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Per- and polyfluoroalkyl substances (PFASs) are persistent anthropogenic pollutants with a 

widespread and significant impact on global marine ecosystems, particularly in the Arctic. Our 

study is centered in Iceland, an area where the merging of boreal and Arctic marine currents 

creates a complex ecological landscape. This setting is increasingly being influenced by the 

warming climate, adding another layer of complexity to the existing challenges posed by 

pollution. Focusing on two congeneric seabird species breeding in Iceland, the common 

guillemot (Uria aalge, UA), primarily a boreal species, and Brünnich's guillemot (Uria lomvia, 

UL), a true Arctic species, our research aims to monitor and understand the bioaccumulative 

behavior of PFASs. These seabirds, differing in ecological niches and migratory behaviors, 

serve as ideal sentinels for assessing the impacts of PFASs.  

We collected blood plasma samples from both species (UA: n=67, UL: n=45) during their 

breeding season in June 2018 across Iceland. The analysis included PFASs measurement 

and stable isotopes of carbon (δ13C) and nitrogen (δ15N), offering insights into the seabirds' 

exposure levels and foraging behaviors, respectively. This dual-method approach provides a 

comprehensive assessment of how foraging patterns and past seasonal diet influence their 

PFASs exposure, shedding light on the ecological implications of these pollutants in the Arctic. 

Our findings reveal the presence of C9-13 PFCAs and PFOS in all plasma samples, with a 

notable interspecies variation in exposure levels. Principal component analysis (PCA) 

indicates a bioaccumulative pattern predominantly driven by PFCAs homologues, highlighting 

PFOS persistence. UA generally showed higher exposure levels compared to UL (PFCAs: 

101.7 ng/g DM, 101.5 ng/g DM; PFOS: 102.0 ng/g DM, 101.8 ng/g DM; total burden: 102.2 ng/g DM, 

102.0 ng/g DM, respectively). Stable Isotope Analysis (SIA) indicated distinct foraging areas for 

UA, particularly in southern colonies with enriched δ13C values and δ15N enrichment, 

suggesting diverse food web structures influenced by Atlantic waters. In contrast, northern 

colonies showed uniformity in marine carbon intake and preference for less δ15N enriched 

sources. In addition, our findings suggest that PFAS exposure in these seabirds reflects 

chronic exposure to consistent dietary sources over time. 

Despite limitations such as the absence of an isoscape around Iceland, our study underscores 

the vulnerability of Arctic seabirds to PFAS exposure and the persistence of these pollutants 

in Arctic ecosystems. The integration of SIA proves invaluable in deciphering foraging behavior 

and pollutant exposure. These findings contribute significantly to understanding pollution 

impact on Arctic wildlife, emphasizing the need for continued research in this domain. 

Keywords: PFASs, Icelandic Seabirds, Stable Isotope Analysis, Foraging Ecology, 

Bioaccumulation, Pollution, Marine Ecosystems. 
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Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic chemicals that have been 

extensively used in various industrial and consumer products due to their oil- and water-

repellent properties.1 Their widespread use and environmental persistence have led to global 

dissemination, with PFASs being detected in various ecosystems, including marine 

environments.2 Among the many organisms affected by PFASs contamination, seabirds have 

emerged as critical indicators due to their higher trophic level position and the propensity for 

bioaccumulation of these substances. 

Seabirds, particularly species such as the common (Uria aalge, UA) and Brünnich's guillemots 

(Uria lomvia, UL), are integral to marine ecosystems and are considered sentinel species for 

monitoring environmental health.3 These birds, residing predominantly in the North Atlantic, 

including regions around Iceland, are exposed to PFASs through their diet, which mainly 

consists of fish and other marine organisms. The bioaccumulative and potentially toxic nature 

of PFASs raises concerns regarding their impact on seabird health and, by extension, the 

broader marine ecosystem. 

 

Figure 1. Concept Figure. 
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Understanding the temporal dynamics of PFAS exposure in seabirds is crucial for assessing 

ecological risks and impacts. This study focuses on dissecting these dynamics by employing 

a novel approach that integrates chemical analysis with stable isotope analysis. The use of 

stable isotopes, particularly nitrogen (δ15N), provides valuable insights into the foraging 

ecology of seabirds.4 δ15N values in blood components, such as plasma and cells, serve as 

biomarkers for recent and medium-term dietary intake, respectively. This allows for the 

investigation of PFAS exposure over different timescales, providing a comprehensive 

understanding of the bioaccumulative patterns of these substances in seabirds. 

The main objectives of this study are to identify the predominant PFAS compounds influencing 

Icelandic seabirds, to understand the temporal aspects of PFAS exposure, and to explore the 

potential of stable isotope analysis in elucidating the foraging ecology of these birds in relation 

to contaminant exposure. By achieving these objectives, we aim to contribute significantly to 

the fields of marine ecology and toxicology, offering essential insights for conservation efforts 

and policy formulation regarding PFAS management in marine environments. 
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Figure 2. Study Area 

The fieldwork for this study, conducted in June 2018, involved sampling data from five unique 

guillemot colonies across Iceland, as depicted in Figure 2. These colonies are influenced by 

different ocean currents and climatic conditions. At Latrabjarg (65.50° N, 24.52° W) in the 

northwest, the colony is at the intersection of the warm Irminger Current and the cold East 

Greenland Current. Grimsey Island (66.57° N, 18.02° W), to Iceland's north, is predominantly 

under the influence of the Irminger Current, but also experiences the cooler East Icelandic 

Current. The Langanes peninsula (66.38° N, 14.54° W) in the northeast marks where the 

Irminger and East Icelandic Currents meet. Further along, Papey (64.59° N, 14.18° W), about 

35 km northeast of the East Icelandic and North Atlantic Currents' convergence, adds another 

dimension to the study. Lastly, the Hafnaberg cliff (63.75° N, 22.75° W) in the southwest, 

situated in the North Atlantic Current, offers a contrasting environment. Detailed descriptions 

of oceanographic information were provided in previous studies.5, 6 

The distribution and population dynamics of these seabirds have been detailed in previous 

studies.7-10 At Latrabjarg, the largest colony, approximately 344,000 pairs of guillemots, 
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including a significant 34.3% of Black Guillemots, make their home. Grimsey Island, influenced 

by both the Irminger and East Icelandic Currents, supports 71,400 pairs, with 5.7% being Black 

Guillemots. The Langanes peninsula, a convergence point for major currents, is home to 

46,800 pairs, including 6.2% Black Guillemots. In contrast, Papey and Hafnaberg, smaller 

colonies, house 3,700 and 419 pairs respectively, with Hafnaberg notable for its dwindling 

Black Guillemot population, which stood at about 5 pairs and was absent in 2019. 

 

The blood sampling methodology employed in this study follows established protocols as 

previously detailed in publications.11, 12 Approximately 1 mL of blood was collected from each 

seabird via venipuncture. This technique was carefully executed to ensure minimal distress to 

the birds and maintain the integrity of the samples for subsequent analysis. Post collection, the 

blood samples underwent centrifugation using a Micro Star 12 centrifuge (VWR, Leuven, 

Belgium). This was carried out at a speed of 12,300 rpm for 4 minutes, effectively separating 

plasma and cells. The separated plasma and cells were then transferred into glass petri dishes. 

These samples were dried in a desiccator for a duration of 4 to 6 days. All blood samples were 

randomly collected in 2018, ensuring a representative cross-section of the seabird population 

at the selected breeding colonies. Blood sampling is non-lethal, allowing continued study of 

individuals after sampling.  

 

The PFASs analysis on plasma samples were performed at the Helmholtz-Zentrum Hereon in 

Geesthacht, Germany. The PFASs analytes are listed in Table X together with their chemical 

structures (SI).  

The specific PFAS analytes under investigation are enumerated in Table x, alongside their 

respective chemical structures. A total of 16 PFAS compounds were analyzed, including 11 

Perfluoroalkyl Carboxylic Acids (PFCAs) ranging from C4 to C14, 4 Perfluoroalkane Sulfonic 

Acids (PFSAs) (C4, C6, C8, and C10), and one Perfluoroether Carboxylic Acid (HFPO-DA).  

Prior to extraction, individual blood plasma samples were spiked with ^13C-labelled PFAS 

standards to facilitate accurate quantification. The extraction and purification procedures were 

based on the methodology previous described13, with further details provided in the Supporting 

Information. Subsequent to the purification process, the final extracts were carefully dried 

under a gentle stream of nitrogen and reconstituted in 250 µL of a specifically formulated 

injection standard solution. 

The identification and quantification of PFASs were achieved through High-Performance Liquid 

Chromatography Tandem Mass Spectrometry (HPLC-MS/MS). The system comprised an 

HP1100 coupled with an API 4000 triple-quadrupole mass spectrometer, operating in multiple-
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reaction monitoring (MRM) mode. This setup included an electrospray ionization (ESI) source, 

essential for the effective ionization of PFAS molecules. 

A 10 µL aliquot of each sample was injected onto a C18 column (Synergi™ 4 µm, Fusion-RP 

80 Å, LC Column 150 x 2 mm, Phenomenex). The separation was facilitated at a flow rate of 

0.2 mL/min using a gradient mobile phase. This phase consisted of 95% water and 5% 

methanol with 5 mM ammonium acetate (solvent A) and 95% methanol with 5% water and 5 

mM ammonium acetate (solvent B). The detailed mobile phase gradient profile is outlined in 

Table x. 

The injection and instrumental conditions, along with the MS/MS parameters for target 

compounds, are described comprehensively in the Supporting Information. Quantification was 

anchored to a linear thirteen-point calibration curve, employing a 1/x weighting, ensuring high 

precision in PFAS measurement. For each batch of 10 samples, a blank was included to 

account for any potential background contamination. Concentrations were adjusted based on 

these blank values. The nominal detection limit was established at 0.1 ng/g dry weight, with 

the coefficients of determination (R² values) for each calibration curve being 0.990 or greater, 

reflecting the robustness of the analytical method. 

 

Analysis of stable isotopes was performed at the Stable Isotope Facility of the Experimental 

Ecology Group, GEOMAR in Kiel, Germany.  

Stable isotopes of nitrogen and carbon were determined using dried blood cell and plasma 

samples. Analysis was conducted on a xxx. Further details were described elsewhere (ambio, 

sci rep). The ratio of stable isotopes in parts per thousand (‰) are expressed as δ13C or δ15N, 

where  

𝛿 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 
− 1) 𝑥 1000 

Where R = 13C/12C or 15N/14N.  

 

In our study, comprehensive statistical analyses were meticulously conducted to interpret the 

complex dataset, primarily focusing on elucidating the relationships between PFAS 

concentrations in seabird plasma and their foraging behaviors as inferred from stable isotope 

ratios. These analyses were executed using Python.  

Initially, data preparation steps included cleaning, normalization, and exploratory data analysis. 

Python's extensive libraries, such as Pandas and NumPy, facilitated efficient data manipulation 
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and preliminary statistical explorations. Descriptive statistics were generated to provide an 

initial understanding of the dataset's characteristics. 

We employed PCA, a statistical technique used for dimensionality reduction while retaining 

most of the variability in the dataset, to identify underlying patterns in PFAS concentrations. 

This was achieved using Python's scikit-learn library, which offers a comprehensive suite of 

tools for machine learning and statistical modeling. The PCA allowed us to transform the 

complex PFAS data into principal components, simplifying the subsequent analysis. 

To investigate the relationships between the identified PFAS patterns (principal components) 

and δ15N values in plasma and blood cells, linear regression models were developed. We 

utilized Python's statsmodels library to perform regression analysis, enabling us to quantify 

and interpret the association between our variables of interest. The choice of linear regression 

was based on preliminary analyses that suggested linear relationships. 

Each regression model's statistical significance was assessed, with p-values being computed 

to determine the robustness of the associations observed. Model diagnostics, including checks 

for multicollinearity, homoscedasticity, and normality of residuals, were conducted to ensure 

the validity of our regression models.  

For effective presentation and interpretation of results, data visualization played a pivotal role. 

We used Python's matplotlib and seaborn libraries for creating clear, informative plots, 

including scatter plots for visualizing relationships and histograms for distribution analysis. 

These visualizations aided in both the qualitative and quantitative understanding of our findings. 
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In this comprehensive assessment, we monitored 16 PFASS compounds, encompassing 11 

perfluoroalkyl carboxylic acid (PFCA) homologues, 4 perfluoroalkyl sulfonic acid (PFSA) 

homologues, and 1 perfluoroalkyl ether carboxylic acid (PFECAs) homologue, across 112 

blood plasma samples from 45 individuals of UL and 67 of UA. Descriptive statistics, including 

median concentrations, ranges, detection frequencies, and summed concentrations of 

homologue groups (e.g., Σ5PFCAs), are detailed in Table SI X. 

Within the PFCAs, five long-chain homologues - PFNA, PFDA, PFUnDA, PFDoDA, and 

PFTrDA (C9 - 13) - were consistently detected in all samples from both UL and UA. PFTeA 

exhibited a notable detection rate of 86% across both species, with a higher prevalence in UA 

(93%) compared to UL (76%). The presence of PFOA was relatively uniform between the two 

species, detected at rates of 62% in UL and 63% in UA. Conversely, PFHpA was rarely 

observed, present in only 4% of UL samples and undetectable in UA. Short-chain PFCAs - 

PFBA, PFPeA, and PFHxA - were not detected in any samples. 

Among the PFSAs, ∑PFOS (encompassing linear and branched isomers) was identified in all 

samples, indicating its ubiquitous presence. PFDS was observed in approximately half of the 

individuals from both species (56% in UL and 49% in UA). PFHxS was detected less frequently, 

appearing in 34% of UA and only 18% of UL. PFBS was not detected in either species. 

Additionally, HFPO-DA - a PFECAs homologue - was not quantitatively present in the samples. 

Our study primarily examined C9 – 13 PFCAs and ΣPFOS, which were universally detected, 

to facilitate a targeted and statistically robust analysis of PFASs exposure in Icelandic seabirds. 
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Figure 3. Descriptive Demographic Analysis of PFASs Concentrations in UA & UL Across Five Colonies. 

This figure represents the median concentrations of various PFASs compounds (PFNA, PFDA, PFUnDA, 

PFDoDA, PFTriDA, and ∑PFOS) across five colonies (SW, NW, N, NE, SE) depicted in the bar plots, 

alongside the distribution and range of the total burden (∑6PFASs) within the two seabird species 

illustrated in the split violin plots with swarm overlay.  

Our study assesses the concentrations of PFASs in the plasma of Icelandic seabirds, focusing 

on long-chain PFCAs and ∑PFOS across multiple colonies. The median concentrations of 

∑PFOS were found to be predominant in the PFASs profile for both UA and UL. UA 

demonstrated a ∑PFOS range of 69.7 to 162.0 ng/g DM, comprising 62 - 73% of the total 

PFASs burden. In contrast, UL exhibited a lower ∑PFOS range of 60.6 to 72.4 ng/g DM, 

accounting for 70 - 89% of their total PFASs burden. Notably, at colony N, UL showed an 

elevated proportion of ∑PFOS, reaching 89% of their total PFASs burden despite having the 

second-lowest concentration at 61.8 ng/g DM. This pattern suggests a pervasive ecological 

presence or bioaccumulative potential of ∑PFOS in the marine ecosystem, consistent across 

species.14-16 

Concomitant to ∑PFOS, PFUnDA was observed in elevated concentrations for both species. 

UA displayed PFUnDA concentrations ranging from 14.7 to 32.8 ng/g DM, contributing 12 to 

19% to the total burden. UL showed approximately half the concentration of UA within the same 

colonies, with values spanning from 5.8 to 13.9 ng/g DM and accounting for 4 to 12% of the 

total burden. Despite being the second most abundant compound, PFUnDA's proportion 

relative to ∑PFOS remains low. 
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PFTrDA also presented with considerable median concentrations following PFUnDA in both 

species - ranging from 10.8 to 16.1 ng/g DM in UA and 4.1 to 9.9 ng/g DM in UL. However, its 

contribution to the total PFASs burden fell below 10%. The occurrence of other long-chain 

PFCAs, such as PFNA, was comparable and low in abundance for both species, aligning with 

patterns reported in previous research.17-22 

The aggregate total burden of PFASs (∑6PFASs) was log-transformed to reflect exposure 

levels. This transformation elucidates the variability and distribution of total burden among the 

seabird species across the colonies. 

A wide range of PFASs levels was evident for both species, UL and UA, indicative of individual 

variability within each population. Despite this interindividual variability, the median total burden 

showed a degree of interspecies consistency, with UL maintaining a median level burden of 

approximately 2.0, whereas UA ranged from 2.1 to 2.4. Within the northern sectors, UA values 

varied from 2.1 to 2.2, while the southern sectors registered higher at 2.4. 

An anomaly was observed in the distribution pattern of UL at the NE colony, which deviated 

from normality, suggesting a possible bimodal distribution, whereas other colonies' total burden 

levels conformed to a normal distribution. 

 

In this study, Principal Component Analysis (PCA) was employed to manage the inherent 

complexity of our extensive PFASs dataset. Through PCA, we achieved a significant reduction 

in dimensionality, transforming the observed variables into a series of linearly uncorrelated 

principal components (PCs). Our analysis predominantly focused on the PCs accounting for 

the highest variance, aiming to elucidate the clustering of PFASs and examine the influence of 

their specific properties on biological behavior. This methodology is anticipated to illuminate 

the complex interactions and dynamics of PFASs, thereby enhancing our understanding of 

their bioaccumulative impact. 

The analysis through PCA is shedding new light on the characteristics and behaviors of PFAS 

compounds. The first three PCs - PC1, PC2, and PC3 - cumulatively account for over 95% of 

the total variance, with PC1 alone representing 79 %. This significant proportion suggests that 

these components capture the primary trends and variances within the dataset. 

PC1, characterized by the highest variance, predominantly reflects a variance across a broad 

spectrum of the long-chain PFCAs homologues. This is evidenced by negative loadings in the 

range of -0.40 to -0.45 from C9-13 PFCAs, contrasting with a slightly lower contribution of -0.25 

from ∑PFOS. Higher scores on PC1 likely indicate lower levels of individual C9-13 PFCAs 

relative to ∑PFOS. The similar magnitude of loadings for C9-13 PFCAs suggests that PC1 



12 
 

may represent a balance between the presence of C9-13 PFCAs and ∑PFOS levels within the 

samples, possibly hinting at a shared source or influence affecting these compounds. 

PC2, in contrast, is defined by a strong positive loading from ∑PFOS (0.95), with negligible 

contributions from the C9-13 PFCAs. This distinct variance captured by PC2 points to its 

specificity in differentiating samples based on variations in ∑PFOS levels, independent of 

C9-13 PFCAs levels. 

PC3 shows a predominant positive loading from PFNA (0.81), with other PFASs contributing 

minimally. The prominence of PFNA in PC3 implies a unique variability in its levels compared 

to other compounds, suggesting a distinct behavior or distribution pattern for PFNA within the 

dataset. However, given its marginal variance contribution (5%), we primarily focus our 

analysis on PC1 and PC2, which collectively explain approximately 92 % of the total variance. 

This approach underscores our commitment to a simplified and clear analysis. 

In summary, PCA effectively differentiates PFASs based on their functional groups, as 

demonstrated in the mappings on the first two principal components (PC1 and PC2). This 

segregation not only underscores the chemical diversity within PFASs, but also reveals specific 

bioaccumulative patterns. For instance, PC1 primarily represents a broad spectrum of 

long-chain PFCAs homologues, which correspond to variations in overall exposure levels. 

Conversely, PC2 provides a focused analysis of ∑PFOS, underscoring its unique behavior. 

Intriguingly, the bioaccumulative patterns revealed by PCA show remarkable consistency with 

existing toxicological findings, linking molecular characteristics to biological behavior and 

impact. 

This observation becomes more evident when examining the molecular interactions of PFASs. 

Predominantly, PFASs bind to albumin23, 24, a prevalent protein in blood plasma in vertebrates25, 

while also showing affinity to other proteins, such as lipoproteins.26 This binding affinity is 

significantly influenced by both the chain length and the functional group of the PFASs 

molecule.2, 27 Typically, PFASs with longer chains (exceeding seven carbon atoms)28 

demonstrate a stronger propensity for protein binding. Notably, PFSAs with sulfonate groups 

exhibit a more robust binding affinity to proteins compared to PFCAs with carboxylate groups. 

This stronger affinity for biological tissues, coupled with a heightened resistance to metabolic 

breakdown, culminates in a more pronounced biomagnification effect within the food chain.29, 

30 
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Figure 4. Interspecies Comparison.  

In this segment of our study, we leveraged the insights gained from PCA to investigate 

interspecies differences in relation to the observed bioaccumulative patterns. Our analysis 

centered on ∑5PFCAs and ∑PFOS, corresponding to PC1 and PC2 respectively, alongside 

an assessment of the total burden as reflected by ∑6PFASs. We observed that the distribution 

of ∑5PFCAs in UA conformed to a normal distribution, whereas UL exhibited a distinctly non-

normal distribution. This variance necessitated the use of the non-parametric Mann-Whitney 

U-test for comparing median levels across the species. 

Our statistical examination revealed pronounced differences in PFASs profiles between the 

species. Notably, ∑PFOS levels in UL were lower (median: 1.8) and exhibited a narrow 

distribution, indicative of a consistent exposure pattern among individuals. In contrast, UA 

showed higher median ∑PFOS levels (median: 2.0) with greater dispersion, suggesting a more 

varied pattern of accumulation and significant divergence (p < 0.01). 

The pattern for ∑5PFCAs differed; UL showed a skewed distribution with lower levels 

(median: 1.5), while UA displayed a more symmetric distribution with higher median levels 

(median: 1.7, p < 0.001). This suggests a uniform and elevated exposure in UA. These 

disparities in PFAS profiles are indicative of potential differences in bioaccumulative capacities 

or exposure sources between the species, raising ecological concerns regarding the impacts 

of PFASs accumulation. 
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The analysis of ∑6PFASs further highlighted the heightened PFAS burden in UA (median: 2.2) 

compared to UL (median: 2.0). This was statistically significant (p < 0.001) and aligned with 

the observed patterns in the other metrics, suggesting a consistent trend across various PFASs 

measures. This finding warrants further exploration into the ecological and biological factors 

driving PFASs distribution and bioaccumulation in these species. 

These interspecies discrepancies could potentially be attributed to variations in diet, habitat 

utilization, and migratory behaviors, which are pivotal in determining environmental exposure 

and bioaccumulation potential of PFASs. The ecological implications of these findings are 

substantial, as they may influence the health and survival of these seabird species, with 

possible broader effects on the structure and function of marine ecosystems. 

 

To understand the distribution of PFASs across seabird colonies, we first conducted statistical 

validation of data distributions. For UA, data adhered to the criteria for normality and 

homogeneity of variance, thus validating the use of parametric statistical methods. In contrast, 

UL exhibited non-normal distributions and heterogeneous variances, necessitating the 

employment of non-parametric approaches. These initial analyses suggest species-specific 

distribution patterns of PFASs, potentially driven by differing environmental conditions or 

inherent species characteristics. 

A one-way ANOVA conducted for UA revealed significant heterogeneity in ∑PFOS and 

∑6PFASs across colonies (∑PFOS: F = 8.31, p < 0.0001; ∑6PFASs: F = 7.62, p < 0.0001), 

indicating notable bioaccumulation variations. Conversely, ∑5PFCAs showed a more uniform 

distribution (F = 2.35, p = 0.06), pointing to a consistent bioaccumulation pattern for this group 

of compounds. 

Further analysis using Tukey's HSD test identified significant differences in mean PFASs levels 

among UA colonies. Notably, southern colonies (SE and SW) consistently exhibited higher 

∑PFOS and ∑6PFASs levels compared to northern colonies (N and NE). This pattern suggests 

geographical influences on PFASs bioavailability, possibly related to local dietary sources or 

distinct ecological behaviors affecting exposure levels. 

The total PFASs burden in UA, indicated by ∑6PFASs, appears predominantly influenced by 

∑PFOS levels. This aligns with the known persistence and bioaccumulative properties of 

∑PFOS, contributing to a stable overall PFAS load across colonies, despite variations in other 

PFAS subgroups. 

For UL, significant spatial variation was observed only for ∑5PFCAs (H = 10.03, p < 0.01), with 

notable differences in median levels between N and NE colonies (p-corrected < 0.05). However, 

the uniformity in ∑PFOS levels (p = 0.72) across colonies suggests a consistent 
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bioaccumulation pattern. Similarly, ∑6PFASs showed no significant spatial differences 

(p = 0.65), indicating a consistent total load despite the variability in ∑5PFCAs. This pattern 

might be largely attributed to the proportion of ∑PFOS within the total PFASs measure. 

The geographic disparities in PFASs distribution for UA, characterized by pronounced 

differences between northern and southern colonies, contrast with the more uniform 

distribution in UL colonies from similar latitudes. These observations may reflect localized 

environmental factors or the influence of the colonies' latitudinal range on PFASs bioavailability. 

The marine currents surrounding Iceland, specifically the warm Atlantic waters in the south and 

the cold Arctic Overflow in the north, are critical in mediating PFASs bioavailability within the 

marine ecosystem. The southern region, closer to anthropogenic PFASs sources, bears a 

higher pollution load. The mobility and persistence of PFASs, alongside their physicochemical 

properties, determine their dispersion and concentration levels in these marine environments. 

Differences in seabird foraging strategies, adapted to the unique conditions of the two currents, 

further influence PFASs exposure and accumulation. The diverse prey base in the warmer 

Atlantic waters may increase bioaccumulation potential in seabirds, whereas the simpler food 

web in the colder Arctic waters could provide some level of protection against these 

contaminants. 
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We investigate the stable isotopes of carbon (δ13C) and nitrogen (δ15N) in both cellular and 

plasma fractions of UA and UL. The analysis of stable isotopes serves as a pivotal tool in 

understanding the dietary patterns and ecological interactions of these birds. Due to inherent 

differences in the turnover rates of cells and plasma, these isotopic measurements offer distinct 

temporal insights into the seabirds' foraging behaviors. 

Plasma, being a rapidly metabolizing component, reflects recent dietary intake. The turnover 

rate of plasma in seabirds, as evidenced in related avian studies, typically ranges from a few 

days to about a week.31 This rapid turnover implies that the isotopic composition of plasma 

primarily indicates dietary inputs from the preceding days, offering a near real-time snapshot 

of the seabirds' recent foraging activities. 

In contrast, cellular components have a significantly slower turnover rate, generally spanning 

several weeks.31 For seabirds, the cellular isotopic signatures are indicative of dietary inputs 

over an extended period, typically reflecting the accumulated dietary history over the past three 

to four weeks. This slower integration of isotopic signals in cellular components provides a 

broader, more integrated view of the seabirds' foraging strategies and dietary preferences over 

a longer timescale. 

Previous investigations into the foraging ecology of UA and UL have provided foundational 

insights into their foraging behaviors through the analysis of stable isotopes in cellular tissues.11 

Published findings have elucidated their dietary patterns prior to the breeding season and 

ecological niches of these species, revealing distinct latitudinal patterns emerged. These 

patterns reveal nuanced differences in dietary intake and foraging strategies across the 

northern and southern sectors of their respective ranges.  

Isotopic measurements of δ13Ccell and δ15Ncell in UA and UL suggest both species exploit similar 

carbon sources within their marine environments, with UA ranging from -20.3‰ to -19.2‰ and 

UL from -20.2‰ to -19.9‰. Despite these overlaps, a notable expansion in the isotopic 

dynamic range was observed at the NW colony for both species, with ranges of 1.1‰ and 

1.4‰, respectively. This isotopic breadth indicates a more varied diet or diverse foraging zones, 

contrasting with colonies where a more constricted isotopic range was recorded. 

Median δ13Ccell values for UA and UL at colony N converge, yet the dynamic ranges are 

relatively limited. Mann-Whitney U test outcomes reveal a statistically significant divergence in 

foraging behaviors between the two species. UL demonstrate an isotopic inclination towards 

more enriched δ13C values, denoting a potential preference for foraging regions with a higher 

baseline carbon isotopic signature. Inversely, UA species manifest a tendency towards more 

negative δ13C values, potentially indicating exclusive foraging grounds or distinctive prey 

species selection, despite their proximity to UL foraging territories. At the NE colony, the δ13Ccell 
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values exhibit minimal variability, which could signify a specialized foraging behavior or a 

marine carbon pool with reduced variability within this locale. 

The broader dynamic range in δ13Ccell associates with an increased range in δ15Ncell values, 

suggesting that a varied carbon intake is linked to a more extensive array of nitrogen sources. 

This isotopic pattern may reflect a wider trophic diversity or opportunistic feeding across 

multiple food web levels. Conversely, a narrower δ13C range is associated with a more limited 

δ15N range, suggesting a more specialized or consistent dietary regime, both in terms of 

carbon and nitrogen intake. 

In contrast, in the southern sectors, despite the dynamic range in δ13Ccell being narrower, 

indicating less variability in carbon sources, the δ15Ncell range is observed to be wider. This 

wider range in δ15N could suggest that, although the carbon intake is relatively consistent, 

there is a greater diversity in the trophic levels of prey being consumed. It may also reflect 

seasonal or interannual variations in prey availability, potentially driven by different 

oceanographic conditions or ecological processes specific to the southern habitats. 

The plasma isotopic composition provides insights into the recent dietary sources of carbon 

and nitrogen. For UL, the median δ13Cplasma values range narrowly from -21.6 ‰ to -21.3 ‰, 

suggesting a relatively consistent marine carbon source. However, an observable variation 

(> 1 ‰) in dynamic range suggests dietary diversity. Like the cellular analysis, a notable 

isotopic expansion was observed for UL at NW, with a dynamic range extending to 2.1‰, the 

broadest among their colonies. This isotopic range diminishes progressively from west to east, 

culminating in a reduced variance of 1.3‰ at NE. The H-test indicates a lack of significant 

isotopic variation among colonies, suggesting a degree of homogeneity in carbon sources 

across the geographical range. 

For, δ13Cplasma values exhibit a broader oscillation between -21.8 ‰ and -19.8 ‰. While 

most colonies display a dynamic range exceeding 1 ‰, the NE colony presents a 

conspicuously narrow range of 0.5 ‰. This pattern is further substantiated by the H-test and 

posthoc analyses, which reveal consistent and significant isotopic variances between northern 

and southern sectors. The northern sector median values converge between -21.8‰ to -21.4‰, 

contrasting with the southern sector, where median δ13Cplasma values are notably more 

enriched, reaching -19.8‰ at SE and -19.9‰ at SW. 

Analysis of δ15Nplasma values in UL revealed median values oscillating from 11.6 ‰ to 

12.6 ‰, indicating access to a relatively wide array of marine nitrogen sources. The dynamic 

range of δ15Nplasma was most pronounced at the NW and NE colonies, reaching up to 1.8‰, 

which suggests a substantial variability in the nitrogen-based diet or a broader niche within the 

marine trophic structure. In contrast, the N colony exhibited a more homogeneous δ15Nplasma 

signature at 0.9 ‰, indicative of a more consistent dietary intake among individuals. 
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In UA, δ15Nplasma values varied from 11.9‰ to 13.2‰, aligning with the diverse carbon 

sources previously described. Statistical tests substantiated a distinct variation in δ15N values 

between northern and southern sectors. In northern colonies, median δ15Nplasma values 

ranged narrowly from 11.9‰ to 12.0‰, with NW and NE again demonstrating a wider dynamic 

range of 1.5 ‰, in stark contrast to the narrower range of 0.7 ‰ observed at N. Conversely, in 

the southern sector, δ15Nplasma values were notably higher at SE (13.1 ‰) with an extensive 

dynamic range of 2.6 ‰, and similarly elevated at SW (13.2‰), albeit with a more constrained 

range of 0.9 ‰. 

A significant isotopic discrepancy in plasma δ13C and δ15N values was discerned between 

UA and UL at N. The Mann-Whitney U tests revealed distinct differences (δ13C: U = 31.0, 

p < 0.001; δ15N: U = 194.0, p < 0.001), with UL demonstrating more enriched δ13C values. 

This enrichment in δ^13C suggests that UL at N may be foraging within marine areas 

characterized by a different baseline carbon isotopic composition, or they may have dietary 

preferences that favor carbon sources with a more positive isotopic value. 

Further differentiation in δ15Nplasma values was observed, with UL exhibiting higher values 

than UA at NW, indicative of 1 δ5N enriched diet. Conversely, at N, UL showed significantly 

lower δ15Nplasma values than UA. This divergence in nitrogen isotopic values may reflect 

varied dietary interactions, with UL at N potentially feeding on prey with depleted δ15N levels.  

The δ13C and δ15N isotopic profiles provide insightful revelations into the foraging behaviors 

and dietary preferences of UL and UA. Isotopic data delineate spatial variations that are 

emblematic of the distinct ecological dynamics within seabird colonies situated around the 

Icelandic marine environment. 

In the northern sectors, the aggregation of median δ13C values signifies a uniformity in marine 

carbon intake, potentially reflecting the influence of the cooler, less saline Arctic waters that 

converge in these regions. The isotopic homogeneity might be attributable to the consistency 

in carbon sources available within the Arctic-influenced waters, which affect the primary 

productivity and, consequently, the marine food web exploited by the seabirds. 

Contrastingly, in the southern sectors, the enriched δ13C values are indicative of foraging 

niches that may be influenced by the warmer, more saline currents of the North Atlantic. The 

shift towards a heavier carbon isotopic composition could be a consequence of the seabirds' 

dietary response to the different oceanic conditions, which affect the distribution and 

composition of prey species. 

The observed δ15N isotopic variability across the colonies underscores the seabirds' dietary 

plasticity, capable of reflecting short-term and medium-term changes in trophic interactions. 

The expansive dynamic ranges in certain colonies, particularly where oceanic currents 
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intersect, may signify an opportunistic dietary adaptation to the convergence zones of diverse 

marine currents, leading to a variable diet. 

The pronounced δ15N enrichment in southern colonies suggests a (trophic) shift towards δ15N 

enriched prey, which may be more abundant or accessible due to the interplay between the 

North Atlantic Current and the coastal waters around Iceland. Such an elevation could be 

indicative of a diversified food web structure in these southern marine environments, shaped 

by the influx of nutrient-rich Atlantic waters. 

 

 

Figure 5. Temporal Dynamics 

To explore the temporal dynamics of PFASs exposure in Icelandic seabirds, our study 

employed simple linear regression to investigate the association between z-scores derived 

from principal component (PC) loadings, representing standardized PFASs exposure, and 

δ15N values in blood components. These components encompass blood cells, indicative of 

medium-term uptake, and plasma, reflective of recent dietary uptake. The findings are 

illustrated in Figure 5. 

Our linear regression analysis, correlating PC1 (characterizing C9-13 PFCAs profiles) with 

δ15N values in blood cells and plasma, yielded low R² values of 0.09 and 0.14, respectively. 

This indicates limited explanatory power of C9-13 PFCAs profiles in accounting for variations 

in δ15N values across both sample types. Additionally, the regression involving PC2 

(encompassing ∑PFOS profiles) and δ15N values exhibited similarly low R  values of 0.11 in 

cells and 0.10 in plasma, further indicating a weak relationship with δ15N variations. The 

overlapping confidence intervals (CI) observed in these analyses implies that the 
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bioaccumulative pattern, as reflected by the PCs, do not significantly differ over the time frames 

denoted by the δ15N values in plasma and blood cells. 

Despite these low R² values, the statistical significance of these associations is reinforced by 

p-values less than 0.01. While the observed associations are weak, they are not attributable 

to random data variations. This outcome suggests a level of association between δ15N values 

and the bioaccumulative patterns of PFASs, though not a robust one.  

The limited recent dietary absorption may suggest low bioavailability of PFASs near seabird 

breeding colonies. Our findings indicate that the bioaccumulative patterns, as denoted by PC1 

and PC2, are not primarily derived from recent dietary intake, whether on a short-term (within 

a week) or medium-term (within a month) basis. Instead, these patterns appear to reflect 

chronic exposure to dietary sources that remain relatively constant over these time frames. 

The persistent nature of these bioaccumulative patterns tends to obscure their correlation with 

recent or medium-term dietary sources. As a result, the PFASs levels observed likely represent 

an accumulation from previous seasons, potentially indicative of higher exposure in wintering 

habitats. 

It's important to note that the half-life of PFASs, particularly in avian tissues, remains 

significantly understudied. This gap in knowledge becomes evident when considering the 

variability in PFASs elimination across different species. For instance, in mallard (Anas 

platyrhynchos) serum, the half-life of PFOS is approximately 13.6 days, and in northern 

bobwhite quails (Colinus virginianus) serum, it's around 20.1 days.32 This duration increases 

substantially in male chickens (Gallus gallus)33, where the half-life reaches up to 125 days. In 

male rats, the half-life exceeds 89 days32, and in cynomolgus monkeys (Macaca fascicularis) 

serum, it ranges between 100 and 200 days34. Humans, however, exhibit a significantly longer 

elimination half-life of PFOS, averaging about 8.6 years.35 Recognizing this variance, and the 

notable lack of detailed studies on PFAS half-life in avian species, underscores the need for 

comprehensive research in this area. Establishing reliable estimates for the elimination half-life 

of PFASs in an organism's tissue, particularly in birds, is crucial. Such data will allow for a more 

standardized and accurate assessment of PFAS persistence and exposure over time within 

various organisms. 
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This study not only delves into the temporal dynamics of per- and polyfluoroalkyl substances 

(PFASs) exposure in Icelandic seabirds but also innovates by applying stable isotope analysis 

to understand their foraging ecology. By combining principal component analysis (PCA) with 

linear regression, and integrating stable isotope analysis, we provide a nuanced perspective 

on the bioaccumulative patterns of PFAS and their potential dietary sources. 

PCA identified two principal components, PC1 and PC2, encapsulating the bioaccumulative 

patterns of PFASs in the seabirds. PC1 correlated with long-chain C9-13 PFCAs homologues, 

while PC2 was primarily associated with ΣPFOS, setting the foundation for understanding 

PFAS impact on seabirds. 

Employing stable isotopes of carbon (δ13C) and nitrogen (δ15N) from cellular and plasma 

fractions of seabird blood, we gleaned essential insights into their foraging behavior. Plasma 

δ15N values, reflective of recent diet, and cellular δ15N values, indicative of medium-term 

dietary trends, were pivotal in elucidating the temporal aspects of PFAS exposure. This 

innovative application of stable isotopes forges new ground in linking foraging ecology with 

contaminant dynamics. 

Our linear regression analysis, correlating PC1 and PC2 with δ15N values, revealed low R² 

values, indicating a limited impact of these PFAS profiles on δ15N variations. However, the 

statistically significant p-values (< 0.01) suggest a discernible, though weak, relationship 

between δ15N values and PFAS bioaccumulative patterns. 

The results point to a relatively low bioavailability of PFAS around the seabirds’ breeding 

colonies. The chronic nature of exposure, inferred from bioaccumulative patterns not primarily 

deriving from recent dietary sources, emerges as a crucial insight. This pattern suggests that 

the observed PFAS levels may accumulate over extended periods, potentially reflecting 

exposure at wintering grounds. 

The integration of stable isotope analysis in this study marks a significant advancement in our 

understanding of foraging ecology in the context of exposure. It highlights the value of stable 

isotopes as a tool in ecological research, particularly for tracing the origins of environmental 

contaminants in marine ecosystems. This methodology enhances our understanding of the 

linkage between dietary sources and pollutant accumulation, which is imperative for marine 

ecology, toxicology, and conservation policy. 

Our research underscores the complexity of PFASs contamination and the necessity of 

considering temporal dynamics and foraging behavior in environmental exposure assessments. 

The associations revealed between PFAS patterns and δ15N values offer novel insights into 
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the protracted nature of PFAS bioaccumulation in Icelandic seabirds, enriching our 

comprehension of their exposure pathways and potential ecological impacts. 
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