -25.75 9.07 26.91 6.83 3.94 

Egg_909 Petrel Egg 1314 TOR -25.43 10.35 42.01 11.40 3.68 

Egg_910 Petrel Egg 1314 TOR -25.31 9.99 38.90 10.40 3.74 

Egg_911 Petrel Egg 1314 TOR -25.80 10.11 46.22 10.96 4.22 

Egg_912 Petrel Egg 1314 TOR -25.83 7.42 27.32 7.32 3.73 

Egg_913 Petrel Egg 1314 TOR -25.59 10.02 41.08 10.42 3.94 

Egg_914 Petrel Egg 1314 TOR -26.35 9.35 43.12 9.81 4.39 

Egg_915 Petrel Egg 1314 TOR -26.36 9.92 47.49 10.99 4.32 

Egg_916 Petrel Egg 1314 TOR -26.79 9.44 51.27 9.92 5.17 

Egg_917 Petrel Egg 1314 TOR -25.87 8.50 44.94 11.25 4.00 

Egg_918 Petrel Egg 1314 TOR -25.82 9.86 44.52 11.35 3.92 

Egg_919 Petrel Egg 1314 TOR -26.56 8.55 48.63 11.24 4.33 

Egg_920 Petrel Egg 1314 TOR -25.23 9.72 44.53 11.75 3.79 

ANPE_chick_241 Petrel 

Chick 

1314 TOR -27.5 7.66 50.42 14.77 3.41 
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Table D1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Svarthamaren, Queen Maud’s Land, Antarctica. The south polar skua recaptures 

are indicated with *.  NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

ANPE_chick_244 Petrel 

Chick 

1314 TOR -26.88 8.44 48.63 15.18 3.2 

ANPE_chick_245 Petrel 

Chick 

1314 TOR -27.27 7.57 49.38 15.33 3.22 

ANPE_chick_249 Petrel 

Chick 

1314 TOR -26.73 8.32 47.15 14.63 3.22 

ANPE_chick_250 Petrel 

Chick 

1314 TOR -27.04 8.07 48.74 15.25 3.2 

ANPE_chick_254 Petrel 

Chick 

1314 TOR -26.49 8.06 48.18 15.02 3.21 

ANPE_chick_260 Petrel 

Chick 

1314 TOR -26.97 7.92 49.5 15.55 3.18 

ANPE_chick_264 Petrel 

Chick 

1314 TOR -26.93 8.21 49.24 15.42 3.19 

ANPE_chick_265 Petrel 

Chick 

1314 TOR -26.71 8.48 47.21 14.65 3.22 

ANPE_chick_266 Petrel 

Chick 

1314 TOR -26.42 8.46 47.46 14.73 3.22 

ANPE_POLL_003 Petrel 

Adult 

1516 TOR -26.05 9.87 40.75 12.06 3.38 
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Table D1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Svarthamaren, Queen Maud’s Land, Antarctica. The south polar skua recaptures 

are indicated with *.  NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

ANPE_POLL_004 Petrel 

Adult 

1516 TOR -26.83 9.91 42.42 11.43 3.71 

ANPE_POLL_006 Petrel 

Adult 

1516 TOR -26.69 9.65 41.54 11.86 3.50 

ANPE_POLL_007 Petrel 

Adult 

1516 TOR -26.46 9.11 43.58 12.38 3.52 

ANPE_POLL_009 Petrel 

Adult 

1516 TOR -25.72 10.32 37.97 11.43 3.32 

ANPE_POLL_010 Petrel 

Adult 

1516 TOR -26.47 9.41 39.61 12.04 3.29 

ANPE_POLL_011 Petrel 

Adult 

1516 TOR -26.48 10.06 43.13 11.83 3.64 

ANPE_POLL_013 Petrel 

Adult 

1516 TOR -26.39 9.42 40.30 12.03 3.35 

ANPE_POLL_018 Petrel 

Adult 

1516 TOR -26.81 9.45 42.11 10.74 3.92 

ANPE_POLL_019 Petrel 

Adult 

1516 TOR -26.09 10.10 42.85 12.34 3.47 

ANPE_POLL_020 Petrel 

Adult 

1516 TOR -26.28 9.26 41.01 11.92 3.44 
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Table D1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Svarthamaren. Queen Maud’s Land. Antarctica. The south polar skua recaptures 

are indicated with *.  NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

52/15 1314 Skua Adult 1314 TOR -25.29 12.00 NA NA NA 

53/15 1314 Skua Adult 1314 TOR -24.19 11.90 NA NA NA 

55/15 1314 Skua Adult 1314 TOR -24.13 11.78 NA NA NA 

56/15 1314 Skua Adult 1314 TOR -24.31 12.04 NA NA NA 

57/15 1314 Skua Adult 1314 TOR -23.83 11.71 NA NA NA 

58/15 1314 Skua Adult 1314 TOR -24.23 11.98 NA NA NA 

60/15 1314 Skua Adult 1314 TOR -24.11 11.96 NA NA NA 

62/15 1314* Skua Adult 1314 TOR -24.04 11.84 NA NA NA 

63/15 1314 Skua Adult 1314 TOR -24.32 11.93 NA NA NA 

65/15 1314 Skua Adult 1314 TOR -24.32 12.31 NA NA NA 

67/15 1314 Skua Adult 1314 TOR -24.37 11.89 NA NA NA 

69/15 1314 Skua Adult 1314 TOR -24.27 12.02 NA NA NA 

71/15 1314 Skua Adult 1314 TOR -24.34 11.97 NA NA NA 

75/15 1314 Skua Adult 1314 TOR -24.22 12.31 NA NA NA 

76/15 1314 Skua Adult 1314 TOR -24.47 11.88 NA NA NA 

77/15 1314 Skua Adult 1314 TOR -24.27 12.04 NA NA NA 
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Table D1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Svarthamaren. Queen Maud’s Land. Antarctica. The south polar skua recaptures 

are indicated with *.  NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

78/15 1314 Skua Adult 1314 TOR -24.61 11.74 NA NA NA 

51/15 1314 Skua Adult 1314 TOR -24.21 12.34 NA NA NA 

54/15 1314 Skua Adult 1314 TOR -24.07 11.69 NA NA NA 

59/15 1314 Skua Adult 1314 TOR -24.23 11.83 NA NA NA 

61/15 1314 Skua Adult 1314 TOR -24.35 11.99 NA NA NA 

64/15 1314 Skua Adult 1314 TOR -24.42 11.84 NA NA NA 

66/15 1314 Skua Adult 1314 TOR -24.33 11.90 NA NA NA 

68/15 1314 Skua Adult 1314 TOR -24.33 11.94 NA NA NA 

70/15 1314 Skua Adult 1314 TOR -24.25 12.21 NA NA NA 

72/15 1314 Skua Adult 1314 TOR -24.38 11.86 NA NA NA 

73/15 1314 Skua Adult 1314 TOR -24.33 12.40 NA NA NA 

74/15 1314 Skua Adult 1314 TOR -24.14 12.86 NA NA NA 

79/15 1314 Skua Adult 1314 TOR -24.44 11.60 NA NA NA 

80/15 1314** Skua Adult 1314 TOR -24.45 11.71 NA NA NA 

NE 3051056 Skua Adult 1516 TOR -24.64 12.02 37.23 11.26 3.31 

NE3051106 Skua Adult 1516 TOR -24.40 12.25 39.00 11.90 3.28 
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Table D1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Svarthamaren. Queen Maud’s Land. Antarctica. The south polar skua recaptures 

are indicated with *.  NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

NE 3036558 Skua Adult 1516 TOR -24.59 12.04 39.66 12.09 3.28 

NE394661 Skua Adult 1516 TOR -25.11 11.93 48.00 13.68 3.51 

NE376218** Skua Adult 1516 TOR -24.70 11.84 45.48 13.43 3.39 

NE3051051 Skua Adult 1516 TOR -25.08 12.13 41.34 11.52 3.59 

NE3051114 Skua Adult 1516 TOR -25.20 11.71 45.20 12.57 3.60 

NE 3051067 Skua Adult 1516 TOR -24.89 12.22 41.86 11.77 3.56 

NE 3036563* Skua Adult 1516 TOR -24.76 12.26 40.10 11.64 3.45 

NE 3051369 Skua Adult 1516 TOR -25.21 12.14 43.02 11.52 3.74 

NE 376238 Skua Adult 1516 TOR -24.92 12.32 44.29 12.79 3.46 

NE 3051075 Skua Adult 1516 TOR -24.81 12.00 42.67 12.24 3.49 

NE 376245 Skua Adult 1516 TOR -24.70 12.12 39.52 11.42 3.46 

NE 376242 Skua Adult 1516 TOR -24.82 12.34 43.72 12.32 3.55 

NE 3051100 Skua Adult 1516 TOR -25.40 12.21 44.48 11.92 3.73 

NE 3051073 Skua Adult 1516 TOR NA NA NA NA NA 

 NE 3051112 Skua Adult 1516 TOR NA NA NA NA NA 
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Appendix E. Individual stable isotope signatures at Svarthamaren 

Table E1. Individual characteristics and stable isotope signature of the samples collected at 

Dumont D’Urville. Terre Adélie. Antarctica. NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

ADPI_APP_001 Adélie 

Chick 

1112 DDU -24.55 10.91 51.46 16.21 3.17 

ADPI_APP_002 Adélie 

Chick 

1112 DDU -24.62 11.02 50.33 15.77 3.19 

ADPI_APP_003 Adélie 

Chick 

1112 DDU -24.6 11.29 51.57 16.3 3.16 

ADPI_APP_004 Adélie 

Chick 

1112 DDU -24.45 10.73 50.2 15.77 3.18 

ADPI_APP_005 Adélie 

Chick 

1112 DDU -24.52 10.91 51 16.07 3.17 

ADPI_APP_006 Adélie 

Chick 

1112 DDU -24.6 10.87 51.02 16.04 3.18 

ADPI_APP_007 Adélie 

Chick 

1112 DDU -24.67 10.93 50.3 15.73 3.2 

ADPI_APP_008 Adélie 

Chick 

1112 DDU -24.47 11.11 52.83 16.65 3.17 

ADPI_APP_009 Adélie 

Chick 

1112 DDU -24.61 11.1 52.69 16.43 3.21 

ADPI_APP_010 Adélie 

Chick 

1112 DDU -23.15 10.56 50.86 15.98 3.18 
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Table E1 continued. Individual characteristics and stable isotope signature of the samples 

collected at Dumont D’Urville. Terre Adélie. Antarctica. NA: Not Available.   

ID Species Year Location δ13C δ15N W%C W%N C/N 

ratio 

Skua_DDU_1 Skua Adult 2013 DDU NA NA NA NA NA 

Skua_DDU_2 Skua Adult 2013 DDU NA NA NA NA NA 

Skua_DDU_3 Skua Adult 2013 DDU NA NA NA NA NA 

Skua_DDU_4 Skua Adult 2013 DDU NA NA NA NA NA 

Skua_DDU_5 Skua Adult 2013 DDU NA NA NA NA NA 

Skua_DDU_6 Skua Adult 2013 DDU NA NA NA NA NA 

Skua_DDU_7 Skua Adult 2013 DDU NA NA NA NA NA 
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