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Summary

Per- and polyfluoroalkyl substances (PFAS) accumulate in marine predators at
concentrations that can vary by several orders of magnitude even among individuals at
similar trophic positions. This degree of individual variation is not adequately explained
by traditional bioaccumulation theory, which typically assumes linear,
concentration-dependent accumulation along trophic pathways. To address this gap,
this thesis introduces the ‘contamination niche’ framework: an extension of
Hutchinson’s ecological niche theory that incorporates the exposure to contaminants as
an emergent ecological dimension. Marine predators occupy multidimensional
ecological niches defined by spatial, temporal, and dietary foraging decisions—namely,
where, when, and what they forage. These decisions shape chemical exposure patterns,

linking contaminant dynamics to behavioural ecology.

A contamination niche is defined as the characteristic profile of chemical exposure that
an organism maintains, defined by three quantifiable properties: exposure magnitude
(total PFAS concentration), compositional structure (relative abundance of PFAS
classes), and within-group exposure variability (the consistency at temporal or
individual levels). If contamination niches reflect ecological structures rather than
statistical artefacts, then the PFAS exposure should exhibit a systematic, non-random
organisation across these dimensions. Individuals occupying the same contamination
niche should, therefore, display distinguishable and internally consistent combinations

of concentration, composition, and temporal stability.

This framework is empirically grounded in data from 112 individuals of two sympatric
seabird species—the common guillemot (Uria aalge) and Briinnich’s guillemot (Uria
lomvia)—breeding at five colonies across Iceland that span an Arctic-to-Atlantic
oceanographic gradient (June—July 2018). PFAS concentrations were analysed in
plasma, while stable isotope values (§'*C and §'°N) were measured in both plasma and

red blood cells to elucidate foraging patterns across short-term temporal scales.

Chapter 3 demonstrates that the variability in PFAS exposure represents an ecological
signal rather than random noise. The variability of PFOS exhibited threshold responses

corresponding to the Arctic-Atlantic oceanographic regimes, driven by spatial foraging

il



differences. In contrast, the variability of long-chain PFCAs showed more gradual
variation linked to dietary indicators. These compound-specific patterns suggest that
PFAS exposure is structured by foraging strategy, supporting the existence of discrete

contamination niches.

Chapter 4 identifies and characterises three distinct contamination niches. The first,
High-Exposure Atlantic Foragers, comprises predominantly of U. aalge. These
individuals exhibited elevated concentrations of PFAS and PFOS-dominated profiles;
their high temporal consistency suggests reliable foraging within food webs influenced
by Atlantic waters. The second group, Low-Exposure Arctic Foragers, is largely
composed of U. lomvia. This group displayed lower overall concentrations, profiles
dominated by long-chain PFCAs, and greater temporal variability, reflecting a seasonal
foraging strategy in Arctic environments. Finally, Intermediate-Exposure Mixed
Foragers were characterised by moderate concentrations of PFAS and compositional
profiles that approximated matched population averages, coupled with intermediate
temporal consistency. These findings indicate that the interaction between foraging
behaviour and oceanographic context systematically structures marine predators

exposure to contaminants.

This thesis proposes the contamination niche as an extension of niche theory, reframing
contaminant exposure as a structured outcome of behavioural and ecological processes.
The framework bridges ecology and environmental science, offering a tool for
improved biomonitoring, ecological risk assessment, and conservation planning in
rapidly changing marine systems. While constrained by single-season sampling and
potential temporal mismatches between isotopes and PFAS incorporation, these
findings establish a conceptual and empirical foundation for future research linking

individual behaviour with contaminant dynamics across ecological scales.
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Zusammenfassung

Per- und polyfluorierte Alkylsubstanzen (PFAS) reichern sich in marinen Pridatoren in
Konzentrationen an, die selbst bei Individuen auf dhnlichen trophischen Ebenen um
mehrere GroBBenordnungen variieren. Dieses Ausmal} an individueller Variabilitdt wird
durch die traditionelle Bioakkumulationstheorie, die iiblicherweise von einer linearen
und konzentrationsabhidngigen Anreicherung entlang trophischer Pfade ausgeht, nur
unzureichend erklirt. Um diese Liicke zu schlieflen, fiihrt die vorliegende Dissertation
das Konzept der ,,Kontaminationsnische* (contamination niche) ein: eine Erweiterung
von Hutchinsons 6kologischer Nischentheorie, welche die Schadstoffexposition als

eine emergente dkologische Dimension integriert.

Marine Prédatoren besetzen multidimensionale ©6kologische Nischen, die durch
rdumliche, zeitliche und nahrungsdkologische Entscheidungen bei der Nahrungssuche
definiert werden. Diese Entscheidungen formen chemische Expositionsmuster und
verkniipfen somit die Schadstoffdynamik mit der Verhaltensokologie. Eine
Kontaminationsnische wird hier als das charakteristische Profil der chemischen
Exposition definiert, das ein Organismus aufrechterhélt. Sie wird durch drei
quantifizierbare Eigenschaften charakterisiert: das Expositionsniveau (Gesamt-PFAS-
Konzentration), die strukturelle Zusammensetzung (relative Haufigkeit der PFAS-
Klassen) und die Variabilitdt der Exposition innerhalb einer Gruppe (Konsistenz auf
zeitlicher oder individueller Ebene). Sofern Kontaminationsnischen o6kologische
Strukturen widerspiegeln und nicht bloB statistische Artefakte sind, sollte die PFAS-
Exposition eine systematische, nicht-zuféllige Organisation iiber diese Dimensionen
hinweg aufweisen. Folglich sollten Individuen, die dieselbe Kontaminationsnische
besetzen, unterscheidbare und in sich konsistente Kombinationen aus Konzentration,

Zusammensetzung und zeitlicher Stabilitét zeigen.

Dieses Rahmenkonzept ist empirisch in Daten von 112 Individuen zweier
sympatrischer Seevogelarten begriindet: der Trottellumme (Uria aalge) und der
Dickschnabellumme (Uria lomvia). Die Datenerhebung erfolgte im Juni und Juli 2018
in fiinf Kolonien in Island, die einen Gradienten von arktischen bis hin zu atlantischen

ozeanographischen Bedingungen abdecken. Dabei wurden die PFAS-Konzentrationen




im Plasma analysiert, wihrend stabile Isotopenwerte '*C und §'°N) sowohl im Plasma
als auch in den roten Blutkorperchen bestimmt wurden, um Nahrungssuchmuster iiber

kurzfristige zeitliche Skalen zu aufzukliren.

Kapitel 3 belegt, dass die Variabilitdt der PFAS-Exposition ein 6kologisches Signal und
kein  Zufallsrauschen  darstellt. =~ Die  Variabilitit von  PFOS  wies
Schwellenwertreaktionen auf, die den arktisch-atlantischen ozeanographischen
Regimen entsprachen und durch Unterschiede in der rdumlichen Nahrungssuche
getrieben wurden. Im Gegensatz dazu zeigte die Variabilitéit langkettiger PFCAs eine
graduellere Verdnderung, die mit trophischen Indikatoren korrespondierte. Diese
verbindungsspezifischen Muster legen nahe, dass die PFAS-Exposition durch die
Strategie der Nahrungssuche strukturiert wird, was die Existenz diskreter

Kontaminationsnischen untermauert.

Kapitel 4 identifiziert und charakterisiert drei distinkte Kontaminationsnischen. Die
erste  Gruppe, ,Atlantik-Jiger mit hoher Exposition” (High-Exposure Atlantic
Foragers), setzt sich iberwiegend aus U. aalge zusammen. Diese Individuen wiesen
erhohte PFAS-Konzentrationen sowie PFOS-dominierte Profile auf; ihre starke
zeitliche Konsistenz deutet auf eine zuverldssige Nahrungssuche in von atlantischen
Gewissern beeinflussten Nahrungsnetzen hin. Die zweite Gruppe, ,,Arktis-Jager mit
geringer Exposition” (Low-Exposure Arctic Foragers), besteht weitgehend aus U.
lomvia. Diese Gruppe zeigte niedrigere Gesamtkonzentrationen, Profile mit einer
Dominanz langkettiger PFCAs sowie eine hohere zeitliche Variabilitdt, was eine eher
saisonal geprigte Nahrungssuche in arktischen Umgebungen widerspiegelt. Schlielich
waren ,,Misch-Jager mit mittlerer Exposition* (Intermediate-Exposure Mixed Foragers)
durch moderate PFAS-Konzentrationen und Zusammensetzungsprofile gekennzeichnet,
die dem Populationsdurchschnitt nahe kamen, gepaart mit einer mittleren zeitlichen
Konsistenz. Diese Ergebnisse verdeutlichen, dass die Interaktion zwischen dem
Verhalten bei der Nahrungssuche und dem ozeanographischen Kontext die

Schadstoffexposition bei marinen Pridatoren systematisch strukturiert.

Die vorliegende Arbeit etabliert die Kontaminationsnische als eine Erweiterung der
Nischentheorie und definiert die Schadstoffexposition als ein strukturiertes Ergebnis

verhaltensbezogener und 6kologischer Prozesse neu. Das Konzept schlédgt eine Briicke
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zwischen Okologie und Umweltwissenschaften und bietet ein Werkzeug fiir
verbessertes Biomonitoring, 6kologische Risikobewertung und Naturschutzplanung in
sich schnell verdndernden marinen Systemen. Wenngleich durch eine einzelne
Probenahmezeitraum und potenzielle zeitliche Diskrepanzen zwischen der Einlagerung
von Isotopen und PFAS limitiert, bilden die Ergebnisse eine konzeptionelle und
empirische Grundlage fiir kiinftige Forschungsarbeiten, die individuelles Verhalten mit

der Schadstoffdynamik iiber 6kologische Skalen hinweg verkniipfen.
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Chapter 1: General Introduction

1.1 Per- and Polyfluoroalkyl Substances in Marine Ecosystems

Per- and polyfluoroalkyl substances (PFAS) are a diverse class of anthropogenic
chemicals that have become widely distributed in global ecosystems since their
commercial introduction in the 1940s [1-3]. Characterised by exceptionally stable
carbon-fluorine bonds, these compounds resist natural degradation processes and have
been incorporated into numerous consumer and industrial products—including
non-stick cookware and water-repellent textiles to firefighting foams and food
packaging—due to their unique hydrophobicity, lipophobicity, thermal stability, and
surfactant properties (Fig. 1-1) [3,4]. PFAS contamination in marine environments now
occurs at concentrations comparable to or exceeding those of legacy persistent organic

pollutants (POPs) in many regions [5,6].

............... Fluoro-
Perfluoroalky! ° H GTG ° poll;/‘:mrgrs

Substances ®
Perfluoroalkyl
sulfonamides e ---- .
faaans) N Side-Chain
on- - PEAS BT . ESEEEEsT ” Fluorinated
Polymers helime:=

. U Perfluoro-

lyeth
Polyfluoroalkyl . .- H > M ......... o polyethers
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Figure 1-1. Diversity and Classification of Per- and Polyfluoroalkyl Substances (PFAS).
Schematic overview of PFAS chemical classes illustrating the complexity of this contaminant
group. The PFAS universe encompasses both non-polymeric compounds (left, including
perfluoroalkyl acids (PFAAs), perfluoroalkyl sulfonamides (FASAs), and polyfluoroalkyl
substances) and polymeric compounds (right, including fluoropolymers, side-chain fluorinated
polymers, and perfluoropolyethers). Structural elements show characteristic carbon-fluorine
(C-F) and carbon-carbon (C-C) bonds that confer exceptional environmental persistence, while
functional groups (C-O bonds) determine bioaccumulation properties.




Unlike legacy POPs such as dichlorodiphenyltrichloroethane (DDT) and
polychlorinated biphenyls (PCBs), which are predominantly lipophilic and accumulate
in adipose tissues, most PFAS exhibit strong protein-binding affinities [7-9]. This
fundamental difference results in distinct exposure patterns; PFAS primarily
concentrate in protein-rich tissues such as the blood, liver, and kidneys, rather than
adipose tissue [8,10-12]. These unique binding properties have profound implications
for PFAS dynamics in marine food webs, where protein content and binding affinities
vary substantially across organisms and tissues. For instance, PFOS exhibits
approximately ten-fold higher protein affinity than long-chain perfluorocarboxylic
acids (PFCAs) [13-15], resulting in divergent accumulation kinetics, elimination rates,
and tissue distribution patterns [16,17]. These mechanistic differences suggest that
individual PFAS congeners may respond distinctly to biological and environmental
factors, allowing for a more sophisticated analysis of contamination patterns beyond
rudimentary measurements of total concentration. These compound-specific properties
provide the foundation for investigating how PFAS accumulation patterns vary across

different exposure scenarios and biological systems.

The global distribution of PFAS is driven by their chemical stability, variable water
solubility, atmospheric transport potential, and continued production, despite increasing
regulatory scrutiny [18]. Marine ecosystems serve as major repositories for these
compounds through riverine inputs, atmospheric deposition, and oceanic circulation
patterns [19-22]. This widespread contamination creates spatially heterogeneous
exposure landscapes that the marine organisms encounter, with concentrations varying
by orders of magnitude across oceanographic regions and water masses [23].
Consequently, understanding how PFAS movement through marine food webs
therefore requires integrated approaches that consider both environmental transport
mechanisms and the ecological processes mediating exposure and accumulation in

marine predators.




1.2 Trophic Transfer and Marine Predators as Contamination

Sentinels

While multiple processes influence contaminant dynamics in marine ecosystems,
trophic transfer is the primary focus of research regarding how chemicals move from
environmental media via primary producers to successive consumer levels [24,25].
Traditional bioaccumulation research has focused on trophic magnification, the
progressive increase in contaminant concentrations at each trophic step [26,27],
quantified through biomagnification factors (BMFs) and trophic magnification factors
(TMFs) [9,28]. These metrics have successfully demonstrated vertical contaminant
transfer for many persistent organic pollutants [29,30], establishing the theoretical
framework that higher trophic level organisms accumulate greater contaminant burdens

through dietary uptake [31].

However, traditional approaches to assessing contaminant exposure encounter inherent
conceptual constraints when applied to marine food webs [32]. Although trophic
magnification models assume linear relationships between trophic position and
contaminant concentration, marine food webs exhibit multidimensional characteristics
that these reductive frameworks cannot capture [33]. Seasonal variations in prey
availability create temporal shifts in trophic pathways [34]; similarly, trophic transfers
involve intricate predator-prey networks rather than unidimensional chains [35], and
spatial heterogeneity in both the baseline levels of contamination and food web
structure generates geographic variation in exposure patterns [36,37]. These
multidimensional dynamics mean that organisms at similar trophic positions may
experience divergent exposure regimes depending on their specific foraging strategies,
habitat utilisation, and temporal activity patterns. Consequently, the variability
observed in contaminant concentrations among marine predators may reflect
meaningful ecological signals rather than analytical uncertainty. This suggests that
higher-trophic-level organisms integrate exposure information across the
multidimensional marine food web in ways that cannot be captured through linear

biomagnification models alone.

The selection of trophic level for assessing contaminant exposure within an ecosystem

involves important trade-offs between measurement precision and ecological
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representativeness. Although analytical uncertainty increases at each trophic level due
to cumulative variability [31,38], higher-level predators integrate exposure information
across broader spatial, temporal, and pathway dimensions than do lower-level
organisms [39,40]. Top predators forage across multiple habitats and water masses [41],
capture contamination signals over extended time periods through longer tissue
turnover rates [42], and integrate exposure from diverse prey sources representing
multiple contamination pathways [43]. This integration effect suggests that, despite
greater individual variability, marine predators may provide more representative signals
of ecosystem-wide contamination patterns and emergent exposure relationships that are
undetectable through the analysis of individual environmental compartments alone
[44,45]. However, this integration also raises the questions of whether such broad-scale
signals obscure important fine-scale contamination patterns or specialised exposure
pathways that might be critical for understanding ecosystem health and species-specific

vulnerabilities [46].

Marine top predators, particularly seabirds, thus constitute optimal sentinels for
understanding ecosystem-level contaminant exposure patterns and testing hypotheses
regarding ecological influences on exposure [43-45]. Their position at or near the apex
of marine food webs, combined with their long lifespans, high metabolic rates, and
capacity for contaminant accumulation, makes them valuable integrators of
contamination signals across spatial and temporal scales that exceed the scope of
environmental monitoring alone [43,44]. As central-place foragers during breeding
seasons, seabirds repeatedly return to fixed colony locations while exploiting specific
foraging areas, creating well-defined spatial linkages between contamination sources
and biological receptors which facilitate the interpretation of the exposure patterns [47-

49].

Seabirds also demonstrate ecological plasticity, with many species exhibiting individual
specialisation in foraging strategies despite population-level generalist patterns [50-53].
This combination of site fidelity during breeding and diverse foraging tactics creates
natural experimental systems for investigating how ecological strategies influence
contaminant exposure. Their diverse foraging behaviours—ranging from surface
feeding to deep diving, coastal foraging to pelagic hunting—provide opportunities to

examine how different ecological strategies may influence contaminant exposure
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patterns across multiple dimensions [54]. Furthermore, their migratory patterns enable
them to integrate contaminants across broad spatial scales, though this integration also

presents challenges for the interpretation of exposure sources and timing.

Traditional trophic transfer models, while valuable for establishing general patterns,
lack the explanatory power required to account for the substantial variability observed
in PFAS concentrations among individuals, populations, and species occupying similar
trophic positions. PFOS concentrations in seabird tissues range from below detection
limits to over 1,500 ng/g wet weight, representing orders of magnitude of variation even
among species with comparable trophic ecology [55,56]. These patterns suggest that
factors beyond trophic position—such as spatial foraging patterns, prey specialisation,
temporal foraging consistency, or physiological differences—may significantly
influence PFAS accumulation in marine predators. This variability, rather than
representing analytical noise, likely reflects meaningful ecological signals that reveal

how organisms partition exposure through their multidimensional foraging strategies.

1.3 Knowledge Gaps in Understanding PFAS Accumulation in

Marine Ecosystems

Despite extensive research documenting the presence of PFAS in marine environments
and biota [5,57], important knowledge gaps remain regarding the ecological
mechanisms governing their accumulation patterns in marine ecosystems. An analytical
review of the existing literature reveals three methodological and conceptual constraints

that limit current understanding of PFAS dynamics in marine predators.

First, the trophic position framework exhibits inconsistent explanatory utility regarding
the substantial variability observed in PFAS concentrations among individuals,
populations, and species occupying similar trophic positions [8,31,38,58]. Quantitative
analysis reveals that seabird species with similar §'°N values can differ in PFAS
concentrations by an order of magnitude [59-61], suggesting that factors beyond trophic
position drive exposure. While this pattern has been documented across multiple
species and geographic regions [62,63], other studies have reported strong correlations
between isotopic indicators and PFAS concentrations [61], highlighting the need for

frameworks capable of accounting for this variability. Furthermore, individuals within
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the same population can exhibit a threefold variation in PFAS concentrations despite
similar diets [64], indicating that spatial foraging patterns, prey specialisation, or
physiological differences may predispose marine predators to varying accumulation

rates.

Second, traditional approaches have predominantly focused on mean concentration
values rather than examining concentration magnitudes, compositional profiles, and
variability patterns as distinct indicators of ecological processes [65,66]. This limitation
has become increasingly apparent as analytical capabilities have expanded to detect
multiple PFAS simultaneously [67]. Different PFAS exhibit distinct environmental
distributions, protein-binding affinities, and elimination rates in biological systems [8].
If these compound-specific properties interact with ecological factors—such as prey
selection, habitat utilisation, or foraging consistency—they could theoretically generate
accumulation patterns that correspond to specific foraging strategies. However, this
potential has received limited empirical investigation. These multidimensional
contamination data (magnitude, composition, and variability) may provide
complementary information about foraging strategies not captured by concentration
measurements alone, yet they have to date received limited integrated analytical

attention.

Third, most studies have insufficiently accounted for the multidimensional nature of
exposure pathways, particularly how spatial habitat utilisation and temporal foraging
consistency interact with dietary preferences to shape contaminant profiles [68,69].
Seabirds forage across marine environments where PFAS exhibit distinct spatial
distributions, with concentrations varying by two orders of magnitude across
oceanographic regions and water masses [19,70,71]. However, how these spatially
structured contamination landscapes interact with seabird foraging strategies remains
poorly understood, especially under the constraints of central-place foraging during
breeding seasons. This limitation has become particularly relevant as climate change
alters oceanographic regimes and associated contamination distributions, with potential
consequences for Arctic-Atlantic boundary dynamics that may restructure both food

webs and contaminant pathways [18].




1.4 Theoretical Framework: Ecological Niches and Contaminant

Exposure

Ecological niche theory provides a robust conceptual foundation for understanding the
multidimensional resource partitioning in biological communities. Schoener [72]
originally formalised this theory by identifying habitat type, dietary resources, and
temporal activity patterns as the primary axes of niche differentiation. Pianka [73]
subsequently expanded this framework by demonstrating that the coexistence of species
depends fundamentally on differential resource utilisation across multiple dimensions
rather than separation along single ecological gradients. Hutchinson’s [74]
conceptualisation of the ecological niche as an n-dimensional hypervolume of
environmental conditions remains central to the understanding how organisms partition
resources and respond to environmental variability across multidimensional ecological
landscapes [75,76]. The number and identity of relevant dimensions can vary among

systems and taxa [77].

Central-place foraging theory provides additional theoretical grounding for
understanding how breeding constraints may structure the patterns of contamination
exposure in colonial seabirds [48,78,79]. During breeding seasons, the requirement to
return repeatedly to fixed colony locations creates spatial constraints [47] that may
mediate exposure to spatially structured contaminant landscapes, potentially generating
predictable relationships between foraging specialisation and contamination patterns.
Optimal foraging theory suggests that organisms balance resource predictability against
energetic reward, potentially creating a temporal consistency in foraging strategies that

could generate characteristic contamination patterns [80].

This multidimensional theoretical framework contrasts with traditional approaches to
the bioaccumulation of contaminants, which have predominantly relied on trophic
magnification models that reduce sophisticated ecological relationships to linear
functions of trophic position [31,46]. While trophic magnification factors (TMFs) and
biomagnification factors (BMFs) have successfully demonstrated vertical contaminant
transfer through food webs for many persistent organic pollutants, these approaches
often cannot explain substantial within-trophic-level variation or inter-specific

differences in accumulation patterns among organisms occupying similar positions in
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food webs [31]. Furthermore, these one-dimensional models cannot capture spatial and
temporal dimensions that influence contaminant exposure in natural systems,
particularly for compounds like PFAS that exhibit varied protein-binding affinities and

spatially heterogeneous environmental distributions.

Emerging research demonstrates the potential for chemical contaminant profiles to
function as ecological tracers, revealing niche partitioning and the patterns of resource
use not readily discernible through conventional ecological methods. Lyons et al. [81]
demonstrated that the patterns of persistent organic pollutants can distinguish among
shark species with overlapping geographic ranges, revealing subtle ecological
differentiation that traditional dietary analysis could not resolve. Similarly, Tartu et al.
[82] showed that mercury profiles in seabirds reflected species-specific wintering areas
and migratory strategies, establishing contaminant patterns as markers of ecological
specialisation. However, other studies have reported weak correlations between
indicators of foraging ecology and contaminant patterns [63,69,83], highlighting the

need for more comprehensive frameworks that account for ecological factors.

In this thesis, I conceptualise exposure patterns as the chemical signals that reflect the
ecological strategies and life histories of marine predators, proposing that these patterns
encode information about how organisms interact with their environment across spatial,
temporal, and dietary dimensions. From this perspective, I propose extending
ecological niche theory to encompass contaminant exposure as an additional dimension
of niche space. This framework proposes that, just as organisms partition resources,
their ecological behaviours and niches across time and space also lead to differential
chemical exposure. If contaminant exposure patterns reflect ecological specialisation
rather than stochastic variation, then characteristic exposure profiles could emerge that
correspond to distinct ‘contamination niches’, analogous to how species occupy
characteristic positions in traditional resource space through their ecological

adaptations.

This contamination-niche framework offers several theoretical advantages over
traditional bioaccumulation models. First, it reframes variability in contaminant
patterns as potentially meaningful ecological information rather than statistical noise to

be minimized, transforming how we interpret heterogeneity in exposure data. Second,




it conceptualises chemical exposure as an ecological landscape shaped by the spatial
and temporal patterns of organismal movement and foraging, integrating contamination
into broader ecological frameworks. Third, it provides a multidimensional alternative
to biomagnification models that have shown limited ability to explain the substantial

variability observed in field studies.

1.5 Study Area and Methodological Considerations

This thesis was conducted within the framework of the LOMVIA project (Linking
Oceanography and Multi-specific, spatially-Variable Interactions of seabirds and their
prey in the Arctic), which primarily focused on seabird foraging ecology, food-web
structure, and habitat use around Iceland. While LOMVIA provided the logistical and
scientific foundation for the collection of seabird samples and ecological data, the
analysis of PFAS and the development of a contamination niche framework presented
herein represent an independent extension of this research. Iceland offers an exceptional
natural setting for developing and testing the contamination niche framework due to its
unique oceanographic and ecological gradients. The convergence of Arctic and Atlantic
water masses around Iceland creates strong oceanographic gradients in temperature,
productivity, and prey communities [84], providing a natural experimental setting to
investigate how these environmental variations may influence seabird foraging
strategies and, consequently, patterns of PFAS exposure. Moreover, Iceland’s sympatric
guillemot colonies (U. aalge and U. lomvia) exhibit overlapping yet distinct foraging
strategies, enabling comparative analysis of how species-specific ecological
divergencies influence contaminant accumulation patterns across distinct

oceanographic regimes (Fig. 1-2).




Common Guillemot Briinnich’s Guillemot
Uria aalge Uria lomvia

Figure 1-2. Guillemot Species. Left: Common Guillemot (Uria aalge) with pointed bill and
brownish plumage, typically foraging in Atlantic-influenced waters. Right: Briinnich’s
Guillemot (Uria lomvia) showing thicker bill with pale gape stripe and darker coloration,
specialised for Arctic-influenced environments. Photos courtesy of Norwegian Polar Institute.

The Arctic-influenced waters are characterised by seasonal sea ice coverage, prey
communities including lipid-rich Arctic cod (Boreogadus saida) and ice-associated
copepods, and pronounced seasonal productivity cycles limited to 1-4 months during
spring and summer [85]. In contrast, Atlantic-influenced waters support year-round
productivity, prey communities with greater diversity of forage fish species, and more
stable thermal conditions that facilitate extended foraging seasons [86]. These
contrasting oceanographic regimes create divergent prey availability patterns and

seasonal foraging opportunities that may shape predator contamination patterns.

The presence of the two closely related guillemot species at multiple Icelandic colonies
(Fig. 1-3) allows for an examination of how nuanced ecological differences translate
into contamination patterns while accounting for phylogenetic and environmental
factors. These species exhibit overlapping but distinct foraging strategies, with U.
lomvia showing a preference for Arctic-influenced waters and ice-associated prey,
while U. aalge typically forages in warmer Atlantic-influenced waters [87,88]. Both

species function as central-place foragers during breeding, constraining their
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movements to predictable ranges that can be linked to specific oceanographic

conditions and contamination landscapes.
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Figure 1-3. Distribution of Common Guillemot (U. aalge) and Briinnich’s Guillemot (U.
lomvia) sampling locations across Iceland. Five coastal breeding colonies were sampled:
Latrabjarg (NW), Grimsey (N), Langanes (NE), Hafnarberg (SW), and Papey (SE). Both
species coexist at three northern and western colonies (Latrabjarg, Grimsey, and Langanes),
while only Common Guillemots were sampled at the two southern colonies (Hafnarberg and
Papey) in June-July 2018. Reprinted from Chapter 3 (manuscript accepted for publication).

Several methodological considerations are integral to interpreting the results from this
system. This study’s focus on breeding season exposure limits our understanding of the
annual accumulation patterns that occur during migration and winter periods. The
temporal mismatch between stable isotope turnover (weeks) and PFAS persistence
(months to years) requires a cautious interpretation of observed correlations, as they
may reflect a composite of current foraging strategies and historical exposure patterns.
Sample size limitations may constrain the ability to detect subtle ecological signals
against the background of individual physiological variation, particularly for
compound-specific analyses where detection frequencies vary among PFAS classes.
Additionally, the breeding season sampling window may not capture the annual patterns

of exposure that occur during migration or winter periods.
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1.6 Research Focus and Objectives

This dissertation examines how ecological processes structure PFAS exposure patterns
in marine predators during the breeding season. By examining variability patterns and
exposure clustering in sympatric guillemot species across the Arctic-Atlantic gradient,
my aim is to move beyond traditional trophic magnification approaches to investigate

the multidimensional ecological influences on contaminant exposure.

Chapter 3 investigates whether PFAS exposure variability functions as an ecological
signal, examining potential threshold effects across the Arctic-Atlantic gradient and
compound-specific responses to spatial and trophic indicators. Building on evidence
for structured variability patterns, Chapter 4 develops and tests a contamination niche
framework by analysing discrete clustering in exposure patterns and their associations
with foraging ecology indicators. Based on PFAS analysis and dual-tissue stable isotope
measurements (5'°C, §!°N) in blood plasma and red blood cells with different turnover
rates to assess temporal foraging consistency, samples from the two guillemot species
were collected at five Icelandic colonies spanning Arctic and Atlantic oceanographic

influences during June-July 2018.
The following main hypotheses were tested in this dissertation:

(1) PFAS exposure variability patterns will exhibit ecological structuring rather than
random variation, with compound-specific responses to ecological indicators
due to differential compound properties. Given the stronger protein-binding
affinity of PFOS compared to PFCAs, compounds will show differential
associations with ecological indicators, with threshold effects across the Arctic-

Atlantic gradient (Chapter 3).

(2) PFAS exposure patterns will form discrete, non-random clusters corresponding to
distinct foraging strategies. These potential contamination niches show
significant associations with isotopic niche metrics, species identity, and colony
location, with predictive relationships between foraging ecology indicators and

exposure patterns (Chapter 4).
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(3) The integrated variability and niche clustering analyses reveal that chemical
exposure patterns in marine predators emerge from multidimensional foraging
strategies, with spatial, temporal, and dietary dimensions resulting in distinct
contamination regimes that show significant associations with ecological

indicators and non-random clustering patterns (Chapters 3 and 4 combined).
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Chapter 2: Methodological Overview

This thesis integrates field-based ecological sampling with laboratory-based chemical
and isotopic analyses to investigate how multidimensional foraging strategies structure
PFAS exposure in marine predators. The research utilises Iceland’s position at the
Arctic-Atlantic oceanographic boundary [84,89], where contrasting water masses
support distinct prey assemblages and food-web structures [36,37] that provide
opportunities to investigate the ecological influences on contamination patterns through

differential ecological pathways.

The study focuses on two sympatric guillemot species (U. aalge and U. lomvia)
breeding at five Icelandic colonies spanning this oceanographic gradient. These
guillemots provide suitable model organisms for investigating the relationships
between contamination and ecology due to their central-place foraging behaviour
during breeding [47,48], their overlapping yet distinct ecological niches [87,88], and
their position as marine predators that potentially integrate contamination signals across
multiple trophic pathways. Blood samples were collected from adult birds during the
breeding season (June-July 2018) and separated into plasma and red blood cell fractions

to assess temporal patterns in foraging behaviour across different tissue turnover rates.

2.1 PFAS Chemical Analysis

PFAS analyses were conducted at the Helmholtz-Zentrum Hereon in Germany, using
high-performance liquid chromatography coupled with tandem mass spectrometry
(HPLC-MS/MS) to quantify 14 target PFAS in plasma samples. The targeted analysis
included nine perfluoroalkyl carboxylic acids (PFCAs: C5-C13), four perfluoroalkyl
sulfonic acids (PFSAs: C4, Cé6, C8, and C10), and hexafluoropropylene oxide dimer
acid (HFPO-DA). This compound selection captured both legacy compounds
(particularly PFOS and long-chain PFCAs) known to biomagnify in marine food webs
and emerging compounds of regulatory concern. Plasma samples were selected for
analysis due to the binding affinity of PFAS to albumin [8,13], a primary blood plasma

protein, making plasma a suitable matrix for detecting recent exposure patterns.
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2.2 Stable Isotope Analysis and Ecological Interpretation

Stable isotope analyses (3'*C, 6'°N) for both plasma and red blood cells were performed
at the GEOMAR Stable Isotope Facility (Kiel, Germany), providing integrated dietary
and habitat-use information over distinct temporal scales. Blood plasma isotope values
reflect foraging patterns integrated over approximately 3-5 days, while red blood cell
values represent longer integration periods of 3-4 weeks [42,90]. This dual-tissue
approach allows for the assessment of temporal consistency in foraging behaviour
during the breeding season, addressing limitations in traditional bioaccumulation

studies that typically rely on single-tissue measurements.

The dual-isotope approach provides complementary ecological information for
interpreting contamination patterns within the Arctic-Atlantic oceanographic gradient.
Carbon isotope ratios (0'*C) serve as indicators of spatial habitat use, with values
following latitudinal and water mass gradients around Iceland. More negative 6"°C
values are associated with Arctic-influenced waters and their prey communities, while
less negative values indicate foraging in warmer, more saline Atlantic-influenced
waters. This spatial differentiation is particularly relevant given Iceland’s position at
the confluence of distinct oceanographic regimes with contrasting productivity cycles
and prey assemblages. Nitrogen isotope ratios (8'°N) reflect both trophic position and
regional oceanographic conditions, representing the combined influence of prey
selection and baseline nitrogen sources. Arctic waters typically exhibit more negative
515N baselines compared to Atlantic waters [91,92], while within-system variation

reflects trophic level differences among prey types.

The temporal resolution provided by the dual-tissue analysis enables the assessment of
foraging consistency, a dimension that has received limited attention in marine
bioaccumulation research. Strong correlations between plasma and red blood cell
isotope values may indicate consistent foraging strategies maintained over the breeding
period, whereas weak correlations suggest temporal shifts in habitat use or prey

selection that could influence contaminant exposure pathways.

16



2.3 Analytical Framework

The resulting chemical and isotopic datasets were combined to examine the spatial,
temporal, and dietary dimensions of contamination exposure through an integrated data
science approach that extends beyond traditional bioaccumulation frameworks. This
methodology addresses a recognised limitation in bridging contamination science and
ecology: the treatment of exposure variability as statistical noise rather than potentially

informative ecological signals that may reflect specialised foraging strategies [31,38].

Unsupervised machine learning methods were employed to identify patterns in the
multidimensional data without the use of predetermined assumptions about exposure
groupings. Dimensionality reduction techniques extracted the primary sources of
variation in PFAS profiles, whilst unsupervised clustering algorithms detected potential
discrete contamination patterns in both exposure magnitudes and compositional
profiles. This data-driven approach enabled exploration of natural groupings that may
reflect ecological processes rather than imposed taxonomic or geographic categories,
representing an application of pattern recognition techniques to the study of

contamination ecology.

Supervised learning methods were then applied to test predictive relationships between
ecological indicators and contamination patterns, whilst statistical modelling assessed
the relative influence of biological and environmental factors on exposure outcomes.
Pattern recognition techniques identified potential threshold effects across
environmental gradients and quantified the associations between foraging strategies
and contaminant profiles, enabling an investigation of possible ecological transitions

that may structure chemical exposure in marine systems.

This analytical framework enabled the investigation of contamination patterns across
multiple ecological dimensions whilst accounting for the hierarchical structure inherent
in ecological data and addressing the temporal mismatch between ecological indicators
(weeks) and contaminant persistence (months to years) [60,93] that complicates the

interpretation of exposure-ecology relationships.
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Chapter 3: Arctic-Atlantic gradient shapes PFAS
exposure variability in sympatric guillemot species off

Iceland

Note: This chapter is accepted for publication in Environmental Science & Ecotechnology
following revision

Shen, R., Ebinghaus, R., Vassdo, D.G., Ratcliffe, N., & Larsen, T. (2025). Arctic-Atlantic
gradient shape PFAS exposure variability in sympatric guillemot species off Iceland.
Environmental Science & Ecotechnology, (ESE-D-25-00426).




Abstract

Per- and polyfluoroalkyl substances (PFAS) are persistent organic pollutants of growing
environmental concern in marine ecosystems. While previous approaches have focused
on mean concentrations, we here propose treating PFAS exposure variability as an
ecological signal rather than statistical noise. To examine this variability-as-signal
hypothesis, we analysed PFAS concentrations in plasma and stable isotopes in plasma
and red blood cells from 112 individuals of two sympatric guillemot species (Uria
lomvia, n=45; Uria aalge, n=67) across five Icelandic colonies during the 2018
breeding season. The dual-tissue isotopic approach allowed us to assess foraging
consistency across different temporal scales, providing context for interpreting PFAS
exposure patterns. PFAS variability was dominated by two compound groups:
Long-chain perfluoroalkyl carboxylic acids (PFCAs, 79% of variance) and
perfluorooctane sulfonate (PFOS, 13% of variance). We standardised individual
variability into z-scores to quantify individual expression of these exposure patterns,
revealing three distinct variability clusters that corresponded with oceanographic
transitions between Arctic and Atlantic waters. Segmented regression analysis showed
that significant threshold effects at the Arctic-Atlantic habitats (isotopic breakpoints
83Ceonsist = 0.19, 8"Neonsist = 0.00) with contrasting ecological drivers: PFOS
variability responded to habitat-driven shifts (5!°C, p < 0.01) and PFCA variability to
trophic indicators (8'°N). Both species exhibited similar PFAS patterns when foraging
in the same water masses, with notable exceptions where niche partitioning occurred at
oceanographic boundaries. Our findings demonstrate that water mass characteristics
and foraging strategies create structured PFAS variability patterns that reflect local
ecological adaptations within broader geographical gradients. This variability-focused
framework reveals ecological dimensions of contamination that complement traditional
mean-based approaches and may improve understanding of contaminant risks in rapidly
changing marine ecosystems.

Keywords: PFAS exposure variability; water mass thresholds; multi-tissue isotopes;

sympatric guillemots; marine bioaccumulation
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3.1 Introduction

Marine ecosystems, encompassing more than 90% of Earth’s habitable biosphere
volume [94], are threatened by multiple anthropogenic pressures [95], including the
ubiquitous presence of synthetic chemical compounds such as per- and polyfluoroalkyl
substances (PFAS) [96]. These persistent organic pollutants, notable for their stable
carbon-fluorine bonds, are exceptionally resistant to environmental degradation
processes [1] and accumulate in living organisms [5,9]. The toxic effects of PFAS pose
measurable risks to both human and ecosystem health, especially within marine
environments where biomagnification can be pronounced through efficient trophic

transfer from phytoplankton to apex predators [9,28,56,97].

The unique physicochemical properties of PFAS determine their bioaccumulation
patterns in marine organisms [8,58]. Marine predator tissues show a predominance of
perfluorooctane sulfonate (PFOS) and long-chain perfluoroalkyl carboxylic acids
(PFCAs) [55,56,96,98]. PFOS demonstrates enhanced protein-binding affinity and
prolonged retention in organisms due to its sulfonate group, which forms stronger bonds
with serum proteins than the carboxylate groups of PFCAs [8,13,99,100]. These
molecular-level differences create distinct exposure patterns in predators, with PFOS
exhibiting greater persistence and integrating exposure over longer time periods
compared to PFCAs of similar chain length [58,101]. Such compound-specific
dynamics fundamentally shape how PFAS are transferred and magnified across trophic

levels in marine food webs [9,28,31,38].

PFAS bioaccumulation research has relied heavily on mean-based metrics like trophic
magnification factors (TMFs) and biomagnification factors (BMFs) [31,38,102-105].
These approaches obscure ecological nuances by averaging exposure across temporal
and spatial scales [31]. Rather than dismissing variability as statistical noise, we
propose recognising it as biologically informative. Variability in PFAS in tissue
concentrations within and among populations represents ecological signals that reveal
contaminant pathways that mean-based analyses may not capture. This reframing turns
individual differences from mere measurement error into ecological insight. For
instance, when seabirds display constrained variability, it may indicate specialised

foraging within consistent habitats and prey, whereas high variability among
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individuals can reflect exposure to seasonal prey communities or spatially
heterogeneous habitats [25,106]. Recognising these variability patterns becomes ever
more critical as climate change reshapes marine ecosystems, forcing predators to shift

their foraging behaviour and, in turn, modifying contaminant exposure pathways.

Spatial patterns of PFAS distribution in marine ecosystems reflect the dynamic
integration between ecological and oceanographic processes [18]. Previous research
has primarily attributed these patterns to long-range transport and geographic
variability [19,20,63,107,108]. However, distribution gradients also stem from
differences in food web structures and habitat dynamics [109]. Arctic waters may
exhibit relatively homogeneous PFAS exposure among individuals within a species due
to strong habitat segregation, low species richness, and greater ecological specialisation
such as a reliance on lipid-rich prey. The relatively high homogeneity in both habitat
and diet reduces inter-individual differences in contaminant exposure, as most
individuals forage within similar ecological niches. These marine systems typically
display more modular and less connected food web structures than temperate regions
[25,110]. Atlantic waters, in contrast, support more diverse prey assemblages including
various forage fish and mesopelagic fauna. This greater connectivity and year-round
prey availability may create more integrated trophic networks with higher species

interactions and diverse feeding opportunities compared to Arctic systems [36].

Seabirds, as central-place foragers during breeding seasons, provide an ideal model to
explore these dynamics [43,47]. The period offers a natural framework for examining
PFAS exposure variability, as central-place foraging behaviour confines individuals to
localised ranges for chick provisioning [50,111-113]. As a result, central-place foraging
itself can promote more homogeneous exposure patterns among individuals, an effect
that is independent of whether birds breed in Arctic or temperate environments
[114,115]. Case in point, two sympatric seabird species, Briinnich’s guillemots (Uria
lomvia; UL) and common guillemots (Uria aalge; UA), have overlapping ecological
niches despite UL’s preference for more lipid-rich prey and colder foraging habitats
[88]. In contrast, outside the breeding season, both species disperse across diverse
habitats and prey communities [41,116], potentially leading to greater heterogeneity in

contaminant exposure. By focusing on the breeding season of these two species, this
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study leverages the ecological consistency of central-place foraging to disentangle how

spatial habitat use and trophic interactions shape PFAS exposure patterns.

Iceland’s coastal waters, situated at the confluence of cold Arctic and warm Atlantic
currents, present a unique natural laboratory for investigating PFAS exposure in marine
ecosystems [89,117,118]. This region lies at the boundary between Arctic and temperate
waters, creating distinct oceanographic and ecological zones [84]. To the north, cold
Arctic waters with seasonal sea ice coverage generally exhibit lower primary
productivity than temperate waters, except for localized hotspots such as ice edges and
polynyas [37,84]. These Arctic systems experience pronounced seasonal production
limited to a one to four month period during spring and summer [85], creating more
dynamic trophic relationships [119]. In contrast, the warmer Atlantic-influenced waters
to the south without sea ice, generally support higher and more consistent primary
productivity [84,86]. Atlantic influenced ecosystems around Iceland have more
complex, stable, and highly connected food webs than Arctic systems, because the
mixing of Arctic and Atlantic water masses introduces a wider range of prey species
and ecological niches [36,120]. This convergence creates abrupt ecological transitions,
where isotopic baselines (8'°C, §!°N) and prey communities shift sharply across water
masses, which in turn makes it possible to test how oceanographic thresholds structure

PFAS variability patterns.

To gain insight into foraging consistency at individual levels, we employ stable isotope
analysis across two blood fractions with different turnover rates. Plasma integrates
dietary information over short periods (~1 week), and red blood cells reflect longer
timeframes (~3-4 weeks) [42]. By integrating isotopic values across these tissues, we
assess how temporal consistency in foraging behaviour shapes individual PFAS
exposure patterns. This dual-tissue approach provides a more detailed understanding of
how individual foraging strategies translate into PFAS variability patterns than is

possible with single-tissue analysis.

In this study, we explore contaminant dynamics in marine ecosystems by
reconceptualising PFAS exposure variability as an ecological signal rather than
statistical noise. By using Iceland’s position at the Arctic-Atlantic interface, we

hypothesize that PFAS exposure variability contains structured ecological signals
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reflecting species-specific foraging strategies and oceanographic influences. We predict
that UL and UA will exhibit distinct PFAS exposure variability profiles, with UL

showing more constrained variability patterns and UA exhibiting broader patterns.

3.2 Methods and Materials

3.2.1 Study Design

We analysed 112 blood samples from UA (n=67) and UL (n =45) collected at five
colonies across Iceland during June and July 2018 (Fig. 3-1) [87]. The sampling
locations encompassed diverse oceanographic influences along both north-south and
east-west gradients. Three northernmost colonies (NW, N, NE) harboured both UA and
UL populations, while two southernmost colonies (SE, SW) harboured UA only. At the
three northernmost colonies where both species coexist, we collected 15 samples per
species per colony (n =45 UL, n =45 UA from northernmost colonies). At the two
southernmost colonies where only UA breeds, we collected 15 samples at SE and 7
samples at SW due to logistical constraints. We separated blood samples into cells and
plasma to evaluate guillemot foraging across different temporal scales. We measured
PFAS concentrations in plasma, as these compounds exhibit strong binding affinity to
albumin, a primary blood plasma protein. Stable isotope patterns in the North Atlantic
show distinct spatial trends: 8'*C values follow a latitudinal gradient, with higher values
in Atlantic-influenced waters than in Arctic waters, while 8'°N values indicate both
trophic position and local oceanographic conditions [92]. The presence of both species
at northernmost colonies facilitated direct interspecies comparisons of PFAS exposure.
The balanced sampling design at northernmost colonies (n = 15 per species) provides
adequate statistical power for direct interspecies comparisons of PFAS exposure, while
the presence of both species at these northernmost colonies facilitates examination of
species-specific responses to shared oceanographic conditions. Migration patterns
differ between species: UL undertake extensive migrations from their high-latitude
breeding sites to lower-latitude wintering areas, with the NW colony typically wintering
in Southwest Greenland, and N and NE colonies wintering off West Greenland and
north of Iceland [113]. UA generally winter closer to their breeding colonies, though
some individuals migrate to the Mid-Atlantic Ridge or the waters between the Faroe

Islands, Scotland, and Shetland Islands [121].
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Figure 3-1. Sea-surface temperature and guillemot sampling sites around Iceland
(June 2018). Sea surface temperature (SST) is shown alongside the major ocean
currents influencing Icelandic waters: the warm Irminger and North Atlantic Currents,
and the cold East Greenland and East Icelandic Currents. Guillemots were sampled at
five colonies. Latrabjarg (northwest [NW]; 65.50° N, 24.52° W), located at the interface
between the warm Irminger Current and the cold East Greenland Current; Grimsey
Island (north [N]; 66.57° N, 18.02° W), primarily influenced by the warmer waters of
the Irminger Current with some contribution from the cooler East Icelandic Current;
Langanes peninsula (northeast [NE]; 66.38° N, 14.54° W), where the Irminger and East
Icelandic Currents meet; Papey (southeast [SE]; 64.59° N, 14.18° W), situated in the
cool East Icelandic Current, near its convergence with the warm North Atlantic Current;
and Hafnaberg (southwest [SW]; 63.75° N, 22.75° W), affected by the warmer waters
of the North Atlantic Current. The three northern colonies (NW, N, and NE) host both
common guillemots (Uria aalge, UA) and Briinnich's guillemots (Uria lomvia, UL).
The NW colony is the largest colony (343,900 guillemot pairs; UA:UL = 1.9:1.0), and
the N colony is the second largest (71,400 pairs; UA:UL = 16.4:1.0) as per a 2008
census [122]. Only UA breeds in the two southern colonies (SE and SW). SST data are
from Copernicus Marine Environment Monitoring Service Global Ocean Physics
Reanalysis.

3.2.2 Sample Collection

To ensure a representative cross-section of Icelandic seabird populations, all blood
samples were collected from selected breeding colonies, as described in Bonnet-Lebrun

[87]. Approximately 1 mL of blood was collected from each seabird via venipuncture,
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using rapid, minimally invasive sampling techniques to ensure bird welfare.
Post-collection, blood samples were centrifuged using a Micro Star 12 centrifuge
(VWR, Leuven, Belgium) at 12,300 rpm for 4 minutes to separate plasma and cells.
The separated components were transferred to glass petri dishes and dried at ambient

temperature in a desiccator for 4 to 6 days.

3.2.3 PFAS Chemical Analysis

PFAS analysis was performed on plasma samples at the Helmholtz-Zentrum Hereon
(Geesthacht, Germany). The targeted analysis included 14 PFAS: nine PFCAs (C5-
C13), four PFSAs (C4, C6, C8, C10), and HFPO-DA (complete list in Table Al,
Appendix A).

PFAS extraction from dried plasma samples was performed using a modified
quaternary ammonium salt-based ion-pairing method.[123,124] Prior to extraction,
samples were fortified with '3C-labeled PFAS internal standards and buffered with
sodium carbonate (1 mL, 0.5 M, pH 10.0). The detailed extraction protocol is provided

in the Supporting Information.

Analysis was conducted using HPLC-MS/MS with electrospray ionization in multiple
reaction monitoring (MRM) mode. Chromatographic separation was achieved using a
Synergi Fusion-RP C18 column with a water-methanol gradient containing ammonium
acetate buffer. Method detection limits were 0.05-0.07 ng/mL for all target compounds,
with data reported on dry weight basis (ng/g DM) consistent with the dried sample
preparation approach. Detailed analytical parameters, as well as Quality Assurance and

Quality Control (QA/QC) procedures, are provided in the Appendix A.
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3.2.4 Stable Isotope Analysis

The isotope data for blood cells reported in this study have already been published by
Bonnet-Lebrun [87]. The plasma isotope data, however, are presented here for the first

time. The isotope data are expressed in delta (3) notation:

5 = (M— 1) x 1000
Rstandara

Where Rsampie 1s the ratio of the heavy to light isotope in the sample, and Rjzandara 1s the
ratio of the heavy to light isotope in the standard. To express the isotopic data as per
mil (%o), they are multiplied by 1000. The isotope ratios are expressed relative to Vienna
Pee Dee Belemnite (VPDB) for carbon and atmospheric air for nitrogen. Elemental
content and bulk isotope values of blood cells were prepared according to Bonnet-
Lebrun [87] and determined at the Stable Isotope Facility of the Experimental Ecology
Group, GEOMAR, Kiel with a customised, high sensitivity elemental analyser
connected to a stable isotope ratio mass spectrometer (DeltaPlus Advantage, Thermo
Fisher Scientific, Germany) as described by Hansen and Sommer [125]. The standard
deviations for '3C and §'°N and ranged from =+ 0.15%o to + 0.25%o (1 = 3).

3.2.5 Statistical Analysis

All statistical analyses were conducted using Python 3.9.16 with associated libraries,
including Pandas 1.5.3, NumPy 1.24.3, SciPy 1.10.1, Scikit-learn 1.2.2, Statsmodels
0.13.5, Matplotlib 3.7.1, and Seaborn 0.12.2. Our analytical approach consisted of four
sequential steps designed to characterise PFAS variability patterns and their

relationships with ecological indicators.

First, PFAS concentration data were log-transformed to improve normality. We then
conducted Principal Component Analysis (PCA) on these log-transformed
concentrations to reduce the dimensionality of the multi-compound dataset and identify
the primary patterns of covariation among PFAS across individual birds Based on the
patterns revealed by PCA (Appendix A), we then standardised each individual’s PC
scores into z-scores to quantify how much each bird expresses these covariation patterns.
A z-score of zero represents average variability for that exposure pattern across the

population. Negative z-scores indicate more constrained (consistent) exposure patterns,
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whereas positive z-scores indicate more variable (heterogeneous) exposure patterns.
Note that in this study, the application and interpretation of z-scores is tailored to the
specific PCA loading patterns found in this dataset, allowing us to identify individuals
with consistently constrained versus heterogeneous exposure patterns that may reflect
different foraging strategies. Second, we implemented k-means -clustering to
characterise population-level patterns in PFAS variability. We determined the optimal
number of clusters using silhouette analysis, which maximizes within-cluster similarity
and between-cluster separation. Silhouette scores (-1 to +1) measure clustering quality,
where higher values indicate better cluster assignment, zeros suggest borderline cases,
and negative values indicate likely misclassification. This approach allowed us to
identify distinct PFAS variability profiles across the study populations. Finally, to detect
potential threshold effects in relationships between isotopic consistency and PFAS
variability patterns, we employed bivariate segmented regression. We calculated
isotopic consistency scores (83 Ceonsist and 8'*Neonsist) using PCA to capture the shared
consistency between tissues followed by standardisation into z-scores. A consist score
of zero represents the overall population mean, with positive and negative scores
indicating consistently higher or lower isotopic values across tissues, respectively. The
absolute magnitude of these scores reflects how strongly an individual’s isotopic pattern
deviates from the population mean across both temporal scales. For the bivariate
segment analysis, the dataset was split into training (80%) and testing (20%) sets.
Optimal breakpoints for segmented regression were identified by minimizing the sum
of squared residuals. Models included base effects for both isotopic indicators, segment
effects for values above identified breakpoints, and interaction terms. Model
performance was evaluated using R> and RMSE. Based on the identified breakpoints,
individuals were classified into habitat-associated segments to assess how
oceanographic regimes influenced PFAS variability patterns. All statistical tests were
two-tailed, with significance levels set at o = 0.05. 95% confidence intervals were
reported where appropriate. Detailed descriptions of these calculations and additional

statistical methods are provided in the Appendix A.
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3.3 Results

3.3.1 PFAS Variability Patterns

Analysis of PFAS concentrations in plasma samples revealed consistent patterns of
exposure across the two seabird species UA and UL. Long-chain PFCAs (C9-C13) and
PFOS (linear and branched) were the dominant compounds detected in all samples.
PFOS accounted for 62-73% of the total PFAS burden in UA and 70-89% in UL,
highlighting its predominance in both species. Among PFCAs, PFUnDA (C11) and
PFTrDA (C13) were the most abundant, with median concentrations ranging from 10.0
to 23.3 ng/g DM in UA and 6.6 to 10.0 ng/g in UL. Short-chain PFCAs (e.g. PFPeA,
PFHxA) and PFBS as well as HFPO-DA were not detected in any samples. Detection
frequencies and concentration ranges are summarized in Table 3-1, while Fig. 3-2

illustrates median PFAS profiles across species and colonies.
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Figure 3-2. PFAS composition and concentrations in Icelandic guillemots across species
and colonies. Per- and polyfluoroalkyl substance (PFAS) profiles are compared between
Briinnich’s guillemots (Uria lomvia, UL) and common guillemots (Uria aalge, UA) across five
colonies in Iceland (NW [northwest], N [north], NE [northeast], SW [southwest], and SE
[southeast]). a, Median PFAS concentrations of five long-chain perfluoroalkyl carboxylic acids
(C9—C13 PFCAs) and perfluorooctane sulfonate (PFOS, linear and branched). Left: UL; right:
UA. b, Log-transformed PFAS concentrations (including C9—C13 PFCAs and PFOS) shown as
split-violin plots. Each data point represents an individual bird, while the split-violin shapes
reflect the overall distribution for each colony and species. Black dots indicate median values
for each species at each colony, and asterisks represent significance levels between species at
the sympatric colony (*p < 0.05).
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Table 3-1. Detection rates and concentration ranges of PFAS in UA and UL samples.

UL UA

Compound

DF Median Min. Max. DF Median Min. Max.

[%0] [ng/g DM] [%] [ng/g DM]
PFPeA n.d. <MDL <MDL <MDL n.d. <MDL <MDL <MDL
PFHxA n.d. <MDL <MDL <MDL n.d. <MDL <MDL <MDL
PFHpA 49 0.1 <MDL 0.9 27 0.1 <MDL 04
PFOA 47 0.4 <MDL 1.8 40 0.5 <MDL 28
PFNA 100 34 0.9 16.5 100 4.4 1.1 24.2
PFDA 100 2.7 0.4 15.5 100 5.6 1.0 21.5
PFUnDA 100 10 1.3 48.1 100 233 5.9 95.5
PFDoDA 100 2.4 0.3 9.3 100 5 1.6 17.9
PFTrDA 100 6.6 1.2 20.4 100 12.9 4.2 38.7
PFBS 33 <MDL <MDL 0.1 21 <MDL <MDL 0.2
PFHxS 27 0.4 <MDL 1.2 40 0.4 <MDL 1.7
PFHpS 7 1.9 0.6 1.9 4 2.2 1.6 5.0
PFOS 100 69.8 22.8 203 100 103 23.1 409.7
PFDS 69 1.5 <MDL 12.7 70 0.7 <MDL 7.0

HFPO-DA n.d. <MDL <MDL <MDL n.d. <MDL <MDL <MDL

DF: Detection Frequency
n.d.: not detectable

To identify the underlying exposure patterns driving PFAS variability within
individuals, we investigated how PFAS covary using PCA. PCA revealed two main
sources of variability in PFAS exposure patterns. The first principal component (PC1),
which was mainly driven by long-chain PFCAs (C9-C13), explained 79% of the
variation. The second component (PC2) was driven by PFOS, which varied
independently from the other compounds, and accounted for an additional 13% of the
variability (detailed results in Appendix A, Fig. Al). Based on these distinct patterns,
coordinated PFCA behaviour versus independent PFOS behaviour, we applied z-scores,
denoted as zprca (for long-chain PFCAs) and zpros (for PFOS), to measure how much
each individual bird expresses these different exposure patterns. zprca ranged from -2.3
to 2.9 across all birds. Northernmost UA showed predominantly negative z-scores
(median: -0.6 to 0.2) with relatively constrained variability. In contrast, northernmost

UL exhibited predominantly positive z-scores (median: 0.3 to 1.1) with greater
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variability in pattern expression. zpros ranged from -2.1 to 3.4. Southernmost UA
showed elevated positive z-scores (median: 0.7 to 0.8) with high variability in PFOS
pattern expression (max values, SW: 3.4; SE:2.7). Northernmost populations of both
species showed more constrained PFOS patterns, exhibiting predominantly negative

z-scores across colonies (median, UA: -0.7 to -0.2; UL: -0.5 to 0.4).
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Figure 3-3. Clustering of PFAS variability in common and Briinnich’s guillemots. a, K-
means clustering based on standardised variability (z-scores) in long-chain PFCASs (zprca, C9-
C13) and PFOS (zpros). The zero point on each axis represents the mean variability, with
positive and negative values indicating higher and lower variability than the mean, respectively.
Each point represents an individual seabird, with edge colours denoting species (black: Uria
lomvia [UL]; white: Uria aalge [UA]), shapes indicating colony location, and fill colours
representing cluster assignment. Purple stars mark cluster centroids. b, Colony-level
distribution of cluster membership, shown as the proportion of individuals from each species
assigned to each cluster at each colony. Colony codes: NW, northwest; N, north; NE, northeast;
SW, southwest; and SE, southeast.

To categorize birds according to their PFAS exposure variability profiles, we performed
k-means clustering analysis. k-means clustering analysis (k = 3) identified three distinct
patterns in PFAS exposure variability across guillemot populations (Fig. 3-3), with an
overall silhouette score of 0.35. The first and largest cluster (n = 51, silhouette score:
0.32) was centred at (0.4 0.6 zprca, -0.7 £ 0.6 zpros), indicating variable PFCA
variability but consistently low PFOS variability. The second cluster (n = 44, silhouette
score: 0.37) displayed the opposite pattern, with consistently low PFCA variability but
more variable PFOS variability, centred at (-0.9 £ 0.6 zprca, 0.3 £0.7 zpros). The
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smallest cluster (n = 17, silhouette score: 0.23) showed high variability in both PFAS

classes, centred at markedly positive values (1.1 £ 0.8 zprca, 1.4 £ 0.9 zpros).

PFAS variability patterns showed a clear north-south gradient, with Cluster 1 (variable
PFCAs, low PFOS variability) dominating northern colonies and Cluster 2 (low PFCA,
variable PFOS variability) predominating southern colonies. Species distributions
varied by location: at NW colony, UA individuals mainly fell into Cluster 2 while UL
individuals primarily grouped in Cluster 1; at colony N, both species shared
representation in Cluster 1 but diverged in secondary patterns (UA in Cluster 2, UL in
Cluster 3); and at NE colony, both species predominantly occupied Cluster 1 with

minimal divergence.

3.3.2 Isotopic Consistency Across Tissues

Blood cell, 8'*C values showed a north-south gradient ranging from -22%o to -19%,
with more negative values in northern colonies and more positive values in southern
colonies (Fig. 3-4). Plasma §'C patterns resembled those of the cell, but with slightly
more negative overall values. Blood 8'°N values ranged from 11%o to 14%o, and plasma
from 11%o to 15%o. Both tissues displayed the highest §'°N values in the SE colony.
Find detailed statistical results in Appendix A (Table A7).
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Figure 3-4. Stable isotope composition of guillemot tissues across Icelandic colonies. Split
violin plots show the distribution of nitrogen (615N; a, b) and carbon (313C; ¢, d) isotope values
in red blood cells (a, c¢) and plasma (b, d) from Briinnich’s guillemots (Uria lomvia, UL) and
common guillemots (Uria aalge, UA) across five geographic colonies: southwest (SW),
northwest (NW), north (N), northeast (NE), and southeast (SE). Violin plots display kernel
density estimates with individual data points overlaid; black dots represent the median.
Asterisks denote statistical significance of between-species comparisons at sympatric colonies
(*p <0.05, **p <0.01).

To assess foraging consistency during the breeding season, we examined isotopic
relationships between plasma and red blood cells. Both §!°C (= 0.65, p < 0.001) and
8N (r=0.70, p < 0.001) values showed significant positive correlations between
tissues, indicating temporal consistency in foraging patterns. To quantify this
consistency across both isotopes simultaneously, we applied PCA to the dual-tissue
isotope data, capturing the shared variability between plasma and red blood cell
measurements. We then transformed PC1 scores into z-scores, denoted as 8" Neonsist and
813 Ceonsist. Stable isotope consistency patterns varied across species and colonies. For

nitrogen (8"°Neonsist), UA breeding at southernmost colonies showed predominantly
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positive z-scores (median SE: 1.3, SW: 1.4), indicating more positive 8'°N values
consistently across both tissues. In contrast, northernmost colonies of both species
exhibited negative z-scores (ranging from -0.9 to -0.2), reflecting more negative 5'°N
values across tissues. Carbon isotope consistency (8'°Ceonsist) showed similar
geographic patterns, with UA from southernmost colonies displaying positive z-scores
(median SE: 2.0, SW: 1.6) indicating consistently more positive 6'*C values, while
northern populations of both species showed negative z-scores (ranging from -0.9 to -
0.1), reflecting consistently more negative 8'>C values across plasma and cell tissues.
Both isotope systems demonstrated consistent north-south gradients, with UL showing

relatively similar patterns to northernmost UA.

3.3.3 Bivariate Segmented Regression

The bivariate segmented regression analyses revealed that PFCA and PFOS variability
patterns respond differently to oceanographic thresholds (Table 3-2). Statistical
breakpoints (83Ceconsist = 0.19, §'"Neonsist = 0.00) delineated three distinct foraging
habitats in isotopic space: Arctic-influenced, niche partitioning, and Atlantic-influenced
waters (Fig. 3-5). PFOS variability (zpros) showed a clear oceanographic threshold
effect, with a statistically significant shift at §"*Ceconsist = 0.19 (p < 0.01). Mean Zpros
scores were negative in Arctic-influenced habitats, indicating constrained variability,
but strongly positive in Atlantic-influenced habitats, reflecting more variable patterns.
This habitat effect accounted for 66% of the total model influence on PFOS variability.
In contrast, PFCA variability (zprca) showed a more gradual transition across the
oceanographic gradient, with non-significant threshold effects. Mean zprca scores were
positive in Arctic waters but became increasingly negative in Atlantic waters. While not
statistically significant, the §'°Nconsist threshold accounted for 55% of the total model
effect. The niche partitioning segment contained predominantly UL individuals from
the NW colony, exhibiting negative values for both zprca and zpros. These contrasting
patterns demonstrate that PFCA and PFOS respond to different ecological drivers:
PFCA variability is more influenced by trophic position (8" Neonsist), while PFOS
variability is predominantly controlled by habitat factors (8'Ceonsist). Find detailed
statistical results in Appendix A (Table A8-9).
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Figure 3-5. Segmented regressions and interaction effects of foraging consistency on PFAS
bioaccumulation in guillemots. a—d, Segmented regression relationships between PFAS
variability (z-scores for long-chain PFCAs [a, b] and PFOS [c, d]) and isotopic foraging
consistency metrics (613C [a, c] and 315N [b, d]). Vertical dashed green lines indicate identified
breakpoints, with pre- and post-breakpoint slopes annotated (asterisks denote significance:
*p <0.05, **p<0.01). Shade represents 95% confidence intervals. e—f, Contour plots
illustrating two-way interactions between d13Cconsist and 615Nconsist for PFCAs (e) and
PFOS (f). Dashed lines mark identified breakpoints (813Cconsist=0.19,
015Nconsist = 0.0, horizontal), delineating four foraging strategy quadrants: Arctic-influenced
habitat specialists (813Cconsist <0.19 and d15Nconsist < 0.0), niche partitioning within
Arctic-influenced waters (613Cconsist <0.19 and Jd15Nconsist > 0.0), Atlantic-influenced
generalists (613Cconsist > 0.19 and 615Nconsist > 0.0), and individuals with high carbon but
low nitrogen consistency (613Cconsist>0.19 and &15Nconsist < 0.0). Colour gradients
represent predicted PFAS z-scores ranging from —3.0 (blue) to 4.0 (red). Species are
distinguished by colours and breeding colonies by marker shapes. UA: Uria aalge, common
guillemots; UL: Uria lomvia, Briinnich’s guillemots. Five geographic colonies: southwest (SW),
northwest (NW), north (N), northeast (NE), and southeast (SE).

vertical;
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Table 3-2. Bivariate Segmented Regression Analysis of Isotopic Indicators’ Influence on PFAS
Variability Patterns.

Response Variable PFCA (zrrca) PFOS (zpros)

R? (Training) 0.17 0.30
Model Performance R? (Testing) 0.06 0.16

RMSE (Training) 0.86 0.82

RMSE (Testing) 1.10 1.03
Breakpoints 313 Ceonsist 0.19 0.19

8" Neonsist 0.00 0.00

Intercept 0.32 (0.16) -0.42 **
Coefficients 33 Ceonsist 0.23 (0.17) -0.22 (0.06)

313 Consist Segment -0.06 (0.60) 1.16 **
(p-value) 3" Neonsist -0.09 (0.70) 0.14 (0.60)

8" Neonsist Segment -0.64 (0.25) -0.12 (0.65)

8" Coonsist 8" Neonsist -0.15 (0.20) 0.13 *
Segment Combinations Arctic-influenced 0.21 -0.28

Niche Partitioning -0.32 -0.40
(mean) Atlantic-influenced 0.51 0.80

Significance levels: *** p < 0.001, ** p <0.01, * p <0.05

3.4 Discussion

PFAS bioaccumulation patterns in marine predators reflect the dynamic integration
between environmental exposure pathways and trophic transfer processes [5,9].
Whereas previous studies have treated variability as statistical noise, our approach
recognises that variability as ecologically informative, revealing aspects of contaminant
pathways that mean-based analyses may miss [5,9,58]. Our integrated dual-isotope
framework (8'°Coonsist and 8'*Neonsist scores) allows us to interpret PFAS variability as
an ecological signal, showing how foraging patterns influence contamination dynamics.
Despite inherent methodological limitations as discussed later, this approach offers
insights into the ecological drivers of contaminant exposure [43,126]. Our
variability-based framework demonstrates broader applicability beyond PFAS,
potentially revealing ecological processes governing other persistent contaminants in
marine food webs where spatial heterogeneity and foraging specialisation create
measurable variability patterns. For instance, the segmented regression analysis
(Table 3-2, Fig. 3-5) identified significant isotopic thresholds aligning with
Arctic-Atlantic oceanographic regimes. These thresholds reveal how variability
patterns shift across these oceanographic gradients even when mean concentrations

might not show clear transitions. Similarly, cluster analysis (Fig. 3-3) identified
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habitat-specific variability differences between sympatric species, with pronounced
niche separation at the NW colony that traditional approaches would mask. These
findings demonstrate how variability patterns uncover ecological drivers, such as the
different influences of trophic position on long-chain PFCAs and habitat use on PFOS,
thus contributing to our understanding of contaminant dynamics in rapidly changing

marine ecosystems.

3.4.1 PFAS Variability as Structured Ecological Signal

Our hypotheses predicted that (1) PFAS exposure variability contains structured
ecological signals reflecting foraging strategies and oceanographic influences, and (2)
UL and UA would exhibit distinct variability profiles, with UL showing more
constrained patterns and UA exhibiting broader variability. The results provide support
for structured ecological signals while revealing that species differences are

compound- and habitat-dependent rather than universally expressed.

k-means clustering revealed three distinct variability patterns with clear geographic
organisation (Fig. 3-3), while significant threshold effects at Arctic-Atlantic transitions
(83 Ceonsist = 0.19, 8" Neonsist = 0.00) mark ecological boundaries. The temporal
consistency in foraging behaviour during breeding (plasma-cell isotope correlations: »
=0.65-0.70) indicates that individuals maintain relatively stable foraging patterns over
tissue integration periods, enabling confident interpretation of relationships between
current foraging indicators and PFAS variability patterns despite temporal mismatches

between isotopic integration (weeks - months) and PFAS accumulation (years).

As expected from previously published telemetry data [127], these geographic patterns
demonstrate that PFAS variability reflects structured ecological signals rather than
statistical noise. Both guillemot species breeding in northern Iceland exhibited high site
fidelity by foraging in cold, less saline Arctic waters, reflected in more negative
813 Ceonsist and 8" Neonsist scores (Fig. 3-4) and primarily associated with constrained
PFOS variability (Fig. 3-3). In contrast, southern Icelandic UA foraged within warmer,
more saline Atlantic waters (evidenced by more positive isotopic scores),
demonstrating constrained PFCA variability yet more variable PFOS patterns. This
compound-specific response validates distinct bioaccumulation mechanisms operating

within the sister species.
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While these broad-scale patterns demonstrate how water masses influence PFAS
variability, our detailed analysis identified fine-scale habitat-specific behavioural
adaptations that generated notable differences from expected patterns. At the NW
colony, the variability patterns of both UA and UL distributed across three clusters, with
UL showing predominantly constrained PFOS variability whereas UA showed
constrained PFCA variability (Fig. 3-3), reflecting their differences in foraging
strategies. As shown in our tracking data [127], oceanographic heterogeneity at the
interface between the warm Irminger Current and cold East Greenland Current enabled
distinct foraging opportunities where UL foraged more frequently in glacial fjords and
along the marginal ice zone compared to UA [87], while they also showed substantial
overlaps in their use of other habitat features such as water depth. This pattern suggests
that species-specific foraging behaviours may influence compound-specific variability
patterns. While the mechanisms remain to be fully elucidated, the species-compound
coupling demonstrates that environmental heterogeneity enables the expression of
different variability patterns rather than simply creating broad variability differences.
At the N colony, while both species shared more similar foraging strategies and habitat
use [127], UA showed more defined PFAS variability patterns compared to UL (Fig.
3-3). Within this colony, both UA and UL were associated with constrained PFOS
variability. However, a considerable portion of UA showed constrained PFCA
variability, whereas more than half of the observed UL showed less defined variability
(Fig. 3-3). Diel vertical migration of marine prey provides the ecological foundation for
how depth- and time-specific foraging may expose the two species to different prey
assemblages and contamination sources [128,129]. The documented differences
between species, UL performing nocturnal foraging and shallower diving while UA
dived to deeper depths throughout the day [127], position them to encounter different
components of the vertically migrating prey community. This temporal-depth
decoupling potentially creates the observed PFAS variability patterns, particularly
explaining UL’s less defined variability. At the NE colony, the variability patterns were
the most uniform, as both UA and UL are predominantly associated with constrained
PFOS variability. Within NE, no niche partitioning was observed between species [87].
This ecological convergence reflects both species accessing similar prey resources

within Arctic food-web structures and creates homogeneous exposure environments.
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In contrast, the SW and SE colonies demonstrate how trophic magnification processes
create compound-specific uniform variability patterns despite isotopic diversity. UA at
these colonies exhibited the highest 6'°N values across both tissues (Fig. 3-4), indicating
foraging at relatively high trophic levels within Atlantic-influenced waters.
Correspondingly, the highest PFOS concentrations were observed within these colonies
(Fig. 3-2), indicating enhanced biomagnification processes during high-trophic-level
foraging [9,28]. This enhanced biomagnification creates compound-specific responses
through different mechanisms. For PFOS, the elevated concentrations enable greater
detection of inter-individual variability, resulting in more variable PFOS patterns. For
PFCAs, however, the intense biomagnification results in competitive protein binding
where PFOS consistently outcompetes PFCAs for limited binding sites regardless of
prey diversity consumed [8,100]. This competitive dominance suppresses PFCA
accumulation and constrains PFCA variability, creating uniform PFCA patterns. The
result is compound-specific variability patterns where bioaccumulation intensity
differentially affects PFOS and PFCA detectability through distinct mechanisms,
concentration-enhanced detection for PFOS versus competition-mediated suppression
for PFCAs. On the other hand, birds at Arctic-influenced colonies foraged on lower
trophic sources with reduced biomagnification compared to Atlantic systems, creating
contrasting effects on variability patterns. For PFOS, lower concentrations from
reduced biomagnification constrain detectable inter-individual variability, creating
uniform patterns. For PFCAs, the absence of intense biomagnification prevents
competitive protein binding, making PFCA variability more detectable rather than
being biochemically suppressed. Arctic systems thus preserve ecological signals as
primary drivers of PFCA variability while PFOS variability becomes constrained by
both ecological similarity and concentration-dependent detection. This represents
ecological signal preservation rather than the biochemical masking observed in Atlantic

systems.

3.4.2 Methodological Considerations

Our approach of using temporal consistency in isotopic values (8'Ceconsist scores and
8" Neonsist scores) for foraging behaviour provides a framework for interpreting PFAS
variability patterns across oceanographic gradients. While these consistency scores

offer insights into foraging habits during the breeding season, several methodological
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limitations should be considered when interpreting the results. One consideration is the
temporal mismatch between isotope turnover rates (weeks to months) and PFAS
persistence (years in some cases). While the isotopes analysed in the two blood fractions
reflect recent foraging behaviour, part of the detected PFAS likely accumulated before
the breeding season. This temporal integration is particularly relevant for legacy
compounds like PFOS, which has a half-life of several years in seabirds [93].
Additionally, isotopic baselines can vary substantially across oceanographic regions,
seasons, and even small spatial scales [130,131]. Without direct measurements of
baseline isotopic values across our study area, we cannot definitively attribute
differences in isotopic values to trophic or habitat factors versus baseline shifts. For
example, 3'°N values may reflect differences in baseline nitrogen sources rather than
actual trophic positions [132]. Physiological factors unrelated to diet can also influence
both isotopic values and PFAS accumulation. Individual variation in metabolic rates,
growth, reproductive status, and detoxification capacity may affect both isotopic
incorporation and PFAS retention independently, potentially creating correlations that
do not reflect ecological processes. Finally, our correlative approach cannot establish
causation between isotopic patterns and PFAS variability. While our 2018 breeding
season data capture apparent habitat associations, these relationships require
experimental validation to confirm the mechanistic links between foraging ecology and
PFAS accumulation patterns. Nevertheless, several methodological advances could
address these limitations. Isotope analysis of tissues formed before the breeding season
and inclusion of more sophisticated analyses such as compound specific isotope
analyses that can provide more detailed insight into foraging and physiology compared
to bulk stable isotope analyses [104,133-137]. Furthermore, baseline corrections across
different oceanographic regions could improve the comparability of isotopic

measurements between Arctic and Atlantic waters [138].

3.4.3 Conclusion and Implications

Our integrated analysis highlights how PFAS exposure variability in marine predators
is structured by a combination of oceanographic features, foraging ecology, and
compound-specific behaviour. Spatial habitat factors predominantly shape PFOS
variability, with pronounced transitions at Arctic-Atlantic boundaries, while long-chain

PFAC variations aligns with trophic indicators, reflecting foraging position within food
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webs. These patterns point to the influence of both large-scale oceanographic gradients
and colony-level foraging behaviours in generating local variation in exposure. The
distinct PFCA and PFOS responses reflect their unique physicochemical properties and
biological interactions. Our variability-focused approach reveals ecological dimensions
of contaminant exposure that mean-based methods typically miss, though temporal
mismatches between isotopic integration and PFAS persistence require careful
interpretation. As climate change shifts ocean conditions, the oceanographic drivers of
PFAS variability we identify will likely alter contaminant risks for marine predators.
As demonstrated in this study, this framework offers potential for tracking contaminant
pathways and for informing conservation strategies in rapidly changing polar and

subpolar marine ecosystems.
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Abstract

Understanding contaminant accumulation in marine top predators requires moving
beyond one-dimensional trophic models to examine how multidimensional foraging
strategies shape exposure patterns. We introduce a ‘contamination niche’ framework
and apply it to per- and polyfluoroalkyl substances (PFAS) exposure in two sympatric
guillemot species (Uria lomvia and Uria aalge) breeding across five Icelandic colonies
influenced by Arctic and Atlantic water masses. We analysed PFAS concentrations and
stable isotope ratios (8'°C, §'°N) in blood plasma and red blood cells from 112 seabirds
sampled at five breeding colonies around Iceland during June-July 2018 to evaluate
how spatial, temporal, and dietary dimensions of foraging behaviour influence
contamination patterns. Clustering analysis of PFAS concentrations identified three
exposure groups with distinct compositional profiles: high-exposure individuals
(n=136) exhibited exclusively PFOS-dominated patterns, intermediate-exposure
individuals (rn=62) showed predominantly population-average patterns (79.0%
conditional probability), and low-exposure individuals (n=14) displayed
PFCA-enriched profiles (78.6%) with complete absence of PFOS-dominance.
Multidimensional foraging strategies, integrating water mass utilisation, temporal
consistency, and trophic position, shape these contamination profiles. Three discrete
contamination niches emerged from these exposure-foraging associations:
High-Exposure Atlantic Foragers (Atlantic waters, higher trophic resources, strong
temporal consistency), Low-Exposure Arctic Foragers (Arctic waters, lower trophic
resources, temporal variability), and Intermediate-Exposure Mixed Foragers
(intermediate values across all dimensions). These contamination niches represent
emergent properties of multidimensional ecological strategies rather than simple
reflections of geographic proximity to sources or trophic position alone. The framework
provides potential predictive capacity for identifying vulnerable populations based on
foraging ecology, enabling proactive monitoring that targets ecological vulnerability
rather than geographic proximity to contamination sources and offers mechanistic
understanding necessary for anticipating how climate-driven shifts in prey distributions
may alter contamination dynamics in Arctic marine ecosystems.

Keywords: Contamination niche; ecological niche; PFAS; guillemots; trophic ecology;

bioaccumulation
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4.1 Introduction

Chemical exposure patterns in marine ecosystems constitute more than mere
contamination gradients; rather, they represent emergent ecological structures shaped
by behavioural adaptations and resource partitioning. Persistent pollutants such as per-
and polyfluoroalkyl substances (PFAS) exhibit non-random distribution patterns in
marine predators that parallel resource partitioning, suggesting that contamination
follows organising principles analogous to those governing ecological niches
[60,64,72,74]. This phenomenon is particularly evident in seabirds, where populations
occupying equivalent trophic positions display distinct PFAS profiles that persist across
temporal scales and correspond with specific foraging strategies [62,63]. We introduce
the term ‘contamination niche’ to conceptualise the characteristic pattern of chemical
exposure that results from an organism’s specific ecological strategies. Just as
ecological niches describe how species partition resources through their behaviours and
adaptations, contamination niches elucidate how organisms partition chemical

exposure through these same ecological mechanisms.

Chemical exposure patterns comprise three distinct yet interconnected features:
concentration (magnitude of accumulation), composition (relative proportions of
different compounds), and wvariability (distribution within populations). While
concentration aspects have dominated research through trophic magnification studies
[31,46], both compositional profiles and variability patterns remain largely unexplored.
Our previous investigation (Chapter 3) addressed this methodological gap by
examining PFAS variability patterns within two sympatric seabirds, revealing clear
ecological signals rather than statistical noise. The findings demonstrated that PFOS
variability correlates strongly with spatial indicators (§'3C), whereas PFCA variability
corresponds significantly with trophic position (8'°N). Seabirds foraging in shared
waters exhibit consistent variability patterns but display distinct threshold effects in the
relationship between isotopic consistency and PFAS variability. These structured
variability patterns suggest that contamination follows organising principles that
parallel ecological niche partitioning. A comprehensive approach integrating multiple
dimensions, concentration, composition, and variability, is now required to elucidate

the ecological factors underlying chemical exposure patterns.
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Seabirds represent particularly valuable sentinel species for investigating these
multidimensional contamination patterns. As marine apex predators, they consistently
exhibit some of the highest PFAS concentrations documented in marine ecosystems
[60,139]. These elevated exposure levels raise concerns regarding reproductive
impairment, immune dysfunction, and metabolic disruption across seabird populations
[140,141]. Colonial seabirds constitute an exceptional model system for examining
contamination niches due to their well-defined spatial constraints during breeding
seasons, taxonomically diverse yet ecologically comparable communities, and clearly
delineated foraging strategies that can be quantified through multiple complementary
methodologies. Their central-place foraging behaviour during breeding periods creates
natural experiments in resource partitioning, as sympatric species must differentiate
their ecological strategies while operating within similar spatial constraints [142,143].
Additionally, seabird tissues provide integrated signals of both contaminant
accumulation and isotopic niche parameters across multiple temporal scales, from
recent foraging trips to longer-term dietary patterns, allowing for robust

characterisation of ecological-contaminant relationships [42,90].

Stable isotope analysis has transformed ecological investigations by providing
time-integrated measures of resource utilisation and trophic relationships. Carbon
isotope ratios (8'°C) primarily reflect basal carbon sources and habitat utilisation, with
distinct values associated with different water masses, more negative values typically
indicating colder, less saline Arctic-influenced waters, whereas less negative values
characterise warmer, more saline Atlantic-influenced waters [144]. Nitrogen isotope
ratios (8!°N) typically exhibit stepwise enrichment with trophic transfers
(approximately 3-4%o per trophic level in many systems), enabling estimates of a
consumer’s relative position within food webs when appropriate baselines and
discrimination factors are applied [32,145]. The temporal integration of isotopic values
varies by tissue type, with blood plasma capturing recent dietary inputs (3-5 days) while
red blood cells reflect intermediate-term foraging patterns (3-4 weeks), thereby
allowing ecologists to distinguish between ephemeral and persistent feeding strategies

[42,90].

The concept of isotopic niche has operationalised resource partitioning through

statistical metrics such as standard ellipse areas [33,138], revealing multidimensional

46



patterns of resource use within ecosystems [39,40,146]. Strong correlations between
tissue-specific isotopic values indicate temporal consistency in foraging behaviours,
while weak correlations suggest shifts in resource utilisation, particularly valuable for
evaluating how foraging strategies influence contaminant exposure patterns. Although
isotopic niche frameworks have substantially advanced understanding of resource
partitioning, the application of similar multidimensional analytical approaches to PFAS
provides a methodological opportunity to elucidate previously unrecognised patterns in
contaminant exposure. Examining whether PFAS accumulation follows comparable
ecological structuring principles may reveal how chemical properties interact with
foraging strategies to create predictable exposure outcomes, thereby enhancing our
capacity to identify vulnerable populations and anticipate contamination dynamics in

changing ecosystems.

We propose an analytical framework that examines PFAS exposure through three
integrated ecological dimensions that shape seabird foraging during breeding seasons.
The spatial dimension considers how colony location relative to distinct marine habitats
influences exposure to different water masses and associated contaminant sources. The
temporal dimension addresses how breeding constraints create time-dependent foraging
patterns that affect exposure duration and frequency. The dietary dimension focuses on
how prey specialisation, versus generalisation, influences the compositional profiles of
accumulated contaminants. This integrated approach allows for examination of how
these dimensions synergistically structure contamination patterns beyond what can be

explained by trophic position alone.

The unique position of Icelandic guillemot populations at the intersection of Arctic and
Atlantic water masses exposes them to contrasting prey communities and contaminant
regimes, providing an ideal context for investigating contamination niches. Iceland’s
geographical situation creates pronounced oceanographic gradients with distinct
trophic structures and chemical profiles [147]. Two sympatric guillemot species (Uria
lomvia and Uria aalge, hereafter UL and UA) occupy comparable trophic positions
while exhibiting differential foraging strategies: UA predominantly exploits
Atlantic-influenced environments, whereas UL primarily utilises Arctic-influenced

waters [88,148]. The distribution of both species across multiple colonies spanning
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these distinct marine habitats establishes a robust comparative framework for

examining the ecological structuring of contamination patterns [121].

This investigation addresses an important knowledge gap by integrating multivariate
PFAS profiling with niche-based stable isotope analysis to test whether specific
foraging strategies create distinct patterns of chemical exposure across seabird
populations. Our approach examines whether: (1) distinct PFAS exposure clusters result
from concentration data; (2) these clusters align with isotopic niches, species identity,
and colony location in ways that suggest discrete contamination niches; and (3)
structured relationships exist between PFAS concentration patterns and compound
composition that reveal underlying ecological mechanisms, thus building on previous
findings that PFAS variability reflects ecological thresholds. By examining these
relationships across spatial, temporal, and dietary dimensions, this investigation
addresses whether PFAS accumulation patterns in seabirds are structured according to
ecological principles analogous to those governing resource partitioning. The outcomes
of this research contribute to a more comprehensive understanding of contaminant
dynamics in marine ecosystems, particularly in regions experiencing rapid

environmental change.

4.2 Methods and Materials

4.2.1 Data Sources and Study Design

This study utilises datasets from Bonnet-Lebrun et al. [87] and Chapter 3, which include
blood cell and plasma samples from common guillemots (UA) and Briinnich’s
guillemots (UL) collected across Icelandic colonies during the 2018 breeding season.
The sampling locations encompassed diverse oceanographic influences along both
north-south and east-west gradients. Three northernmost colonies (NW, N, NE)
harboured both UA and UL populations, while two southernmost colonies (SE, SW)
harboured UA only. We separated blood samples into cells and plasma to evaluate
guillemot foraging across different temporal scales. We measured PFAS concentrations
in plasma, given the strong binding affinity of these compounds to albumin, a primary
plasma protein. This study was conducted concurrently with an analysis examining

foraging strategies in these same populations, using identical study sites and field
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methods. Sampling protocols, PFAS extraction/quantification (via LC-MS/MS), and
stable isotope (8'°C, 8'°N) analysis followed methodologies detailed in Chapter 3.

PFAS analysis was conducted at Helmholtz-Zentrum Hereon (Germany) using
HPLC-MS/MS with electrospray ionization (MRM mode). Plasma samples, fortified
with *C-labeled internal standards, targeted 14 compounds: nine PFCAs (C5-C13),
four PFSAs (C4, C6, C8, and C10), and HFPO-DA (Table A1, Appendix A). Separation
employed a C18 column with a water-methanol/ammonium acetate gradient, achieving
a detection limit of 0.1 ng/g dry weight. Modified extraction protocols and QA/QC
details are provided in Appendix A. Elemental content and bulk isotope values of blood
tissues were determined at the Stable Isotope Facility of the Experimental Ecology
Group, GEOMAR, Kiel with a customised, high sensitivity elemental analyser
connected to a stable isotope ratio mass spectrometer (DeltaPlus Advantage, Thermo
Fisher Scientific, Germany) as described by Hansen and Sommer. The standard
deviations for §'C and §'°N ranged from = 0.15%o to £ 0.25%o (7 = 3). The isotope data

are expressed in delta (8) notation:

R

5 = (M— 1) x 1000
Rstandard

Where Rsampie 1s the ratio of the heavy to light isotope in the sample, and Rsundara 1 the

ratio of the heavy to light isotope in the standard. To express the isotopic data as per

mil (%o), they are multiplied by 1000. The isotope ratios are expressed relative to Vienna

Pee Dee Belemnite (VPDB) for carbon and atmospheric air for nitrogen.

4.2.2 Statistical Analysis

All statistical analyses were performed using Python version 3.9 with associated
libraries including Pandas 1.5.3, NumPy 1.24.3, SciPy 1.10.1, Scikit-learn 1.2.2,
Statsmodels 0.13.5, Matplotlib 3.7.1, and Seaborn 0.12.2. Prior to analysis, PFAS

concentrations were log-transformed to approximate normal distributions.

We used three distinct k-means clustering approaches to identify patterns in PFAS
exposure and ecological niches. By analysing these dimensions separately and then
testing their associations, we assess whether contamination patterns align with

ecological niche structure. These approaches target complementary dimensions: (1)
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PFAS exposure clusters identify groups based on overall contamination magnitude and
concentration patterns; (2) structural compositional score (SCS) clusters characterise
relative proportions of PFAS compound classes (long-chain PFCAs vs. PFOS)
independent of total exposure levels; and (3) isotopic foraging clusters delineate groups
based on spatial, temporal, and dietary foraging patterns captured by stable isotope
ratios. For each clustering approach, principal component analysis (PCA) was first
applied to log-transformed data (PFAS concentrations, structural compositional scores,
or stable isotope values) to reduce dimensionality, followed by k-means clustering of
the resulting principal components. Based on the oceanographic context of Icelandic
waters, where Arctic and Atlantic influences create spatial and ecological gradients
[84,89], and the documented foraging differences between guillemot species
[87,88,127], we tested k = 2, 3, and 4 cluster solutions to identify ecologically
meaningful groupings. The three-cluster solution (k = 3) was selected as optimal by
maximising both silhouette scores and Calinski-Harabasz indices. Cluster robustness
was validated through geometric properties (centroid dispersion, point density) and

distributional overlap assessment (Bhattacharyya coefficients).

To characterise multidimensional patterns in both PFAS composition and foraging
behaviour, we employed principal component analysis (PCA) to derive
variance-weighted scores. For each sample i and principal component j, scores were

calculated as:

p
S U:( Zikx Lk])x\/;]
k=1

Where Z; is the standardised value (z-score) of variable k for sample i, Ly; is the loading
of variable k on principal component j, and ; is the eigenvalue (explained variance) of
component j. This weighting approach emphasises dimensions with greater explanatory

power while maintaining interpretability across different data types.

For structural compositional score (SCS), PFAS concentrations were standardised using
robust scaling prior to PCA. Two principal component scores were derived: SCSprca
representing variation in long-chain PFCA (PC1: PFNA, PFDA, PFUnDA, PFDoDA,
PFTrDA) and SCSpros representing variation in PFOS (PC2). These scores characterise
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the relative proportions of PFAS compound classes rather than absolute concentrations,

enabling identification of compositional patterns independent of exposure magnitude.

We visualised intra-cluster distributions using kernel density estimation (KDE)
contours for continuous variables (PFAS concentrations, isotope values) and employed
bar plots to represent categorical ecological factors. To assess ecological associations,
we performed Pearson's y? tests with effect sizes quantified using Cramér's V. Given
the exploratory nature of our analyses, we considered p-values significant at & = 0.05

without adjustment for multiple comparisons.

For isotopic characterisation, we calculated tissue-specific differences (A values)
between plasma and cellular fractions for both §'*C and §'°N. Sample-size-corrected
Standard Ellipse Areas (SEA.) were computed following Jackson ef al. [138] from the
covariance matrix of isotopic values, representing the core 40% of bivariate variation
(see Appendix B, Equation B1 for details). SEA. provides a robust measure of isotopic
niche width that accounts for small sample sizes and enables comparison across groups

with different sample sizes.

Conditional probabilities quantifying associations between isotopic foraging patterns
(SI clusters) and PFAS structural profiles (SCS clusters) were calculated using the

standard definition of conditional probability:
P(SCS = j|SI =i)=n(SCS =jnSI =1i)/n(SI =i

where P(SCS = | SI = i) represents the probability of a bird exhibiting PFAS structural
profile j given its isotopic foraging pattern i, n(SCS = j N SI = i) is the count of
individuals belonging to both clusters, and n(S/ = i) is the total count of individuals in
isotopic cluster i. These relationships were visualized using alluvial diagrams, with 95%
confidence intervals estimated through 1000-iteration bootstrap resampling. Chi-square
analysis was performed to test for significant associations between cluster memberships,

with standardised residuals calculated to identify specific significant relationships.
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4.3 Results

We tested whether PFAS exposure in Icelandic seabird populations conforms to the
contamination niche framework through three complementary analyses. First, we
identified discrete PFAS exposure clusters and characterised their isotopic variances to
assess whether concentration patterns correspond to distinct foraging strategies
(Section 4.3.1). Second, we examined how these exposure magnitudes relate to
compositional patterns through structural analysis, testing whether exposure clusters
exhibit characteristic PFAS profiles (Section 4.3.2). Finally, we quantified the
associations between multidimensional foraging strategies and contamination patterns
to determine whether specific ecological behaviours shape exposure outcomes (Section
4.3.3). Together, these approaches evaluate whether PFAS exposure is ecologically
structured according to principles analogous to resource partitioning, or whether

exposure patterns reflect stochastic variation.
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4.3.1 Identifying Discrete PFAS Exposure Patterns
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Figure 4-1. PFAS exposure clusters and their ecological characteristics. Panels a-b: Three
exposure clusters identified from log-transformed PFCA and PFOS concentrations (Panel a)
show distinct taxonomic and geographic distributions (Panel b). Panels c-d: Cluster validation
through geometric properties (Panel c) and Bhattacharyya coefficient overlap analysis in
concentration space (Panel d, BC <0.31). Panels e-f: Isotopic characterisation of PFAS-defined
clusters in plasma (e) and red blood cells (f). Standard ellipses represent isotopic variance
within exposure groups (SEA values in Table 4-1). Symbols: colony locations (NW, N, NE, SW,
SE); species (black edge: UL, gray: UA); cluster assignment (colours and contours). Purple
stars: cluster centroids. Note that only in the northernmost colonies (NW, N, NE) do both
species coexist, while southern colonies (SW, SE) contain only UA individuals.
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Principal component analysis followed k-means clustering of log-transformed PFCA
and PFOS concentrations identified three exposure clusters (Fig. 4-1a). Cluster
validation indicated moderate internal cohesion (Silhouette Score: 0.39), yet
Bhattacharyya coefficient analysis revealed low distributional overlap between clusters
in PFAS concentration space (BC < 0.31 for all pairwise comparisons, Fig. 4-1d), with
the most pronounced separation between Clusters 2 and 3 (BC = 0.15). Additional
cluster validation statistics are provided in Supplementary Information (Appendix B,

Table B1).

The three clusters exhibited differentiated concentration profiles spanning 0.5-0.9 log
units. Each cluster exhibited distinct PFAS concentration profiles. High-exposure
individuals (Cluster 2, n = 36) showed mean log PFCA of 1.87 +0.22 ng/g DM and
mean log PFOS of 2.22 + 0.16 ng/g DM. Intermediate-exposure individuals (Cluster 1,
n = 62) exhibited mean log PFCA of 1.53 £ 0.15 ng/g DM and mean log PFOS of
1.83 £0.17 ng/g DM. Low-exposure individuals (Cluster 3, n = 14) displayed mean
log PFCA of 1.02 + 0.21 ng/g DM and mean log PFOS of 1.71 + 0.26 ng/g DM.

To examine the ecological context underlying these exposure patterns, we analysed the
isotopic characteristics of individuals within each cluster. We note that the absence of
site-specific baseline isotopic values limits our interpretation to broad foraging patterns
rather than precise niche quantification. Nevertheless, systematic differences were
evident among clusters in isotopic variance (Fig. 4-1e-f, Table 4-1). Individuals in the
high-exposure cluster (Cluster 2, n = 36) displayed high isotopic values across both
tissue types (Table 4-1), indicating exploitation of warmer, more saline
Atlantic-influenced waters and higher trophic-level resources. These birds,
predominantly from SE and NW colonies (Fig. 4-1b), exhibited the broadest isotopic
variance (Table 4-1, SEA.), consistent with diverse foraging patterns within this
exposure group. Strong tissue correlations for both §'3C (» = 0.87, p <0.001) and §'°N
(r=10.85, p<0.001) indicated temporal consistency in foraging throughout the
breeding season. In contrast, individuals in the low-exposure cluster (Cluster 3, n = 14)
showed the lowest isotopic values (Table 4-1), reflecting exploitation of colder,
Arctic-influenced waters and lower trophic-level prey. These birds, concentrated in the
northernmost colonies (NW, N, NE; Fig. 4-1b), displayed the narrowest isotopic niche

variance (Table 4-1, SEA.), suggesting more uniform foraging approaches within
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Arctic marine ecosystems. Weaker tissue correlations, particularly for §'°C (r = 0.64,
p < 0.05), indicated some temporal shifts in foraging habitat during the breeding season.
Individuals in the intermediate-exposure cluster (Cluster 1, n = 62) showed more even
distribution across colonies (Fig. 4-1b) and occupied an intermediate position in both
isotopic values and variance (Table 4-1, SEA.), with moderate tissue correlations (3'*C:
r=0.50, p <0.001; §'°N: »=0.72, p < 0.001) suggesting temporal foraging consistency.
This cluster showed more balanced species composition and even distribution across
colonies (Fig. 4-1b). Chi-square analyses confirmed that these taxonomic and spatial
patterns were statistically robust. Strong associations existed between cluster
membership and both species identity (y* = 34.11 combined, p < 0.001) and colony
location (y*> = 35.13 combined, p < 0.001), with no significant interaction (y*> = 10.68,
p =0.28; Table 4-1). Effect sizes ranged from medium to large (Cramér's V'=0.41-1.08
for significant associations), indicating that species and geographic factors substantially

influence exposure cluster assignment.

Despite these systematic differences in mean isotopic values and variance patterns,
Bhattacharyya coefficient analysis revealed substantial isotopic overlap between
PFAS-defined exposure clusters (Fig. 4-1e-f). In contrast to the low overlap observed
in PFAS concentration space (BC < 0.31), isotopic values showed high overlap across
both tissue types (BC > 0.50 for all pairwise comparisons in plasma and cells). This
discrepancy indicates that PFAS exposure clusters defined by concentration profiles are
not strongly differentiated by mean 8'°C and §'°N values alone. The limited isotopic
separation suggests that exposure patterns may be structured by foraging dimensions
beyond simple trophic position and habitat use, such as fine-scale prey selection not

fully captured by bulk isotopic measurements.
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Table 4-1. Isotopic and ecological characteristics of PFAS exposure clusters identified through

concentration-based clustering.

Parameter Cluster 1 Cluster 2 Cluster 3

Sample Size (n) 62 36 14
PFAS Concentrations [ng/g DM]
Log PFCA Mean + SD 1.53+0.15 1.87+0.22 1.02+£0.21
Log PFOS Mean + SD 1.83+£0.17 2.22+0.16 1.71 £0.26
Corrected Standard Ellipse Area (SEAc) [%o°]
Plasma 6.25 14.82 5.16
Cell 2.40 5.98 1.68
Mean Isotope Values [%o]
813 Cplasma -21.39 -20.96 -21.3
8" Ceell -20.08 -19.74 -20.15
8" Nplasma 12.08 12.68 11.71
81N cell 12.14 12.62 11.92
Tissue Differences [%o]
A8'3C Mean + SD -1.31+£0.48 -1.22+0.75 -1.15+£0.34
A8 N Mean + SD -0.06 + 0.44 0.06 + 0.46 -0.21 £0.55
Tissue Correlations
813C Correlation () 0.50%** 0.87%** 0.64*
8N Correlation (7) 0.72%%%* 0.85%** 0.57*
Distribution Test

Species-Colony interaction >  5.08 (p=0.28) 5.51 (p=0.24) 0.60 (p =0.74)
Effect size (Cramér’s V) - - -
Colony distribution y? 9.12(p=0.06) 24.06%** 11.07**
Effect size (Cramér’s V) - 0.41 0.45
Species distribution y? 1.74 (p =0.19)  17.95%** 16.16%***
Effect size (Cramér’s V) - 0.71 1.08
Notes:
DM = Dry mass

All isotopic values are reported in per mil (%o) relative to international standards.
A values represent the difference between plasma and cell isotope measurements.
Significance levels: * p <0.05, ** p <0.01, *** p <0.001, - = not significant/not applicable
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4.3.2 Structure Analysis: Linking PFAS Exposure to Chemical Composition

Next, we examined how exposure magnitude (absolute PFAS concentrations) relates to
compositional patterns (relative proportions between PFAS classes). While absolute
PFAS concentrations may fluctuate with cumulative exposure duration and intensity,
compositional profiles, the relative proportions of PFAS classes, may remain

characteristic of specific foraging strategies.

We derived structural compositional scores (SCS) through principal component
analysis of log-transformed PFAS concentrations, creating composite metrics that
emphasise systematic variation in compound proportions while retaining information
about concentration magnitude. k-means clustering of these SCS distinguished three
distinct PFAS structural profiles (Overall Silhouette Score: 0.36; Calinski-Harabasz
Score: 86.27; Fig. 4-2a-b; Appendix B, Table B2).
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Figure 4-2. Structural compositional profiles of PFAS and their relationship to exposure
clusters. Panel a: Three structural profiles identified through k-means clustering of structural
compositional scores (SCS) in PFCA-PFOS space: population-average (SCS Cluster 1, blue),
PFOS-dominated (SCS Cluster 2, orange), and PFCA-dominated (SCS Cluster 3, green).
Density contours show cluster distributions, with purple stars marking centroids. Panel b:
Cluster composition by colony location and species (UA: Uria aalge; UL: Uria lomvia). Panel c:
Alluvial diagram showing conditional probability flows from PFAS exposure clusters (Section
4.3.1) to structural profiles. Stream width represents sample count. Symbols indicate colony
locations and species as in Figure 4-1.SCS Cluster 1 (n = 52) exhibited near population-average
proportions for both PFCA and PFOS classes (Fig. 4-2a), representing an intermediate
structural profile. This cluster showed relatively even species representation and predominant
distribution in northernmost colonies (Fig. 4-2b, Appendix B, Table B2). SCS Cluster 2 (n =
36) displayed PFOS-dominated profiles characterised by higher-than-average relative PFOS
abundance and correspondingly lower PFCA proportions. This cluster contained primarily UA
individuals and concentrated in SE and NW colonies (Fig. 4-2b; Appendix B, Table B2). SCS
Cluster 3 (n = 24) showed PFCA-dominated profiles with higher-than-average relative PFCA
abundance and lower PFOS proportions (Fig. 4-2a; Appendix B, Table B2), occupied
predominantly by UL individuals from northernmost colonies.

We calculated conditional probabilities P(SCS | PFAS) to determine whether each PFAS
exposure cluster exhibits characteristic structural profiles in terms of relative compound

proportions (Fig. 4-2¢). These analyses revealed systematic associations supporting the
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contamination niche framework. The high-exposure cluster (PFAS Cluster 2) showed
complete association with PFOS-dominated structural profiles, with 100% (95% CI:
90.4-100%) conditional probability of individuals belonging to SCS Cluster 2. This
correspondence suggests that the ecological factors shaping elevated PFAS exposure
preferentially enhance PFOS uptake or retention relative to PFCAs, rather than
uniformly increasing all compound classes. Such selectivity likely reflects the
combined effects of PFOS bioavailability in specific habitats and differential

biomagnification properties in associated prey assemblages.

The intermediate-exposure cluster (PFAS Cluster 1) demonstrated conditional
probabilities of 79.0% (95% CI: 67.4-87.3%) for population-average profiles (SCS
Cluster 1) and 21.0% (95% CI: 12.7-32.6%) for PFCA-dominated patterns (SCS
Cluster 3). This distribution suggests that intermediate exposure levels can arise
through diverse compositional pathways, indicating mixed foraging strategies. The
low-exposure cluster (PFAS Cluster 3) exhibited conditional probabilities of 78.6% (95%
CI: 52.4-92.4%) for PFCA-dominated structural patterns (SCS Cluster 3) and 21.4%
(95% CI: 7.6-47.6%) for population-average patterns (SCS Cluster 1). The complete
absence of PFOS-dominated patterns in this cluster distinguishes low-exposure
individuals from other groups, suggesting that specific foraging strategies avoid

PFOS-rich contamination sources.

4.3.3 Ecological Drivers: Foraging Strategies as Predictors of Contamination

Patterns

The systematic associations between exposure magnitude and structural profiles
indicate underlying ecological organisation. We therefore examined whether
multidimensional foraging strategies, integrating spatial, temporal, and dietary
components through isotopic consistency metrics rather than mean isotopic values,
predict these contamination patterns. This analysis integrates the exposure clusters
(Section 4.3.1) and structural profiles (Section 4.3.2) with foraging ecology to define

discrete contamination niches.
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Figure 4-3. Foraging strategies predict contamination patterns, defining three discrete
contamination niches. Panel a: Three isotopic foraging clusters based on temporal consistency
in habitat use (8'*Ceonsist) and trophic position (8" Neonsist): Arctic-influenced (SI Cluster 1, blue),
Atlantic-influenced (SI Cluster 2, orange), and mixed patterns (SI Cluster 3, green). Density
contours show distributions with purple stars marking centroids. Panel b: Foraging cluster
composition by colony and species (UA: Uria aalge; UL: Uria lomvia). Panel ¢: Conditional
probability flows from foraging strategies to PFAS structural profiles. Stream width represents
probability strength.

We quantified foraging consistency through composite scores (8'*Ceonsist and 8'>Neonsist)
that capture temporal stability in habitat use and trophic resources based on correlations
between plasma and red blood cell isotope values (see Methods). k-means cluster
analysis of these consistency metrics identified three distinct foraging patterns (Overall
Silhouette Score: 0.46; Calinski-Harabasz Score: 151.89; Fig. 4-3a; Appendix B, Table
B3).

Isotope Cluster 1 (n = 70) captured Arctic-influenced foraging, characterised by
negative 8 Ceonsist and negative 8'"°Neonsist scores, corresponding to consistent
exploitation of colder, less saline Arctic-influenced waters with lower-trophic-level
resources. Isotope Cluster 2 (n = 23) represented Atlantic-influenced foraging, with
positive 8"*Ceconsist and positive 8'°Neonsist scores, indicating consistent exploitation of

warmer, more saline Atlantic-influenced waters with higher-trophic-level resources.
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Isotope Cluster 3 (n = 19) showed mixed foraging patterns, combining negative
8Ceonsit  scores (Arctic water influence) with positive 8" Neonsist values
(relatively-higher-trophic-level resource use), suggesting temporal variability in

foraging strategies.

Conditional probability analysis revealed distinct associations between isotopic
foraging patterns and PFAS structural profiles (Fig. 4-3c, Table 4-2). Chi-square
analysis confirmed substantial overall association (y* = 29.83, p < 0.001, df = 4,
Cramér's V' = 0.37), with standardised residuals identifying specific significant

relationships.

Atlantic-influenced foraging strategies (SI Cluster 2) showed strong association with
high contamination exposure, exhibiting 78.3% (95% CI: 56.3-92.5%) probability of
PFOS-dominated structural patterns (SCS Cluster 2; Table 4-2). The complete absence
of PFCA-dominated patterns indicates that this foraging strategy consistently shapes
specific contamination outcomes rather than variable exposure. These birds represent a
High-Exposure Atlantic Forager contamination niche. Arctic-influenced foraging
strategies (SI Cluster 1) shaped more diverse but systematically structured exposure
outcomes. These birds showed highest probability (52.9%) of population-average PFAS
profiles (SCS Cluster 1) and moderate probability (28.6%) of PFCA-dominated
patterns (SCS Cluster 3), together characterising a Low-Exposure Arctic Forager
contamination niche. These birds showed significant underrepresentation of
PFOS-dominated patterns (18.6%, Table 4-2), suggesting either lower environmental
PFOS concentrations in Arctic-influenced waters or prey communities with different
PFAS retention characteristics. Mixed foraging patterns (SI Cluster 3) created
intermediate exposure outcomes with moderate probabilities distributed across all
structural profile types: 52.6% for population-average patterns, 26.3% for
PFOS-dominated patterns, and 21.1% for PFCA-dominated patterns. This distribution
reflects the Intermediate-Exposure Mixed Forager contamination niche, where

temporal variability in foraging strategies produces variable contamination outcomes.

61



Table 2-2. Associations Between Isotopic Foraging Patterns and PFAS Structural Profiles.

Foraging Strategy Cluster PFAS Structural Cluster g::l:l;gﬁ?t;l[ﬂ/] 95% CI [%] St;‘i‘:?;g;sled Contamination Niche Association
0
Arctic-influenced foraging near  population-average .
(SI 1) (SCS 1 52.9 41.5-64.9 0.79 Low-Exposure Arctic Foragers
PFOS-dominated *
(SCS 2) 18.6 10.1-27.9 -2.00 Under-represented
PFCA-dominated 28.6 18.4-38.7 1.29 Low-Exposure Arctic Foragers
(SCS 3)
Atlantic-influenced foraging  near  population-average 217 6.2-40 5 _1.74 Intermediate-Exposure Mixed
(S12) (SCS 1) ' e ’ P
PFOS-dominated 78.3 59.5-93.8 3.90* High-Exposure Atlantic Foragers
(SCS2)
PFCA-dominated *
(SCS 3) 0 - -2.22 Absent
Mixed foraging patterns near  population-average 526 30.4-75.0 0.4 Intermediate-Exposure Mixed
(S13) (SCS'1) ’ ' ' ’
PFOS-dominated .
(SCS 2) 26.3 6.2-46.2 -0.45 Variable exposure
?SF CCSA ggiomlnated 21.1 5.3-41.2 -0.04 Low-Exposure Arctic influence

* Asterisks indicate standardized residuals with absolute values >2.0, representing significant contributions to the chi-square statistic.
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4.4 Discussion

Our investigation examined how breeding season foraging behaviours across spatial,
temporal, and dietary dimensions contribute to PFAS exposure patterns in guillemots.
Building upon our previous work that identified variability patterns in PFAS profiles as
indicators of ecological thresholds and foraging specialisation (Chapter 3), this study
extends the analysis to concentration and compositional features. Together, these three
dimensions—variability, concentration, and composition—form a comprehensive
contamination niche framework that parallels ecological niche theory in how specific
foraging strategies create distinct patterns of chemical exposure across seabird
populations. Results support this conceptual framework and demonstrate that PFAS
accumulation in seabirds follows distinct, non-random patterns reflecting these
multidimensional foraging strategies alongside trophic position. The three
differentiated PFAS exposure clusters—High-Exposure Atlantic = Foragers,
Intermediate-Exposure Mixed Foragers, and Low-Exposure Arctic Foragers—
represent contamination niches associated with specific ecological strategies, extending

traditional one-dimensional trophic magnification models.

4.4.1 Foraging Strategies and Contamination Niche Occupancy

The two guillemot species exhibited overlapping but distinguishable distributions
across contamination niches, shaped by interactions between species-typical foraging
tendencies and local oceanographic conditions. UL disproportionately represented the
Low-Exposure Arctic-influenced niche while UA dominated the High-Exposure
Atlantic-influenced niche. Both species showed substantial presence in the
Intermediate-Exposure niche. The distinction lies not in exclusive niche occupancy but
in isotopic variance: UL exhibited narrower variance within exposure clusters (Table
4-1, Cluster 3) compared to UA (Table 4-1, Cluster 2). This narrower variance in UL
indicates that during breeding season individuals facing similar central-place foraging
constraints converge on similar prey resources, consistent with foraging within
relatively homogeneous Arctic-influenced waters [37]. In contrast, UA’s broader
variance suggests exploitation of prey across more heterogeneous water masses where

both prey distributions and baseline isotopic values vary [84,144].

63



Substantial within-species geographic variation demonstrates that local oceanographic
context modulates species-typical patterns. Among UL, western and northern colonies
(NW, N) disproportionately occupied the Low-Exposure Arctic-influenced niche, while
eastern populations (NE) showed greater overlap with UA in the Intermediate-Exposure
niche, reflecting fine-scale differences in prey community structure. Among UA,
southern colonies (SW, SE) exhibited 2.3% higher PFOS exposure than northern
colonies (NE). These geographic patterns indicate that contamination outcomes result
from exploitation of locally available prey assemblages, consistent with tracking
studies demonstrating behavioural and spatial partitioning within sympatric colonies

[87,127].

The distinct compositional profiles (Figure 4-2) observed across contamination niches
correspond to different prey-contaminant pathways documented in the literature. UL
predominantly consume invertebrates and forage at greater depths [88,148], accessing
benthic prey assemblages where lower trophic level organisms and
invertebrate-dominated pathways show reduced PFOS biomagnification efficiency,
resulting in PFCA-enriched compositional profiles [56]. This corresponds to the lower
total PFAS concentrations and relatively higher PFCA proportions characteristic of the
Low-Exposure Arctic niche. In contrast, UA predominantly exploit pelagic fish such as
capelin (Mallotus villosus) and sand lance (Ammodytes spp.) in shallower waters
[88,111], accessing prey where PFOS biomagnifies more efficiently through fish-based
food webs [149,150]. This corresponds to the PFOS-dominated profiles and elevated
concentrations characteristic of the High-Exposure Atlantic-influenced niche. The
magnitude of within-species variation and species overlap in intermediate niches
emphasizes that foraging flexibility within locally available prey assemblages, not

taxonomic identity alone, determines exposure outcomes [151,152].

4.4.2 Habitat Influences on PFAS Profiles

The distinct geographic patterns in contamination niches correspond to fundamental
differences in food-web structure between oceanographic regimes, illustrating the
spatial dimension of the contamination niche framework. This spatial differentiation is
evident in both isotopic values (lower §'°C in northern sites) and PFAS profiles (PFOS

dominance in southern sites, higher proportion of PFCAs in northern sites).
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Atlantic-influenced waters around Iceland support higher and more consistent primary
and secondary production compared to Arctic-influenced northern waters [84,86], with
different seasonal patterns and prey availability [85,89]. These characteristics are
associated with different PFAS accumulation patterns, including higher PFOS
concentrations in seabirds foraging in these waters [9,150]. While we cannot establish
causation from correlative data, the systematic co-occurrence of Atlantic foraging
patterns, PFOS dominance, and higher trophic positioning suggests mechanistic
linkages. These food-web characteristics create conditions favourable for PFOS
biomagnification: background water concentrations contribute to initial exposure levels,
but the biomagnification potential through fish-dominated food webs substantially
amplifies PFOS accumulation [153-155]. Guillemots exploiting these southern waters
consequently exhibit elevated total PFAS concentrations with PFOS-dominated
compositional profiles, regardless of species identity. In contrast, Arctic-influenced
waters support different prey communities, including greater availability of invertebrate
prey and ice-associated species [29,156], with more pronounced seasonal variation in
productivity [37,54]. These regional food-web characteristics correspond to different
PFAS accumulation patterns: guillemots foraging in these waters show lower total
PFAS concentrations with proportionally elevated long-chain PFCAs. The intersection
of horizontal oceanographic gradients with vertical foraging stratification creates
multidimensional exposure boundaries, where even sympatric colonies show
contamination differentiation based on depth-specific prey exploitation within

regionally available food webs [127].

4.4.3 Temporal Dimensions of Contamination Niches

Analysis of temporal dimensions in contamination niches indicates that PFAS exposure
patterns reflect not only where guillemots forage but also how consistently they do so
over time, addressing the temporal dimension of the framework. The strength of
correlations between plasma and red blood cell isotope values provided insight into
temporal foraging consistency. The High-Exposure Atlantic Foragers (Fig. 4-2,
Cluster 2) exhibited strong correlations between plasma and red blood cell isotope
values, along with minimal isotopic shifts in nitrogen resources (Table 4-1), indicating
highly consistent foraging strategies maintained over weeks. This temporal consistency

in foraging behaviour corresponds to their elevated and stable PFAS exposure,
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particularly their PFOS-dominated profiles. The continuous exploitation of similar prey
resources in Atlantic-influenced waters creates predictable, persistent exposure

pathways that facilitate higher bioaccumulation over time.

Both Intermediate-Exposure Mixed Foragers and Low-Exposure Arctic Foragers
displayed relatively weaker tissue correlations, particularly for carbon isotopes
(Table 4-1), indicating temporally variable foraging grounds. These Arctic Foragers
also exhibited a negative nitrogen isotope shift (Table 4-1), suggesting a recent move
toward lower-trophic-level prey. These temporal shifts may disrupt bioaccumulation by
reducing exposure duration to contaminated resources, indicating that when organisms
forage (temporal consistency versus seasonal variability) structures exposure outcomes

alongside where (habitat use) and what (diet) they forage.

4.4.4 Interactions Among Spatial, Temporal, and Dietary Dimensions

The contamination niches identified emerge from multidimensional interactions among
spatial, temporal, and dietary components rather than from single dominant factors. The
necessity of this integrated framework becomes evident when considering simpler
alternatives. Trophic position alone cannot explain observed patterns, as PFAS-defined
exposure clusters showed high isotopic overlap, indicating that §'°N values
inadequately differentiate exposure outcomes. Similarly, spatial factors alone are
insufficient: within Arctic-influenced northern colonies, UL and UA populations
exhibited fundamentally different contamination profiles despite geographic proximity.
Species identity provides an incomplete explanation, as both species occupied
intermediate contamination patterns and substantial within-species variation exceeded
between-species differences in several colonies. Integration of spatial, temporal, and
dietary dimensions reveals systematic patterns in contamination that single-factor

approaches cannot detect.

These multidimensional interactions align with Hutchinson’s niche theory, which posits
that ecological niches are inherently multidimensional with interactive properties
among constituent dimensions [74,76]. In the context of contaminant exposure,
dimensional interactions generate emergent patterns unpredictable from single-factor
analyses. The High-Exposure Atlantic niche exemplifies synergistic interactions where

spatial factors (Atlantic-influenced waters with PFOS-rich food webs) combine with
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dietary parameters (higher-trophic-position prey) and temporal consistency (consistent
exploitation) to facilitate efficient PFOS bioaccumulation. In contrast, the
Low-Exposure Arctic niche demonstrates how Arctic-influenced waters supporting
invertebrate-dominated food webs interact with temporal variability in foraging to
attenuate bioaccumulation processes, explaining both reduced concentrations and
distinctive compositional patterns. Such dimensional interactions correspond with
theoretical models predicting amplification effects when exposure consistency interacts
with trophic factors [25], and bioaccumulation disruption through dietary variability

[126].

These findings integrate with our previous demonstration that PFAS variability patterns
reflect ecological thresholds (Chapter 3), revealing that all three components of
chemical exposure—variability, concentration, and composition—are ecologically
structured. The High-Exposure Atlantic niche combines low within-group PFAS
variability indicative of dietary specialisation, elevated absolute concentrations
reflecting bioaccumulation intensity, and PFOS-dominated composition characteristic
of fish-based food webs. The Low-Exposure Arctic niche exhibits higher PFAS
variability suggesting dietary flexibility, lower absolute concentrations, and
PFCA-enriched composition associated with invertebrate pathways. This
three-dimensional characterisation provides more complete description of
contamination outcomes than any single metric alone, demonstrating that
contamination niches manifest as properties arising from specific configurations of
where, when, and what seabirds forage. This framework extends recent theoretical
developments in ecotoxicology emphasising multidimensional perspectives for

evaluating contaminant dynamics in food webs [65].

4.4.5 Limitations and Future Directions

While our study identified discrete contamination niches shaped by multidimensional
foraging strategies, several limitations warrant consideration. First, sampling during a
single breeding season precludes assessing interannual variability in contamination
patterns. Future studies should examine niche stability across years to determine
whether the observed patterns persist over longer time scales. Second, focusing on adult
breeders excludes other life stages (e.g. juveniles, non-breeders) that occupy distinct

niches. Expanding analyses to these groups would clarify how contamination dynamics
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vary demographically. Third, blood tissues reflect relatively recent exposure and
foraging (weeks), whereas long-term accumulation patterns in slower-turnover tissues
remain unexplored with the caveat that some tissues such as feathers are best suited for
isotopic, but not PFAS, analyses. Multi-tissue sampling could resolve temporal scales

of niche formation.

Bulk isotope analysis, while effective, limits the resolution of fine-scale exposure
pathways. Compound-specific isotope analysis (CSIA) could expand the temporal,
spatial, and dietary dimensions explored here by more precisely delineating foraging
habitats and differentiating between baseline isotopic shifts and actual trophic position
changes. To strengthen the connection between seabird contamination patterns and their
ecological drivers, concurrent prey sampling would establish site-specific isotopic
baselines and PFAS profiles. Longitudinal studies tracking seasonal and inter-annual
variations are also critical to assess niche persistence. Finally, non-targeted PFAS
screening could reveal previously unidentified compounds contributing to the observed

patterns, particularly as industrial practices evolve in response to regulatory changes.

4.4.6 Conclusions

Findings contribute to a framework connecting ecological niche theory with
contaminant exposure patterns in marine ecosystems. By demonstrating how
multidimensional foraging strategies correspond to distinct contamination niches, this
study expands established trophic magnification models with additional ecological
dimensions. The progression from one-dimensional trophic magnification models to
the multidimensional contamination niche framework represents an important
theoretical advancement in contaminant research, aligning with recent calls for more

integrative approaches to ecotoxicology [65,66].

This framework provides both explanatory power for observed patterns and predictive
capacity for assessing vulnerability in unstudied populations. Species or populations
exhibiting Atlantic-oriented foraging strategies face disproportionate PFOS exposure
regardless of colony proximity to contamination sources, while Arctic-oriented foragers
accumulate distinct PFCA-dominated profiles despite lower overall exposure. Such
foraging-based predictions enable more efficient monitoring programmes that target

ecological vulnerability rather than geographic proximity to sources. By recognising
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contamination as an emergent property of ecological specialisation rather than merely
a function of environmental concentrations, this framework provides the mechanistic
understanding necessary for anticipating how climate-driven shifts in prey distributions
may alter contamination dynamics in Arctic marine ecosystems. This represents a shift
from reactive monitoring of contamination hotspots toward proactive identification of
vulnerable populations based on their foraging ecology, enabling more targeted
conservation efforts for species whose specialised ecological niches predispose them to

disproportionate chemical exposure.
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Chapter 5: General Discussion

Bioaccumulation models have primarily focused on trophic magnification frameworks
to explain the patterns of PFAS exposure in marine predators [38,149,157]. This
reductionistic approach constrains the holistic integration of the multidimensional
ecological processes that structure exposure patterns in marine ecosystems. This thesis
addressed three overarching research questions: (1) Do the variability patterns of PFAS
exposure exhibit ecological structuring with compound-specific responses to
oceanographic gradients? (2) Do the patterns of PFAS exposure form discrete
contamination niches corresponding to distinct foraging strategies? (3) Can the
integration of variability analysis and niche clustering reveal how marine predators
experience chemical exposure through their foraging strategies? The discussion
synthesises findings from both studies within a unified theoretical framework,
examines the broader implications for understanding contaminant dynamics in marine
ecosystems, and proposes future research directions for the integration of

contamination science and ecology.

To investigate these questions, I revisited the analytical approaches bridging exposure
data with ecological indicators. Early explorations using conventional trophic
magnification metrics revealed that the substantial variation in PFAS patterns could not
be attributed to measurement error or sampling limitations. This prompted me to
develop integrated analytical frameworks combining contaminant profiles with stable
isotope values, niche theory, and foraging behaviour—a multidisciplinary approach that
required a rethinking of how ecological and chemical data interact. This
cross-disciplinary perspective demonstrated the importance of recognising that
exposure patterns traditionally considered stochastic noise reflect meaningful

ecological processes.

Both chapters provide complementary evidence for the central hypothesis that PFAS
exposure in marine predators reflects ecological processes rather than simple
environmental availability or trophic position, though important limitations constrain
these interpretations. Chapter 3 established that PFAS variability functions as an

ecological signal, with PFOS variability exhibiting significant threshold effects across
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the Arctic-Atlantic gradient (p < 0.01) while PFCA patterns demonstrated
non-significant responses to dietary indicators. Chapter 4 revealed that exposure
patterns form three discrete contamination niches: High-Exposure Atlantic Foragers,
Intermediate-Exposure Mixed Foragers, and Low-Exposure Arctic Foragers, with
moderate associations between isotopic foraging patterns and PFAS compositional
profiles (y>*= 29.83, p <0.001), though isotopic indicators explained only 13% of
overall variability. Together, these findings indicate that marine predators’ chemical
exposure patterns are shaped by integrated foraging strategies spanning spatial,
temporal, and dietary dimensions, thereby supporting the development of a
contamination-niche framework that advances beyond traditional trophic magnification

approaches.

5.1 Ecological Structure of PFAS Exposure

Previous research has identified geographical gradients in PFAS distribution in marine
surface waters [18-20], primarily attributing these to transport mechanisms and
proximity to industrial sources. These environmental distributions represent regimes of
baseline exposure that vary spatially across oceanographic provinces and exhibit
relatively slow temporal changes [70]. However, the relationship between these
environmental baselines and the contaminant patterns in marine predators is typically
non-linear and often varies considerably across species and regions [5,157,158].
Although differences in environmental concentrations contribute to overall exposure
levels, our research suggests that ecological processes generate distinct contamination
patterns that extend beyond what would be predicted from environmental availability
alone. Our findings indicate that ecological factors, including habitat specialisation,
prey selection, and temporal foraging consistency, interact with physiological
mechanisms to create discrete exposure clusters and compound-specific patterns that

reflect foraging strategies rather than simple environmental gradients.

Spatial foraging patterns correspond to discrete contamination regimes that diverge
from the predictions of environmental distribution models. Previous studies have
documented gradual PFAS concentration gradients across oceanographic regions
[18,108], leading to expectations of similarly gradual patterns in marine predators.

However, PFOS exposure patterns exhibited discrete threshold effects across Arctic and
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Atlantic water mass regimes rather than continuous gradual variation, with a
statistically significant transition between oceanographic environments (p < 0.01).
Atlantic foragers demonstrated PFOS-dominated profiles with a high probability
(78.3%), while Arctic-influenced habitats supported diverse compositional profiles,
including PFCA-dominated patterns absent from Atlantic waters. These discrete
exposure clusters indicate that distinct water mass environments function as ecological
filters that structure contaminant exposure in ways not predicted by environmental
distribution models alone [159,160]. These findings indicate compound-specific
responses across different water mass environments, revealing that oceanographic

regimes structure contaminant exposure through distinct ecological processes.

Temporal consistency in foraging behaviour represents an important yet understudied
dimension structuring contamination patterns. While temporal aspects of contamination
have received limited attention compared to spatial and trophic factors [104], our
dual-tissue approach indicates that foraging consistency correlates with more coherent
PFAS exposure patterns. Seabirds with temporally consistent foraging strategies during
the breeding season exhibited more uniform PFAS profiles, particularly High-Exposure
Atlantic Foragers who displayed strong correlations between plasma and red blood cell
isotope values (» > 0.85) with elevated PFOS-dominated profiles. Although our
breeding season sampling provides only a limited temporal window, this contrasts with
previous contaminant studies that typically rely on single-tissue measurements [39],
potentially missing how short-term foraging consistency may be reflected in
accumulation patterns within constrained periods. These findings suggest that
contamination patterns reflect not only spatial foraging areas, but also the consistency
of resource use during breeding, indicating that specialised foraging strategies create

characteristic exposure patterns that merit investigation across broader temporal scales.

Our findings indicate that dietary specialisation influences compound-specific
accumulation through mechanisms that extend conventional trophic transfer
frameworks. Previous biomagnification studies have emphasised linear relationships
between trophic position and contaminant concentration [9,28], but our findings
suggest compound-specific responses to foraging ecology. Different PFAS
demonstrated distinctive associations with ecological indicators, with PFOS patterns

showing stronger correlations with spatial habitat use while PFCA patterns exhibited
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non-significant relationships with dietary indicators. The significant association
between foraging ecology clusters and PFAS structural profiles (y*> =29.83, p <0.001)
indicates that feeding ecology shapes contamination in compound-specific
bioaccumulation pathways. Our findings are consistent with potential threshold effects
where processes of direct trophic transfer dominate PFCA accumulation at lower
trophic positions, while trophic magnification becomes more pronounced for PFOS at
higher trophic levels. This extends the framework of Borgd et al. [25] that the
contaminant flow follows energy pathways through marine food webs, suggesting that
protein-binding compounds like PFAS create distinct exposure patterns through
mechanisms that vary with ecological context and operate beyond conventional trophic
position metrics. These patterns indicate that traditional biomagnification factors have
limitations in capturing the multidimensional ecological processes embedded in

compound-specific accumulation.

These compound-specific responses become particularly evident when comparing
closely related species. Although interspecies differences in contamination patterns are
often attributed to physiological factors such as metabolic capacities and protein
binding affinities [8], our findings indicate that ecological context influences PFAS
exposure patterns as strongly as taxonomic identity. Specifically, the two guillemot
species showed complex patterns of convergence and divergence across contamination
niches. Both species exhibited balanced representation in Intermediate-Exposure niches
(Chapter 4, Fig. 4-1), demonstrating convergence when occupying similar ecological
space. However, strong species segregation occurred in extreme niches: UA dominated
High-Exposure Atlantic niches while UL disproportionately occupied Low-Exposure
Arctic niches. This pattern indicates that while taxonomic identity indicates central
tendencies in niche occupancy, both species retain the capacity to occupy intermediate
ecological spaces when local conditions permit. Geographic variation in contamination
patterns within each species further illustrates the primacy of ecological context over
taxonomic identity. Colony-specific foraging specialisations, such as differential
exploitation of fjord systems, ice-edge habitats, and water depth zones, generated
contamination signatures that reflected local ecological opportunities, consistent with
documented resource partitioning effects [87,88]. This within-species ecological

differentiation demonstrates that habitat specialisation can be as influential as
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taxonomic identity in structuring chemical exposure, indicating that ecological factors

substantially modify physiologically based predictions of contamination patterns.

The integration of spatial, temporal, and dietary dimensions reveals that marine
predators’ foraging strategies shape their exposure patterns. These structured exposure
patterns subsequently give rise to discrete contamination niches that parallel ecological
specialisation. These patterns indicate limitations in traditional bioaccumulation
frameworks and support the development of more ecologically integrated approaches.
Current bioaccumulation theory, largely based on trophic magnification factors and
biomagnification models [38], has demonstrated limited explanatory power for the
substantial variability often observed in field studies. Our findings suggest that marine
predators occupy distinct contamination niches defined by their integrated foraging
strategies across multiple ecological dimensions. Analogous to how ecological niche
theory explains the partitioning of traditional resources by species [72,74], marine
predators exhibit structured chemical exposure patterns through similar ecological
processes. This perspective reframes contamination variability from statistical noise
into potentially meaningful ecological information reflecting specialised foraging
behaviours, providing empirical support for the conceptualisation of contamination as

an additional dimension of ecological niche space.

This multidimensional approach suggests how different aspects of exposure patterns
contribute complementary information about PFAS dynamics in marine predators, with
contamination patterns emerging as ecological by-products. Concentration patterns
reveal the magnitude of exposure across spatial and resource utilisation gradients,
forming discrete clusters rather than continuous distributions. Compositional profiles
reflect the qualitative nature of exposure, with characteristic PFAS patterns potentially
associated with specific foraging strategies. Variability patterns capture the consistency
or heterogeneity of exposure, suggesting possible threshold effects at ecological
transitions. Together, these features provide evidence consistent with PFAS exposure in
marine predators reflecting ecological processes operating across multiple dimensions
of foraging ecology, potentially contributing toward more predictive models of

contaminant dynamics in marine ecosystems, though broader validation is needed.
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5.2 Mechanistic Foundations and Framework Development

The contamination-niche framework proposes a novel integration of ecological niche
theory with contaminant dynamics in marine ecosystems. Rather than viewing chemical
exposure through traditional toxicological approaches of concentration and
biomagnification, this framework conceptualises contamination patterns as ecological
phenomena shaped by the same multidimensional processes that govern resource

partitioning and niche differentiation.

The contamination-niche framework extends Hutchinson’s [74] concept of the
ecological niche as an n-dimensional hypervolume to include chemical exposure
patterns as an additional dimension of niche space. Just as organisms occupy
characteristic positions in resource space through their ecological adaptations, marine
predators exhibit distinct positions in an exposure space as a consequence of their
integrated foraging strategies across multiple dimensions [75,76]. This theoretical
expansion builds upon Schoener’s [72] identification of habitat, diet, and temporal
activity as primary niche axes by proposing that these same dimensions structure
passive exposure patterns, while incorporating Pianka’s [73] demonstration that the
coexistence of species depends on the differential resource utilisation across a

multidimensional niche space.

Traditional approaches to contaminant dynamics have typically treated trophic transfer
or trophic magnification as a unified process operating at different scales rather than as
potentially interacting mechanisms that might vary in relative importance across
ecological gradients [24,38]. The contamination niche framework proposes that discrete
contamination niches result from the interaction between trophic-dependent processes

and varying food-web architectures.

The scope of the framework encompasses persistent compounds with sufficient
retention times to allow for the detection and interpretation of biologically meaningful
patterns in tissues, particularly protein-binding contaminants that accumulate
predictably through biological matrices. While developed for PFAS, the theoretical
principles extend to other persistent contaminants, though compound-specific

properties require careful consideration. As demonstrated here, the framework is
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suitable for obligate central-place foragers during breeding seasons when spatial and
temporal foraging patterns are tightly constrained (e.g. by nesting grounds), as
evidenced by threshold effects in PFOS variability and exposure clustering. A
systematic validation across marine predator guilds with divergent foraging strategies
(e.g. pelagic feeders, benthic specialists, and migratory generalists) is needed to assess

the broader ecological relevance of the framework [161].

5.2.1 Mechanistic Basis

The theoretical framework proposes mechanistic pathways through which ecological
processes create structured contamination patterns via compound-specific
bioaccumulation processes. Our analysis indicates that different food-web architectures
support distinct accumulation mechanisms, with trophic transfer and magnification
varying in relative importance across ecological gradients and compound classes

[25,162].

At lower trophic positions, direct trophic transfer dominates accumulation processes,
as evidenced by our compositional analyses. Arctic-influenced systems characterised
by specialised predator-prey relationships [156] favour direct trophic transfer processes,
demonstrated by compositional profiles showing reduced PFOS dominance and
PFCA-dominated patterns compared to Atlantic systems. This trophic transfer process
operates gradually, producing constrained variability in both PFCA and PFOS that
reflects systematic transfer from consistent prey sources. The gradual transfer process
results in lower total concentrations, reflecting the lower bioaccumulation efficiency of

trophic transfer compared to trophic magnification processes.

At higher trophic positions, trophic magnification processes become dominant, with
Atlantic-influenced systems supporting diverse prey assemblages [36] that amplify the
magnification processes. The prevalence of trophic magnification is demonstrated by
PFOS-dominated compositional profiles, as PFOS demonstrates stronger
protein-binding affinities and enhanced magnification potential compared to PFCA
[13,163]. This magnification process creates elevated PFOS variability patterns,
reflecting multiple exposure pathways and diverse prey sources. Concurrently, more
constrained variability patterns observed in PFCA result from competitive binding

mechanisms, where predominant PFOS burden suppresses PFCA accumulation. These

77



amplified magnification processes in Atlantic-influenced systems produce higher total

concentrations compared to transfer-dominated systems.

This proposed trophic-dependent transition suggests synergistic compound-specific
accumulation patterns where compositional profiles indicate the dominant process,
variability patterns potentially reflect the characteristics of that process, and
concentration magnitudes demonstrate the relative efficiency of accumulation, all
potentially varying systematically across different food-web architectures. However,
these relationships require extensive validation through experimental approaches to

establish definitive causal mechanisms rather than simple correlational associations.

5.2.2 Contamination Niches: Moving Beyond Trophic Magnification

These analytical approaches form an integrated framework examining contamination
niches from complementary perspectives to address our three research objectives. The
niche analysis identified discrete PFAS exposure clusters and characterised their
ecological associations, establishing the existence of distinct contamination patterns
beyond random variation. The conditional probability analysis quantified associations
between isotopic foraging patterns and PFAS profiles, demonstrating that ecological
strategies influence contamination outcomes. The structure analysis revealed consistent
relationships between concentration magnitude and compound composition, indicating
that these patterns follow organised ecological principles rather than stochastic
processes. Together, these approaches provide multiple lines of evidence supporting the
contamination niche concept, from establishing pattern existence to quantifying

ecological drivers and revealing structural relationships.

First, integration of three complementary analyses—PFAS concentration clustering,
compositional profiling, and isotopic foraging patterns—revealed three contamination
niches: High-Exposure Atlantic Foragers, Intermediate-Exposure Mixed Foragers, and
Low-Exposure Arctic Foragers. These niches emerged not from concentration data
alone but from conditional probability relationships linking foraging strategies (isotopic
clusters) to characteristic PFAS compositional profiles. This multidimensional
approach demonstrates that contaminant accumulation forms discrete patterns shaped
by integrated ecological strategies across spatial, temporal, and dietary dimensions,

extending beyond simple concentration-based or trophic gradient frameworks. The
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bivariate distribution of PFAS concentrations (Fig. 4-1) shows clear separation between
clusters with limited overlap in exposure profiles. The Intermediate-Exposure cluster is
characterised by a relatively higher proportion of PFCA, despite PFOS being the most
abundant compound overall, a pattern that becomes apparent when PFAS are analysed
cumulatively. This pattern resembles the discrete resource partitioning often observed

in ecological communities [72,73].

Second, isotopic foraging patterns demonstrated significant but moderate associations
with PFAS compositional profiles (Chapter 4, Table 4-2). Seabirds exhibiting consistent
Atlantic-influenced foraging strategies (SI Cluster 2) showed strong association with
PFOS-dominated compositional profiles (78.3% conditional probability), while
Arctic-influenced foragers (SI Cluster 1) displayed more diverse profiles, including
population-average (52.9%) and PFCA-dominated patterns (28.6%), with notable
under-representation of PFOS-dominated patterns (18.6%, standardised residual = -
2.00). Importantly, substantial isotopic overlap existed between PFAS-defined exposure
clusters (Bhattacharyya coefficient > 0.50), indicating that mean isotopic values alone
do not strongly differentiate contamination niches. These findings suggest that
contamination niche occupancy reflects fine-scale foraging dimensions, such as
temporal consistency in central-place foraging [48], individual prey specialisation [52],
and depth-specific habitat utilisation [47], not fully captured by bulk isotopic

measurements [133,137].

Third, the linkage between PFAS concentration and composition (Chapter 4, Fig. 4-2)
indicates a structure to contaminant accumulation that parallels niche differentiation in
ecological systems. The association between high exposures and PFOS-dominated
profiles indicates that specific contaminant patterns represent ecological responses
rather than random variation. This structured relationship between contaminant
magnitude and composition suggests that chemical profiles serve as indicators of
ecological processes in a manner similar to how stable isotope ratios reflect resource
utilisation [39,40]. This finding further supports the contamination niche framework by

demonstrating that contaminant patterns follow organised ecological principles.
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5.2.3 Multidimensional Framework

The contamination niche framework integrates four ecological dimensions that
structure foraging behaviour: spatial habitat utilisation, temporal foraging consistency,
dietary specialisation, and taxonomic differentiation. Each dimension corresponds to
established ecological theories and generates specific patterns in PFAS contamination,
potentially providing a systematic approach to understanding chemical exposure in

marine predators.

The spatial dimension aligns with habitat partitioning theories [164,165], manifested in
our findings as threshold effects in PFAS variability patterns. A significant transition at
813 Ceonsist = 0.19 (p < 0.01) indicates distinct contamination regimes between Arctic and
Atlantic water masses. Atlantic foragers demonstrated: (1) higher overall PFAS
concentrations; (2) PFOS-dominated compositional profiles (78.3% probability); and
(3) elevated PFOS variability patterns. Arctic foragers exhibited contrasting patterns
with more diverse compositional profiles, including PFCA-dominated patterns (78.6%
in the low-exposure cluster), and more constrained variability. These patterns are
consistent with differences in food-web structure between oceanographic regimes
[36,156]. The observed threshold effects suggest possible ecological transitions similar
to ecotones described by Fagan ef al. [166], where multiple environmental gradients

intersect to create discrete ecological boundaries.

The temporal dimension connects with foraging consistency theories [167], revealed
through associations between isotopic stability across tissues and exposure patterns.
High-Exposure Atlantic Foragers exhibited stronger correlations between plasma and
red blood cell isotope values (r > 0.85) with elevated PFOS-dominated profiles,
indicating that temporal consistency in foraging behaviour is associated with more
coherent contamination patterns. This relationship aligns with optimal foraging theory
[80], where consistent resource use strategies generate predictable exposure patterns
over time. The breeding season sampling captured this consistency effect within the

constraints of central-place foraging behaviour.

The dietary dimension corresponds to food web theories [162,168,169], though our
analysis revealed weaker associations than spatial patterns. While 8" Nconsist showed

substantial effect size (55% of model influence) for PFCA patterns, the dietary
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threshold was not statistically significant, indicating gradual rather than discrete
transitions in PFCA accumulation across prey selection gradients. This contrasts with
the spatial threshold observed for PFOS, suggesting that dietary effects on PFCA
contamination may operate more subtly than spatial habitat effects on PFOS patterns,

or may require different methodological approaches to detect.

The taxonomic dimension relates to resource partitioning theories [72,170,171],
demonstrated through species-specific patterns that varied with ecological context. The
two guillemot species showed both convergent and divergent PFAS profiles depending
on foraging opportunities, indicating that ecological context influences contamination
patterns beyond species identity alone. Cluster analyses revealed that both species were
represented across multiple contamination clusters when ecological contexts varied,
while showing convergent patterns when foraging opportunities aligned. Where species
differences were detectable, these manifested as variation within rather than between
contamination clusters, indicating that ecological context can be as influential as
taxonomic identity in determining contamination niche occupancy. This finding
supports the framework’s emphasis on ecological context in shaping exposure patterns

beyond taxonomic identity alone.

5.2.4 Theoretical Advances

This framework builds on existing bioaccumulation theory by demonstrating that
variability in contaminant patterns represents meaningful ecological information
reflecting specialised foraging strategies. This perspective could transform how we
interpret heterogeneity in exposure data, suggesting that variability structures
themselves might reveal ecological processes operating across food webs. However,
the moderate explanatory power of ecological indicators in our study questions whether
variability patterns consistently reflect ecological rather than analytical or physiological
processes. This addresses an important limitation identified by Borga et al. [31], who
recognised that variability in bioaccumulation might reflect ecological processes, but
primarily treated it as a confounding factor. Our work provides initial evidence

supporting this perspective.

Despite the above-mentioned limitations, our findings demonstrate that chemical

exposure represents a novel, exposure-mediated niche dimension arising from the
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integrated effects of an organism’s spatial habitat use and trophic interactions. This
extends conventional niche theory by showing that exposure regimes emerge as a
consequence of foraging decisions, analogous to how habitat selection shapes resource
acquisition. The observed threshold effects (e.g. 8'*Ceonsist = 0.19) provide empirical
support for discrete contamination regimes structured by ecological processes. Our
work complements established biomagnification frameworks by demonstrating PFAS
patterns that arise from interactions between oceanographic gradients, trophic
architecture, and individual behaviour. While Franklin [38] highlighted the limitations
of linear models, our results demonstrate that discrete exposure clusters form where
multiple ecological thresholds intersect, extending rather than rejecting

biomagnification models.

5.3 Methodological and Conceptual Limitations

The contamination niche framework advances understanding of exposure dynamics in
marine ecosystems while operating within inherent constraints of field-based ecological
research. Three interconnected domains require consideration for interpreting findings
and guiding future applications: (1) temporal and spatial sampling boundaries, (2)
methodological trade-offs in integrating chemical and ecological data streams, and (3)
analytical challenges in distinguishing biological signals from noise. Each domain

carries specific implications for advancing contaminant ecology research.

5.3.1 Study Design and Temporal Constraints

The cross-sectional design during a single breeding season (June-July 2018) captures
exposure patterns within the temporal window when seabirds exhibit central-place
foraging behaviour, providing clear ecological context while limiting understanding of
seasonal and interannual dynamics. This sampling approach effectively controls for
breeding constraints while missing temporal variation that influences contamination
patterns across broader time scales. Longitudinal studies tracking individual seabirds
across multiple years would determine whether contamination niches remain stable or
exhibit plasticity in response to changing environmental conditions, prey availability,

or life-history stages.
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The focus on breeding adults addresses the most ecologically constrained life stage
while leaving demographic gaps in understanding contamination niches across age
classes. Juveniles, non-breeders, and individuals of different age classes occupy
different contamination niches due to ontogenetic shifts in foraging behaviour,
physiological development, or habitat utilisation. Age-related changes in
protein-binding capacity, metabolic rates, and detoxification efficiency could create
contamination patterns that have no relationship to ecological niche partitioning. Future
research should expand to include these demographic groups to test whether
contamination niches show developmental plasticity or remain consistent throughout

an individual’s lifespan.

The temporal mismatch between stable isotope turnover rates and PFAS persistence in
seabird tissues creates interpretative complexity. While dual-tissue isotope analysis
captures foraging behaviour integrated over short periods (plasma: ~1 week; red blood
cells: ~3-4 weeks), PFAS exhibit elimination half-lives ranging from months to years
depending on compound and species [93,172]. This temporal disparity means that
correlations between current isotopic patterns and PFAS profiles reflect historical
exposure regimes from wintering areas, migration routes, or previous breeding seasons.
Future applications require longitudinal tracking data or multi-tissue contaminant

profiling to disentangle legacy exposures from current ecological drivers.

5.3.2 Methodological Limitations of Ecological Proxies

Bulk stable isotope analysis provides valuable but relatively coarse indicators of
foraging ecology, potentially obscuring fine-scale dietary specialisation or foraging
behaviour differences that influence contamination patterns. Compound-specific
isotope analysis (CSIA) of nitrogen would improve resolution by distinguishing
baseline isotopic shifts across oceanographic regions from actual changes in trophic
position or prey selection [133,137]. Similarly, CSIA of carbon could establish niche
partitioning and primary production source provenance with higher fidelity than bulk

8'3C analysis [136,173], and potentially inform about dietary stress [174].

The absence of direct baseline isotopic measurements across our study area limits
attribution of isotopic differences to ecological factors versus regional baseline

variation. This consideration affects all isotope-based inferences, particularly given the
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distinct oceanographic regimes surrounding Iceland. Bulk isotope analysis cannot
resolve potential influences of physiological factors such as nutritional stress,
reproductive condition, or metabolic rate on isotopic incorporation, which vary
systematically across breeding colonies or between species. These physiological effects
can create apparent ecological signals in isotopic data that do not reflect actual foraging

behaviour differences, potentially generating correlations with contamination patterns.

5.3.3 Analytical and Conceptual Constraints

The targeted analysis of 14 legacy PFAS (C5-C13) provides critical baseline data while
inherently excluding thousands of emerging PFAS variants in commercial use [3,175].
Future studies incorporating non-targeted screening and multi-compartment
physiochemical modelling could reveal compound-specific bioaccumulation pathways
that refine niche dynamics. The absence of short-chain PFAS (C5-C6) in our samples,
compounds with distinct environmental distributions and protein affinities [8,58],
suggests additional niche axes operating at lower trophic levels or through alternative
exposure routes. As industrial practices evolve and regulatory pressures shift
production toward alternative PFAS, monitoring frameworks must adapt to capture

changing contamination landscapes [105].

The distinct characteristics of Icelandic waters, including oceanographic transitions,
specific prey assemblages, and particular contamination sources, created detectable
contamination-ecology relationships that may not extend to other marine systems.
Future validation requires testing across diverse geographic regions with different
oceanographic characteristics, contamination sources, and prey assemblages to assess

framework generalisability [19,20].

Moderate cluster differentiation (silhouette scores 0.35-0.46) reflects both biological
realities, where niche boundaries are inherently fluid in marine systems, and analytical
constraints associated with sample sizes for marine predator studies. While sample
limitations constrain resolution of fine-scale ecological relationships, the overall
patterning demonstrates statistical robustness across multiple analytical approaches.
The exploratory analytical approach prioritised hypothesis generation over
confirmatory testing, with findings requiring verification through replicated study

designs across broader taxonomic and geographic scales.
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The conceptual framework linking food-web structure to contamination patterns
requires refinement through targeted observational and analytical advances. While
manipulative experiments remain impractical for marine apex predators, future studies

could strengthen causal inference by:

e leveraging natural environmental gradients (e.g. Arctic-Atlantic transitions)
as quasi-experimental systems;

e integrating high-resolution dietary tracking (eDNA, fatty acid biomarkers);

e applying causal discovery algorithms to longitudinal exposure-ecology

datasets.

The framework’s theoretical robustness ultimately depends on demonstrating predictive
capacity across multidimensional contamination landscapes while addressing scale

dependencies from individual to ecosystem levels.

5.4 Conservation Considerations

The contamination niche framework offers new approaches for improving
biomonitoring programme efficiency by tailoring sampling strategies to capture
ecologically meaningful contamination patterns rather than simply maximising
geographic coverage. By identifying ‘sentinel niches’ that integrate across particular
contamination pathways, monitoring efforts can strategically target representative
populations that provide the most informative contamination signals for specific
environmental compartments. Building on these preliminary findings, validation across
broader scales and systems would establish operational protocols. For example,
High-Exposure Atlantic Foragers could serve as effective sentinels for monitoring
PFOS contamination in offshore Atlantic food webs, while specialised Arctic foragers

would better reflect changes in PFCA distribution in ice-associated ecosystems.
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The multidimensional framework developed here demonstrates that conservation risk
assessments should consider not only contamination exposure magnitude but also
compositional profiles and variability structures, as these features reflect ecological
vulnerabilities not captured by concentration data alone. Populations exhibiting
specialised contamination niches with minimal variability may be particularly
susceptible to sudden changes in their primary exposure pathways, while those
occupying broader contamination niches would demonstrate greater resilience to
changing contamination landscapes. Integrating these ecological considerations into
regulatory frameworks would enhance protection for vulnerable populations beyond

traditional toxicological thresholds alone.

This approach provides practical tools for environmental management by enabling
optimisation of biomonitoring programmes through identification of sentinel niches
and enhancing risk assessment protocols through integrated analysis of concentration,
composition, and variability data. The framework complements existing
biomagnification models by revealing how multidimensional ecological processes
create discrete exposure clusters, thereby enabling more targeted conservation and

management decisions in contaminated marine ecosystems.

5.5 Future Research Directions

Advancing the contamination niche framework requires targeted research to establish
mechanistic foundations and validate broader applications across marine ecosystems.
While our findings demonstrate that contamination patterns reflect distinct ecological
niches, several important research directions would strengthen the framework’s
theoretical basis and expand its utility for contamination monitoring and ecological

research.

The mechanistic links between foraging behaviours and contaminant exposure require
direct investigation to advance beyond correlational associations. Several priority

questions emerge from our proposed mechanistic framework:

+ At what specific trophic position does trophic magnification overtake direct trophic

transfer as the dominant process, and does this transition point differ across
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oceanographic regimes? This question can be addressed through higher-resolution

sampling across continuous trophic gradients within distinct oceanographic waters.

* Does competitive binding between PFOS and PFCAs explain the homogenisation of
PFCA variability at higher trophic levels, or do other physiological or ecological
processes contribute? Laboratory studies examining competitive binding kinetics
in marine predator tissues could resolve this mechanism, though field validation

would strengthen interpretations.

» How will climate-driven changes in Arctic sea ice distribution and associated food
webs alter the balance between trophic transfer and magnification processes?
Long-term monitoring of different water masses can track shifts in contamination

niches as these ecosystems transform.

 Will extended food chains in warming Arctic waters enhance trophic magnification
processes, potentially increasing PFOS dominance in previously PFCA-influenced
regions? This question highlights the need to establish baseline contamination

niche patterns before rapid Arctic transformation accelerates.

Climate-driven reorganisation of marine food webs adds urgency to understanding
these trophic-dependent processes for developing predictive applications. Future
studies should integrate direct behavioural observations, biologging technologies, and
compound-specific isotope analysis to establish precise relationships between foraging
tactics and contamination patterns. Miniaturised tracking technologies can address how
individual movement decisions link with contamination profiles, improving

understanding of how behavioural choices translate into exposure risk.

Advancing the contamination niche framework requires expansion to multiple
contaminant classes and validation across ecological scales. While PFAS-specific
findings demonstrate utility, broader applications must address fundamental challenges
where distinct bioaccumulation mechanisms across contaminants create exposure
trade-offs. Methodological innovation, particularly tissue-specific temporal alignment
and non-targeted contaminant screening can disentangle these dynamics when paired
with longitudinal studies across species and ecosystems. Validation must progress

through natural gradient experiments and environmental baseline characterisation,
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advancing from correlative patterns to mechanistic understanding. The framework’s
theoretical robustness depends on demonstrating predictive capacity across
multidimensional contamination patterns while addressing scale dependencies from

individual to ecosystem levels.

These research advances would enable conservation managers to use PFAS profiles for
identifying populations with specialised foraging strategies that may be more
vulnerable to environmental changes, while providing a mechanistic foundation for
interpreting contamination data within ecological context and improving the efficiency

and ecological relevance of marine contamination monitoring programmes.
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Appendix A : Supplementary materials for Chapter 3




A.1 Methods and Materials

A.1.1 Target Compounds & Standards

Table Al. PFAS analytes. Chemical information of target per- and polyfluoroalkyl substances
(PFAS) analysed in this study. The compounds are categorized into three major classes:
carboxylic acids (C5-C13), sulfonic acids (C4, C6, C8, & C10), and ether (HFPO-DA). All
analytical standards were obtained from Wellington Laboratories with certified purity >98%.
The PFC-MXA mixture was prepared at 2.0 ug/mL + 5%, while the HFPO-DA individual
standard was prepared at 50 + 2.5 ng/mL.

Class Acronym Chemical Name CAS No. Standard
Information
PFPeA perfluoro-n-pentanoic acid 2706-90-3 PFC-MXA mixture,
PFHxA perfluoro-n-hexanoic acid 307-24-4 Wellington
Laboratories,
PFHpA perfluoro-n-heptanoic acid 375-85-9 2.0 pg/mL + 5%,
3 PFOA perfluoro-n-octanoic acid 335-67-1 >98%
E’
2 PFNA perfluoro-n-nonanoic acid 375-95-1
>
<
—;‘: PFDA perfluoro-n-decanoic acid 335-76-2
@)
PFUnDA perfluoro-n-undecanoic acid 2058-94-8
PFDoDA perfluoro-n-dodecanoic acid 307-55-1
PFTrDA perfluoro-n-tridecanoic acid 72629-94-8
PFBS potassium perfluoro-n- 375-73-5
" butanesulfonate
% PFHxS sodium perfluoro-n- 355-46-4
i hexanesulfonate
'g PFOS sodium perfluoro-n- 1763-23-1
L‘-; octanesulfonate
z PFDS sodium perfluoro-n- 335-77-3
decanesulfonate
Individual standard,
2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3- Wellington
g HFPO-DA heptaﬂuf)rop?opoxy)— 13252-13-6 (50 +£2.5) pg/mL,
m propanoic acid

>98%
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Table A2. List of solvents and reagents used in the analytical procedure. All chemicals were of
high analytical grade suitable for LC-MS/MS analysis or equivalent high-purity grade.
Ultrapure water was produced in-house using a Milli-Q water purification system. The reagent
grade, purity specifications, and suppliers are provided to ensure reproducibility of the
analytical method.

Chemical Grade/Purity Supplier
Methanol LC-MS grade (LiChrosolv) Merck
Ultrapure water 18.2 MQ-cm at 25 °C Milli-Q Integral 5, Merck
Acetic acid >99.8%, LC-MS grade Honeywell Fluka
Ammonium acetate LC-MS grade Honeywell Fluka
Ammonia solution 25%, Suprapur Merck

A.1.2 Sample Preparation

PFAS extraction from plasma samples was performed using a modified quaternary
ammonium salt-based ion-pairing method.[123,124] Prior to extraction, plasma
samples were fortified with mass-labelled internal standards and buffered with sodium
carbonate (1 mL, 0.5 M, pH 10.0). Tetrabutylammonium hydrogen sulphate (2 mL, 0.5

M) was added as the ion-pairing agent.

The analytes were extracted three times with ethyl acetate (5 mL per extraction) using
ultrasonication (20 min, room temperature) followed by centrifugation (3000 rpm, 15
min, 20°C). The combined organic extracts were concentrated under a gentle nitrogen
stream at 40°C and reconstituted in methanol: water (1:1 v/v, 250 puL). Final extracts

were filtered through a 0.2 pm polypropylene membrane filter prior to analysis.
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A.1.3 Instrumental Analysis

Table A3. Detailed instrumental parameters for the LC-MS/MS analysis of PFAS. The
chromatographic separation was performed using an Agilent 1100 HPLC system coupled to an
AB Sciex API 4000 triple quadrupole mass spectrometer. The method utilised a reverse-phase
C18 column with gradient elution using ammonium acetate buffer and methanol-based mobile
phases. Mass spectrometric detection was performed using electrospray ionization in negative

mode with multiple reaction monitoring (MRM).

System Parameter Specification

HPLC System HP 1100, Agilent Technologies

Analytical Column Synergi Fusion-RP C18, 150 x 2 mm, 4 um, 80 A
(Phenamenex)

Guard Column SecurityGuard C18, 4 x 2 mm (Phenomenex)
Mobile Phase A 2 mM ammonium acetate in water
Mobile Phase B 0.05% acetic acid in methanol
Flow Rate 0.2 mL/min
Injection Volume 10 uL
Column Temperature 30 °C
Run Rime 30 min

MS/MS System API 4000 triple quadrupole, AB Sciex
Source Turbo V ESI, negative mode
Ion Spray Voltage -4500 V
Source Temperature 400 °C

Gases (N2)

Scan Type

Nebulizer: 4.2 bar
Heater: 2.8 bar
Curtain: 1.0 bar
Collision: 0.6 bar
MRM
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Table A4. LC-MS/MS parameters for the analysis of per- and polyfluoroalkyl substances
(PFAS) and their corresponding internal standards. The table presents molecular formulas of
detected ions, quantifier and qualifier transitions (m/z), and matched internal standards for each
target analyte. The compounds are categorized into native PFCAs (C5-C13), PFSAs (C4, C6,
C8 & C10), HFPO-DA, and isotope-labelled internal standards. Quantifier ion transitions
(marked with asterisk) were used for quantitation, while qualifier transitions were monitored
for confirmation where available.

Type  Compound  potecular Tanstion Tramsition 1!
Formula (m/2) (m/2) Standard
PFPeA [C5F902]- 263 >219*% - 13C,-PFHXA
PFHxA [C6F1102]- 313 >269* 313>119 13C,-PFHXA
PFHpA [CTF1302]- 363 > 169* 363>319 13C4-PFOA
2 PFOA [C8F1502]- 413 >369* 413> 169 3C4-PFOA
E PFNA [CI9F1702]- 463 >419* 463 >219 3Cs-PFNA
§ PFDA [C10F1902]- 513 > 469* 513>219 13C,-PFDA
PFUnDA [C11F2102]- 563 >519* 563> 169 13C,-PFUnDA
PFDoDA [C12F2302]- 613 > 569* 613>169 13C,-PFDoDA
PFTrDA [C13F2502]- 663 > 619* 663> 169 13C,-PFDoDA
PFBS [C4F903S]- 299 > 80* 299 >99 180,-PFHxS
é PFHxS [C6F1303S]- 399 > 80* 399>99 180,-PFHxS
E PFOS [C8F1703S]- 499 > 80* 499 > 99 B3C4-PFOS
z PFDS [C10F2103S]- 599 > 80* 599 >99 B3C4-PFOS
Native HFPO-DA [C6F1103]- 329 > 285 - BC;. HFPO-DA
Fther 3C,-PFHxA [13C2C4F1102]- 315>270* 315>120 -
BC4-PFOA [13C4C4F1502]- 417 >372%* 417> 169 -
:; BCs-PFOA [13C8F1502]- 421 >376* 421>172 -
§ BCs-PFNA [13C5C4F1702]- 468 >423* 468 > 223 -
g 130,-PFHxS [C6F13020S8]- 403 > 84* 403> 103 -
= 13C4-PFOS [13C4C4F1703S] 503 > 80* 503>99 -

BC; HFPO-DA  [13C3C3F1103]- 332 >287* 332>169 -

*Quantifier ion transition

93



A.1.4 Quality Assurance and Quality Control (QA/QC)

Background PFAS levels were evaluated through procedural blanks analysed with each

batch of 10 samples. The Limit of Blank (LoB) was calculated as [176]:
LoB = mean(blank) + 1.645(SDblank)

Sample concentrations above LoB were considered detectable and were
blank-corrected by subtracting the mean blank values. Values below LoB were reported
as not detected. Recovery rates for all target compounds and their mass-labelled internal

standards are summarized in Table AS5.

Table A5. Mean percent recoveries and standard deviations (SD) for isotope-labelled per- and
polyfluoroalkyl substances (PFAS) internal standards.

Standard Mean SD
BC,-PFHXA 78% 10%
BC4-PFOA 88% 11%
BCs-PFNA 87% 11%
BC,-PFDA 86% 17%
BC,-PFUnDA 87% 22%
13C,-PFDoDA 102% 17%
130,-PFHxS 93% 12%
3C4-PFOS 102% 14%
13C4-PFDS 94% 13%
3C;. HFPO-DA 131% 80%
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Calibration curves showed good linearity (R* > 0.995) over the concentration range of

0.0-100 pg/uL. Method detection limits (MDL) were determined based on

signal-to-noise ratio calculations following the guidelines outlined in Agilent’s

technical report on mass spectrometry detection limits [177]. The calculated MDL, LoB

and mean blank values for each target compound are detailed in Table A6.

Table A6. Method performance parameters for target PFAS.

Class Acronym MDL [ng/mL] LoB [ng/mLj] []zlgz;::llis]
Carboxylic PFPeA 0.06 0.23 0.22
Acids PFHxA 0.06 0.33 0.3

PFHpA 0.06 <0.06 <0.06
PFOA 0.06 0.11 0.13
PFNA 0.06 <0.06 <0.06
PFDA 0.07 <0.07 <0.07
PFUnDA 0.05 <0.05 <0.05
PFDoDA 0.05 <0.05 <0.05
PFTrDA 0.06 <0.06 <0.06
Sulfonic PFBS 0.06 <0.06 <0.06
Acids PFHxS 0.06 <0.06 <0.06
PFOS 0.05 0.34 0.28
PFDS 0.06 <0.06 <0.06
Ether HFPO-DA 0.06 <0.06 <0.06
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A.2 Stats Results
A.2.1 PFAS Analysis

A.2.1.1 PCA
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Figure Al. Principal Component Analysis (PCA) visualization of the PFAS dataset. (a)
Explained variability ratio across principal components, showing the proportion of variability
captured by each component. (b) Heatmap depicting feature contributions to the first six
principal components, where colour intensity represents loading strength and direction.
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A.2.2 Stable Isotope Analysis

A.2.2.1 Descriptives of SIR

Table A7. Statistical summary of stable isotope values (6'°N and 6"3C) in cell and plasma samples from UA (n = 67) and UL (n = 45) groups.

"5Ncen 313Ceen 8" Npiasma 13Cplasma
Species Colony
Median IQR Median IQR Median IQR Median IQR

UA N 11.8 0.3 -20.3 0.1 11.9 0.2 -21.8 0.4
UA NE 12.2 0.3 -20.0 0.2 11.9 0.4 -21.4 0.3
UA NwW 11.8 0.4 -20.4 0.2 12.0 0.6 -21.8 0.7
UA SE 13.1 0.7 -19.2 0.4 13.1 0.4 -19.8 0.2
UA SW 13.2 0.3 -19.3 0.2 13.2 0.4 -19.9 0.4
UL N 11.8 0.2 -20.2 0.1 11.6 0.3 -21.3 0.4
UL NE 12.1 0.2 -20.0 0.1 11.7 0.4 -21.3 0.5
UL NW 12.8 0.8 -19.9 0.7 12.6 0.7 -21.6 0.8
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A.2.2.2 Correlation Analysis
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Figure A2. Spearman Correlation Heatmap of stable isotope values across tissue types.
Correlation matrix illustrated the relationships between carbon (6'*C) and nitrogen (8'°N)
isotope values in cell and plasma tissues. Colour intensity represents correlation strength, with
red indicating positive correlations and blue indicating negative correlations. Asterisks denote
statistical significance levels: *** p <(0.001, ** p <0.01, * p <0.05, ns p > 0.05. Values within
each cell represent the Spearman correlation coefficient.
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A.2.2.3 PCA
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Figure A3. Principal Component Analysis of "°N in plasma and cells. (a) Scree plot
showing cumulative explained variance by principal components. The red dashed line indicates
the 95% variance threshold. (b) Feature contributions (loadings) to principal components PC1
and PC2. Loading coefficients range from -1 to +1, with red indicating positive loadings and
blue indicating negative loadings. PC1 explains 90.1% of the total variance, while PC2 explains
the remaining 9.9%.
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Figure A4. Principal Component Analysis of 8°C in plasma and cells. (a) Scree plot
showing cumulative explained variance by principal components. The red dashed line indicates
the 95% variance threshold. (b) Feature contributions (loadings) to principal components PC1
and PC2. Loading coefficients range from -1 to +1, with red indicating positive loadings and
blue indicating negative loadings. PC1 explains 88.1% of the total variance, while PC2 explains
the remaining 11.9%.
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A.2.3 Bivariate Segmented Regression Analysis

Complete Model:
Y = Bo + BuX: + BaXz + BsS1 + BaSz + Bs(XuXz) + Be(S:S:) + €

Region 1 (X: £ bps, Xz £ bp:): Region 2 (X: > bps, Xz £ bp:):

Y= Bo + Ble + B:X: + Bs()(lx:) Y= (Bo + Ba) + ﬁ1X1 + B_K + Bs(X1X:)
Region 3 (Xi = bpy, Xz > bp2): Region 4 (X: > bps, Xz > bpz):

= (Bu + B-l) + B1X1 + Bl}ﬁ + Bs(X1X:) = (Bu + Ba + [34 + Bs) + B1X1 + B:)ﬁ + Bs(X1X:)
Where:

=Y = Response variable (Z(PFCA) or Z(PFOS)) * Bo = Intercept

» X. = First predictor (8'°C consistent) + By, B2 = Main effects

* Xz = Second predictor (8N consistent) * Bz, B« = Segment effects

= S: = Segment indicator for X: = Breakpoint (8°C consistent) « Bs = XuX: interaction effect
» S: = Segment indicator for X: = Breakpoint ("N consistent) s+ Bs = Segment interaction effect

+ £ = Error term

Figure A5. Segmented regression model with dual breakpoints for isotope values (8"*C
and 8'5N). Due to small sample size, Region 4 was excluded from the analysis; the model was
implemented using only Regions 1, 2, and 3 combined.
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Table A8. Bivariate Segmented Regression Results (PFCA)

Component Parameter Value SE t p Training Testing % Effect n  Mean SD  Min Max
Response Variable ZPFCA - - - - - - - - - - R
Predictor 1 SBCeonsist - - - - - - - - - - .
Model Info Predictor 2 & Neonsist - - - - - - - - - ; -
Training Observations 89 - - - - - - - - - - -
Testing Observations 23 - - - - - - - - - - -
R? - - - - 0.19 0.03 - - - - - -
Performance  MSE - - - - 0.78 1.12 - - - - - -
RMSE - - - - 0.88 1.06 - - - - - -
8" Ceonsist 0.19 - - - - - - - - - - -
813 Ceonsist Below 80 (71.4%) - - - - - - - - - - -
. 813 Ceonsist Above 32 (28.6%) - - - - - - - - - - -
Breakpoints 1 Nuoncia 0 i i ] i i i i i i i i
3 Neonsist Below 71(63.4%) - - - - - - - - - - -
3" Neonsist Above 41 (36.6%) - - - - - - - - - - -
Intercept 0.54 - - - - - - - - - - -
313 Cconsist 0.34 0 1.96 0.05 - - 13.18 - - - - -
813Ceonsist SEgment 0.27 1 05 062 - - 10.5 - - - - -
Coefficients 0. Neonsis 0.16 0 098 033 - - 6.11 - - - - -
8" Neonsist Segment -0.74 0 2.4 0.02% - - 28.32 - - - - -
5" Coonsin X 5" Noonsi 0.22 0 24 0.02% - . 8.44 . - :
interaction
Segment interaction -0.87 1 -1.2 023 - - 33.45 - - - - -
Low 613Cconsist, Low 615Nconsist - - - - - - - 65 0.21 1 -1.5 2.9
Segment Low 8" Ceonsist, High 8" Neonsist - - - - - - - 15 -032 1 23 15
Combinations  High 8"*Ceconsist, LOW 8" Neonsist - - - - - - - 6 078 1 -0.1 2.3
High 83 Ceonsist, High 8" Neonsist - - - - - - - 26 -0.51 1 -2.1 0.9

Note: Bold p-values indicate statistical significance (p < 0.05). Asterisks (*) denote significant terms. The model shows poor predictive performance (Testing R? =
0.03). 8" Neonsist segment and the 8" Ceonsist X 8" Neonsist interaction are the only significant predictors. Segment interaction accounts for the largest relative effect
(33.45%). Training R? = 0.19 suggests potential overfitting. Dashes (-) indicate statistics not applicable for that parameter type.
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Table A9. Bivariate Segmented Regression Results (PFOS)

Component Parameter Value SE t p Training Testing % Effect n  Mean _SD Min  Max
Response Variable ZPFOS - - - - - - - - - - -
Predictor 1 83Consist - - - - - - - - i - .
Model Info Predictor 2 & Neonsist - - - - - - - - - ; -
Training Observations 89 - - - - - - - - - - -
Testing Observations 23 - - - - - - - - - - -
R? - - - - 0.35 -0.05 - - - - - -
Performance MSE - - - - 0.63 1.09 - - - - - -
RMSE - - - - 0.79 1.04 - - - - - -
513Cconsist O 1 9 - - - - - - - - _ _ _
513Cconsist Below 80 (714%) - - - - - - - - _ _ _
. 8"*Ceonsist Above 32 (28.6%) - - - - . - - - . .
Breakpoints 81 Noonsia 0 _ _ _ _ . - - - - - -
3! Neonsist Below 71(63.4%) - - - - - - - - - - -
3" Neonsist Above 41 (36.6%) - - - - - - - - - - -
Intercept -0.61 - - - - - - - - - - -
313C consist -0.45 02 -28 0.01%* - - 17.91 - - - - -
3!3Consist Segment 1.26 0.5 256 0.01% - - 50.55 - - - - -
Coefficients O Neonsis 0.03 02 019 085 - - 1.1 .. _ i ]
8" Neonsist Segment -0.05 03 -02 0.86 - - 1.93 - - - - -
8" Coonsi > 8 Noonsi 0.16 0.1 196 005 - - 6.44 - - - - -
interaction
Segment interaction 0.55 0.7 085 04 - - 22.06 - - - - -
Low 513Cconsist, Low 615I\Iconsist - - - - - - - 65 -0.28 1 2.3 2.9
Segment Low 813Cconsist, ngh 615I\Iconsist - - - - - - - 15 04 0.6 -1.8 0.5
C .. High 8" Ceonsist, LoW 8" Neonsist - - - - - - - 6 054 0.7 -0.8 1.4
ombinations

High 8" Ceonsist, High

- - - - - - - - 26 08 09 -04 34

Note: Bold p-values indicate statistical significance (p < 0.05). Asterisks denote significance level (* p < 0.05, ** p < 0.01). The model shows better training
performance than PFCA (R> = 0.35) but still poor testing performance (R> = -0.05). 8'3Ceonsist and its segment term are highly significant. §'*Ceonsist S€gment accounts
for the largest relative effect (50.55%). High 8'3Ceonsist Segments show positive means regardless of 8’ Neonsist levels. Dashes (-) indicate statistics not applicable for
that parameter type.
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Appendix B : Supplementary materials for Chapter 4




B.1 Methods and Materials

The sample size-corrected Standard Ellipse Area (SEAc) was calculated following
Jackson et al. [138] to quantify isotopic niche width while accounting for small sample

sizes. SEAc represents the core 40% of bivariate isotopic data and is calculated as:

n—1

SEAc = SEA X
n—2

where 7 is the sample size for the group, and SEA is the uncorrected standard ellipse
area calculated as:

SEAc = m X 07 X 0y

where 61 and 62 are the semi-major and semi-minor axes of the standard ellipse, derived

from the eigenvalues (A1 and A2) of the covariance matrix X of the bivariate isotope data

(8'3C and §"°N):
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B.2 Cluster Statistics

Table B1.Summary of clustering characteristics, composite score centroids, cluster quality
metrics, and species and colony distributions across the three identified log-transformed PFAS
concednetration clusters. Sample sizes, clustering quality indices (Silhouette Score,
Calinski-Harabasz Index, Davies-Bouldin Index), centroid values (PFCA and PFOS), point
density metrics, and Chi-square test results for species and colony distributions are provided
for each cluster. Significance levels: * p < 0.05, ** p <0.01, *** p < 0.001; T indicates
statistically significant deviation from overall distribution (p < 0.05).

Parameter Cluster 1 Cluster 2 Cluster 3 Overall
Clustering Characteristics

Sample Size 62 36 14 112
Inertia - - - 7.48
Silhouette Score 0.4 0.41 0.26 0.39
Calinski-Harabasz Index - - - 85.02
Davies-Bouldin Index - - - 0.95
Average Silhouette Score 0.4 0.41 0.26 0.39
Min Silhouette Score 0.11 0.12 -0.03 -
Max Silhouette Score 0.62 0.57 0.48 -
PFAS Concentration Metrics

PFCA Centroid [ng/g DM] 1.53 1.87 1.02 -
PFOS Centroid [ng/g DM] 1.83 2.22 1.71 -
Cluster Quality Characteristics

Point Density [points/unit area] 774.05 321.25 79 -
Convex Hull Area 0.31 0.39 0.39 -
Area Density 200 9231 36.36 .
[points/unit area]

Avg. Distance to Centroid 0.21 0.23 0.32 -
Max Distance to Centroid 0.44 0.68 0.63 -
Species Distribution

UA 32 341 1 67
UL 30 2f 13f 45
Species distribution 7 174 (p=0.19)  17.95%%* 16.16%** 35.86%**
(p-value)

Effect size (Cramér’s V) - 0.71 1.08 0.4
Colony Distribution

N 16 5 9f 30
NE 24 37 3 30
NW 18 10 2 30
SE 2 137 0 15
SwW 2 5 0 7
Colony distribution * 9.12 24.06%# 11.07%* 44254 %%
(p-value)

Effect size (Cramér’s V) - 0.41 0.45 0.36
¥ test

Species-Colony interaction y? 5.08(p=0.28) 551 (®»=0.24) 0.60(p=0.74)
Effect size (Cramér’s V) - - -

Significance levels: * p <0.05, ** p <0.01, *** p <0.001
Indicates statistically significant deviation from overall distribution (p < 0.05)
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Table B2. Summary of clustering characteristics, composite score centroids, cluster quality
metrics, and species and colony distributions across the three identified PFAS profile clusters.
Sample sizes, clustering quality indices (Silhouette Score, Calinski-Harabasz Index,
Davies-Bouldin Index), centroid values (SCSprca and SCSpros), point density metrics, and
Chi-square test results for species and colony distributions are provided for each cluster.
Significance levels: * p < 0.05, ** p <0.01, *** p < 0.001; T indicates statistically significant

deviation from overall distribution (p < 0.05).

Parameter Cluster 1 Cluster 2 Cluster 3 Overall
Clustering Characteristics
Sample Size 52 36 24 112
Inertia - - - 86.72
Silhouette Score 0.35 0.36 0.37 0.36
Calinski-Harabasz Index - - - 86.27
Davies-Bouldin Index - - - 0.97
Average Silhouette Score 0.35 0.36 0.37 0.36
Min Silhouette Score 0.05 0.01 -0.01 -
Max Silhouette Score 0.58 0.55 0.54 -
Composite Score Centroids
SCSprca 0.17 -0.91 1 -
SCSpros -0.1 1.03 -1.34 -
Cluster Quality Characteristics
Point Density [points/unit area] 50.18 26.99 22.79 -
Convex Hull Area 3.81 4.73 3.58 -
Area Density [points/unit area] 13.65 7.61 6.7 -
Avg. Distance to Centroid 0.69 0.8 0.77 -
Max Distance to Centroid 2.6 2.28 2.06 -
Species Distribution
UA 26 34F 7 67
UL 26 2f 17° 45
Species distribution 42 (p-value) (2;):9 o1 1795 9.38% 29.43% %
Effect size (Cramér’s V) - 0.71 0.63 0.36
Colony Distribution
N 16 5 9 30
NE 17 3t 10 30
NW 15 10 5 30
SE 2 13f 0 15
SW 2 5 0 7
Colony distribution y? (p-value) ?pO:9 0.28) 24.06%** ?pOj 0.09) 37.19%**
Effect size (Cramér’s V) - 0.41 - 0.33
x* test
Species-Colony interaction y? 4.91 531 0.28

Effect size (Cramér’s V)

(p = 0.30)

(p=024)

(» =0.87)

Significance levels: * p <0.05, ** p <0.01, *** p <0.001
Indicates statistically significant deviation from overall distribution (p < 0.05)
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Table B3. Summary of clustering characteristics, isotopic composite score centroids, cluster
quality metrics, and species and colony distributions across the three identified foraging pattern
clusters. Sample sizes, clustering quality indices (Silhouette Score, Calinski-Harabasz Index,
Davies-Bouldin Index), centroid values (8"*Cconsist and 8" Neonsist), point density metrics, and
Chi-square test results for species and colony distributions are provided for each cluster.
Significance levels: * p < 0.05, ** p < 0.01, *** p <0.001; T indicates statistically significant

deviation from overall distribution (p < 0.05).

Parameter Cluster 1 Cluster 2 Cluster 3 Overall
Clustering Characteristics
Sample Size 70 23 19 112
Inertia - - - 105.33
Silhouette Score 0.51 0.46 0.29 0.46
Calinski-Harabasz Index - - - 151.89
Davies-Bouldin Index - - - 0.86
Average Silhouette Score 0.51 0.46 0.29 0.46
Min Silhouette Score 0.12 -0.08 -0.06 -
Max Silhouette Score 0.66 0.64 0.54 -
Composite Score Centroids
8!3C Composite Score -0.62 2.22 -0.41 -
3N Composite Score -0.86 1.92 0.85 -
Cluster Quality Characteristics
Point Density [points/unit area] 80.89 9.62 12.1 -
Convex Hull Area 4.47 8.22 3.74 -
Area Density [points/unit area] 15.67 2.8 5.08 -
Avg. Distance to Centroid 0.69 1.05 0.93 -
Max Distance to Centroid 2.38 3.69 1.87 -
Species Distribution
UA 40 22F 5 67
UL 30 1f 147 45
Species distribution y? (p-value) 0.21 (p=0.65) 12.29%** 8.87** 21.37%%*
Effect size (Cramér’s V) - 0.73 0.68 0.31
Colony Distribution
N 307 ot of 30
NE 24 ot 6 30
NW 16 1 137 30
SE of 15f 0 15
SW of 7t 0 7
Colony distribution y? (p-value) 22 .37%** 84.20%** 21.28%** 127.95%**
Effect size (Cramér’s V) 0.28 0.96 0.53 0.62
X’ test
Species-Colony interaction y* ?p9:2 0.09) 23.00%%* (1p0=7 030 -
Effect size (Cramér’s V) - 0.72 - -
Largest deviations - UL-NW-high, -

UA-NW: low

Significance levels: * p <0.05, ** p <0.01, *** p <0.001
Indicates statistically significant deviation from overall distribution (p < 0.05)
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