Sourcing and Dynamic
of Mercury in Arctic Seals

Perspectives for a changing Arctic

by Marianna Pinzone




w # LIEGE n\'s
.» u nive rSité LA LlBERTé DE CHERCHER

Sourcing and Dynamic of Mercury
1n Arctic Seals

A Doctoral thesis by Marianna Pinzone

University of Liege
Faculty of Sciences
Freshwater and Oceanic sCience Unit of reSearch (FOCUS)
Laboratory of Oceanology

September 2021
Dissertation presented in fulfillment for the degree of Doctor of Sciences

Supervisor : Dr. Krishna Das, University of Liege



Jury

Pr. Sylvie Gobert (Jury president), University of Liege (ULiege)

Pr. Bruno Delille (Jury secretary), University of Liege (ULiege)

Pr. David Amouroux, IPREM, (CNRS-UPPA, France)

Pr. Lars-Eric HeimbUrger, Institut Méditerranéen d'Océanologie (MIO, France)
Pr. Cathy Debier; Catholic University of Louvain (UCLouvain)

Pr. Krishna Das (Supervisor), University of Liege (ULiege)

Cover picture : Hooded seal Cystophora cristata on the drift-ice of the Greenland
Sea, March 2018. @ Fredrik Markussen



Abstract

Mercury (Hg) is considered one of the top 10 chemicals of modern public health concern. After the
implementation of the Minamata convention in 2017, efforts were mostly directed to the understanding
of Hg cycling in marine environment impacted by climate change. The Arctic region is a hotspot of
Hg contamination studies, being a major sink and source for the global Hg cycle. Although evidences
exist about a shift in Hg bioaccumulation in Arctic wildlife over time, scientists were not able to
effectively link it with climate change. The remote position of some regions of the Arctic brought to a
paucity of data. For example, Total-Hg (THg) temporal and spatial trends in marine and terrestrial
predators living in the Greenland Sea are wildly missing. Forecasting of future THg trends is
especially important for Arctic marine predators like marine mammals, whose Hg concentrations often
surpass suggested toxicological thresholds.

The assessment of Hg sources and pathways in the marine environment, remains a complex
challenge despite its recognized toxicity, both for wildlife and humans. Stable isotope ratios of
carbon (C), nitrogen (N), sulphur (S) and Hg are valid tracers of Arctic marine predators’ trophic
ecology, as well as Hg sourcing and cycling in the ocean. They are often studied separately, leaving
the interpretation of the data at times incomplete and limiting the understanding of the complexity of
the natural world.

The main goal of this work was to understand the main factors governing Hg pollution of marine
predators in a changing Arctic. We focused on Greenland Sea true seals because of their diverse
trophic ecologies and distribution. The hooded seal Cystophora cristata, harp seal Pagophilus
groenlandicus and the ringed seal Pusa hispida are the most common specie in the area. As such
they represent the main food source of local apex predators like polar bears and humans.

We applied a multivariate approach integrating C, N and S stable isotopes as proxies of seal
ecology, Hg stable isotopes as proxies of Hg sources and Hg concentrations as proxies of levels of
exposure. We set 3 specific questions: (1) which are the main sources of Hg in Arctic marine
predators? (2) Which factors influence the most Hg bioaccumulation and biomagnification in Arctic
marine food webs? And (3) Which consequences can be drawn for the health of Arctic marine food
webs in the framework of climate change?

Our main findings indicate that (1) local Hg sources are far more important in governing Hg
bioaccumulation and biomagnification in Arctic marine food webs, than environmental Hg levels; and
(2) while environmental change at global levels is determining a decrease in Hg emissions and
accumulation in marine species from oceanic food webs, ongoing changes across Arctic coasts

are enhancing the risk of Hg exposure to inshore food webs.
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General background and objectives

Mercury (Hg) is considered one of the top 10 chemicals of public health concern by the World Health
Organization (Jonsson et al., 2017). Since the discovery of its strong toxic effects on the health of
poisoned consumers in the 50s, its direct production was banned in many parts of the world (Mason

et al., 2012). In August 2017, the “Minamata Convention on Mercury” was finally ratified, signaling the

urgent need for mitigation of Hg emissions at global scale (Chen et al., 2018).

The Arctic region is at the center of this problem, since it is a well-known sink and source for the global
Hg cycle (Kirk et al., 2012). The particular geochemistry of the Arctic Ocean with its position, gentle
shelves, strong water column stratification, ice cover, and surface circulation systems, are all factors
exacerbating the remobilization of Hg in the natural ecosystems (Outridge et al., 2008). The ongoing
climate-driven environmental changes add up to the complexity of Arctic Hg chemistry. Indeed,
warming of the Arctic environment was strongly associated with changes in rates of Hg uptake by
marine food webs (Sundseth et al., 2015). Additionally, the new discoveries related to the importance
of Arctic tundra and permafrost as storages of globally-produced Hg, bring new concerns about the
potential increase of Hg terrestrial reemissions to the ocean as a consequence of climate change
(Douglas and Blum, 2019; Liu et al., 2018).

In this framework, Arctic marine predators like marine mammals seem to be the most sensitive to the
increase of Hg concentrations in the environment (McKinney et al., 2015). Specifically, they have
shown a 10x increase over the past 150 years, with an average rate of increase of 1 to 4 % per year
(Dietz et al., 2009). As a consequence, Hg levels in their tissues have reached the point where
adverse health effects might be expected (Braune et al., 2011).

Such trends are not consistent on a panarctic scale since they differ temporally and spatially and from

a species to the other.

The reasons why such spatial and temporal inconsistency exists and why Arctic marine mammals

seem to be more concerned by Hg increase than other organisms are still unclear.

Until now, most of the focus was given to the levels of pollution rather than the sources of Hg from
the environment. However marine mammals like true seals present such complex life styles, ecologies

and physiologies, which did not allow to effectively link climate change to Hg pollution.


https://www.mercuryconvention.org/

Stable isotope ratios of carbon (C) and nitrogen (N) are confirmed valid tracers of Arctic marine
predators’ trophic ecology. The amelioration of analytical techniques allowed to extend isotopic
analysis also to more complicated elements like S and Hg. Sulphur (S) stable isotopes consist in a
powerful addition to trophic analysis, since it is less modified by environmental and metabolic
processes (Connolly et al., 2004). On the other hand, discoveries made through the analysis of Hg
stable isotopes boosted the understanding of Hg sourcing and cycling in the oceans (Tsui et al., 2019).

Several studies demonstrated how the interpretation of isotopic data can be complicated by intrinsic
factors (e.g. age, diet, etc.), as well as external factors (e.g. sea-ice, riverine run-off, temperatures,
etc.). There is thus a blatant need for additional studies on physiologically complex animals like marine

mammals.

The main objective of this thesis is to assess the main factors influencing Hg sources and

accumulation pathways in Arctic marine predators. We set two specific questions:

1. Which are the main Hg sources to Arctic marine predators?
2. Which factors influence the most Hg bioaccumulation and biomagnification by Arctic marine food
webs?

We structured the thesis to test the following intrinsic and external factors:
- Tissues’ metabolism (Chapter 3 & 4);
- Species trophic ecology (diet, habitat use, distribution, etc.) (Chapter 5);

- Environmental change (sea ice cover, temperature, prey biomass, etc.) (Chapter 6).

Our final goal is to understand the consequences of climate change on the levels of Hg exposure
in Arctic animals and human communities at large.

We integrate Hg levels and C, N, S and Hg stable isotopes with environmental parameters (ice
cover, temperature, etc.) in time and space, in multivariate models in R (PCA, RDA, SIBER and
LMMs). We conduct the analysis on muscle of three sentinel species of Arctic true seals: the
hooded seal Cystophora cristata, the harp seal Pagophilus groenlandicus and the ringed seal Pusa

hispida from the Greenland Sea.

Thanks to numerous collaborations, we had access to a large number of samples of hooded, harp
and ringed seals living and breeding along the Eastern coast of Greenland Sea (Fram Strait,
Greenland Sea and Denmark Strait). These species are the most common in the region and present
distinct trophic ecologies, geographical ranges and physiological adaptations (Rosing-Asvid, 2010).

Moreover, they are harvested by Scandinavian and indigenous populations (Steiner et al., 2019).
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Quantifying the impact of climate change on Hg trends in these three species is imperative for the

health assessment of Greenland Sea marine predators, as well as human communities. Due to its

remoteness and low human presence, the Greenland Sea is one of the least studied areas in the

Arctic. Yet, satellite-based estimates show how it is one of the most impacted regions by climate
change (Meredith et al., 2019).

The thesis is structured as follows:

—Chapter 1:

—Chapter 2:

—Chapter 3:

—Chapter 4:

—Chapter 5:

—Chapter 6:

—Chapter 7:

This chapter presents a general introduction on Hg pollution worldwide and in the
Arctic region, together with the ongoing climate change and the application of C,

N, S and Hg stable isotopes.

This chapter presents the general materials and methods used in this thesis. We
describe sampling collection, Hg speciation and stable isotope analysis, the
SIBER and multivariate statistical approaches.

This chapter presents the influence of physiological factors (e.g. age, tissue
metabolism) on C, N and S isotopic incorporation in Arctic seals. The study was
conducted on captive hooded seal pups that were exposed to a controlled diet for
2 years.

This chapter presents the influence of physiological factors (e.g. age, tissues’
metabolism and detoxification role) on Hg isotopic incorporation in Arctic seals.
The study was conducted on captive hooded seal pups that were exposed to a

controlled diet for 2 years.

This chapter presents the influence of ecological factors (habitat use, prey choice,
hunting behavior) on Hg sourcing and accumulation in Arctic seals. The study
was conducted on wild hooded, harp and ringed seals sampled between 2008

and 2019 along the Eastern coast of Greenland;

This chapter presents the influence of environmental factors (e.g. sea ice cover,
temperature, prey biomass, etc.) on temporal trends of Hg levels in Arctic seals.
The study was conducted on wild hooded, harp and ringed seals sampled

between 1985 and 2019 along the Eastern coast of Greenland,;

This chapter presents a final general discussion about the main outcomes of our
analysis. We discuss about Hg sources in Arctic true seals at local and global
scale and depict Hg dynamic in Arctic marine food webs in a context of present

and future climate change.
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Chapter 1
General Introduction




1. MERCURY

Mercury (or Hg from the Greek “hydrargyros”, silver) is a heavy, silvery-white liquid element with an
atomic number of 80 and an atomic mass of 200.59 g mol* (Liu et al., 2012). In the periodic table of
elements, Hg is classified as a transitional metal (d-block), the only one in liquid form at standard
temperature and pressure conditions (25°C and lbar, IUPAC (SATP)) (McNaught and Wilkinson,
1997). Hg freezing point is at -38.8°C and its boiling point is at 356.7°C. Hg presents three oxidation
states: Hg® (metallic), Hg** (mercurous) and Hg?* (mercuric), with the monovalent form being rare
owing to its instability (Liu et al., 2012). The standard reduction potential for the Hg® / Hg?* redox pair
(E° = 0.851 V; Lide, 2007) is in the range of commonly encountered environmental redox conditions
(as defined by EM), resulting in dynamic reduction and oxidation cycling in atmospheric, aquatic, and
terrestrial compartments. In terms of reactivity and binding, Hg is considered a soft acid and, therefore,
according to the Hard—Soft Acid—Base Theory, forms stable bonds and compounds with soft bases

such as thiols, sulfides, and other ligands containing reduced Sulphur (Lehnherr, 2014).

1.1. Mercury global cycle
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Figure 1.1. Global mercury (Hg) budget reported in the latest “Global Mercury Assessment” report (UNEP,
2018). The arrows represent the processes (emission/deposition) of Hg transport in the environment.
Numbers represent the amount (in tons per year = Mg y1) of Hg fluxes. Percentages in brackets represent
the increase in Hg due to human activities since the pre-anthropogenic and preindustrial periods (set as
1450 AD). Figure copyright: Outridge et al., 2018.



Hg is a natural occurring, ubiquitous element. Due to its physio-chemical characteristics, it can be
transported over long distances and accumulated in areas far away from its original source (UNEP,
2013). Emission into the atmosphere is the primary pathway of mercury global circulation and entering
in the environment (UNEP, 2013). Environmental mercury has both natural and anthropogenic origin
(Figure 1.1). Natural sources include geologic activities (volcanic and geothermal) and reemission of
Hg from terrestrial environments via biomass burning, rock weathering, exchange of Hg° at air-water
air-land or snow-ice interfaces (Liu et al., 2012). The oceans represent 70 % of the planetary surface
(Mason and Sheu, 2002). Therefore, they are considered as the major input of Hg into the
atmosphere, with an estimated yearly contribution of 52 % of total Hg production through volatilization
of Hg inffrom marine environments (e.g. air-surface layers exchange, hydrothermal vents) (Pirrone
and Mason, 2009). The latest Hg reports estimate that about 600 Mg y* of Hg emissions in the
environment are of natural origin (UNEP, 2018).

Anthropogenic sources of Hg include (UNEP, 2018):

- artisanal and small-scale gold mining (38 %),

- fossil fuel combustion (like coal, 21 %),

- smelting of metals (15 %),

- waste incineration (7 %), and

- the chloro-alkali production (0.68 %) (Liu et al., 2012; UNEP, 2013).

Today the largest producers of Hg are (UNEP, 2018):

East and Southeast Asia (39 %),

Southern America (18.4 %), and

the sub-Saharan Africa (16.2 %), and

the ensemble of the 27 EU countries plus the UK (3.5 %).

Recent Hg global budget models estimate that human activities have increased current atmospheric
Hg concentrations by about 450 % (representing a 5.5 fold increase) above natural levels (before
1450 AD, pre-anthropogenic and pre-industrial periods) (Outridge et al., 2018). The latest estimates
show that nowadays between 2 000 to 3 000 Mg y*! of Hg emissions in the environment are of
anthropogenic origin (Figure 1.1; UNEP, 2018).

The dominant species of Hg in the environment are 3: elemental mercury (Hg®), divalent mercury
(Hg?) and methylated mercury (monomethyl-Hg or MMHg, and dimethyl-Hg or DMHg). Each of them
plays a crucial role in the biogeochemical cycle of Hg. In the literature MMHg and DMHg are often
considered together and referred to as MeHg. We will also use this nomenclature throughout the
entire thesis. Hg? is the most volatile, composing >95 % of Hg found in air. Due to its relatively low
deposition velocity (0.8 to 1.6 years) (Selin, 2009), it circulates in the atmosphere over long distances
(Pirrone et al., 2010). Hg?* is the most reactive reservoir of Hg in air (although representing less than

5 %), as well as the other compartments of the environment. Having strong affinity for a vast range of



inorganic and organic ligands, it is readily deposited in water and soil (Jonsson et al., 2014a). DMHg
is quite soluble and volatile and is easily photodegraded. To this day, there is no data showing that
DMHg can be bioaccumulated (Lehnherr, 2014). Conversely, MMHg is considered as relatively lipid
soluble and can be bioaccumulated by living organisms and biomagnified along the food web
(National Research Council, 2000a). MMHg is the form of most concern for aquatic ecosystems.

1.2. Mercury cycle in the marine environment
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Figure 1.2. Simplified Hg cycle in the marine environment. Red arrows show air-water processes, the blue
arrow show processes undergoing in the water column, while black arrows show processes at the water-
sediments interface. Since poorly understood, Hg processes related to dimethyl-Hg (DMHg) are neglected.
Figure modified from Petrova, 2020.

Mercury enter the marine environment through local and long-range sources (Figure 1.2). Direct
atmospheric deposition is the dominant source of long-range transported Hg (~ 90 %) (Mason et al.,
2012). Hg° can be oxidized to Hg?* by strong oxidants such as ozone and halogens (e.g. Br radicals)
through various gas-, aerosol-, and aqueous-phase reactions (Lehnherr, 2014). Hg?* is quickly taken
up in rain water, snow, or absorbed onto small particles, and is rapidly removed by the atmosphere
and deposited in the ecosystems through wet and dry deposition (Mason and Sheu, 2002). In contrast
to Hg® and Hg?*, direct anthropogenic sources of MeHg are scarce (Bravo and Cosio, 2020).



Once deposited, Hg?* has two fates: it is either mobilized by ocean circulation, binding to abundant
ligands such as chloride and dissolved organic matter (DOM), or it is reduced to Hg® and evade again
to the atmosphere (Bowman et al., 2020). In seawater, Hg undergoes different transformations
(oxidation, reduction, methylation and demethylation) (Liu et al., 2012). The most important process
concerning marine biota is the methylation of aqueous Hg?* to MMHg and DMHg. Indeed, Hg?*
constitutes the main source of MeHg in the oceans (Yu et al., 2016). Previous publications suggested
that DMHg readily degrades in marine waters, especially in the presence of sunlight, but more recent
studies have provided conflicting results that suggest higher stability (Balcom et al., 2015; Black et
al., 2009). Kirk et al. (2012) reported that DMHg might constitute up to 80 % of MeHg in seawater.
Even if DMHg is not expected to bioaccumulate or to occur in concentrations of concern for human
or wildlife health (Douglas et al., 2012), its degradation is hypothesized to be an important source for
MMHg (Baya, 2015; Jonsson et al., 2016). Anyhow, the formation and degradation pathways of DMHg
remain poorly understood (Kirk et al., 2012).

The following paragraphs will mostly focus on the cycle of MMHg in the marine environment. The
levels of MMHg in the oceans are governed by several biotic and abiotic processes (Bowman et al.,
2020; Bravo and Cosio, 2020). Abiotic reactions are mainly induced by photochemistry and occur in
the photic zone of the water column (Lehnherr and St. Louis, 2009; Vost et al., 2012). The biotic
reactions occur in the water column as well as at the sea bottom, and are carried out mostly by
bacteria and phytoplankton (Bowman et al., 2020). These processes do not depend only on the
amount of Hg?* bioavailable for methylation (Jonsson et al., 2014a; Schaefer et al., 2011), but also on
many environmental parameters and the availability of Hg?* methylating microorganisms (Paranjape
and Hall, 2017).

1.2.1. Surface waters

At the surface, where light influx is not limited, photochemical reductions are the main mechanism (80
% in certain typical areas) responsible for Hg abiotic processing (Du et al., 2019; Luo et al., 2020).
The process of Hg photomethylation mostly implies the transfer of methyl groups in the form of
methylcarbanion (CH?%), radical (-CHs) or carbonium ion (CH®**) to Hg?* (Vost et al., 2012). Such
reaction requires the availability of methyl-donor compounds, such as: methylcobalamin (MeCo),
methyl-iodide (Mesl), methyl-tin (MesSn’), fulvic and/or humic acids (Chen et al., 2008; Cossa et al.,
2009). Several mechanisms are instead recognized to cause abiotic MMHg photodemethylation:

- -OHinduced (Chen et al., 2003),

- singlet oxygen (*O,) induced (Zhang and Hsu-kim, 2010),

- excited triplet of DOM (3DOM?*) induced (Qian et al., 2014),

- direct photolysis (Tai et al., 2014).



The latter is believed to be the main pathway in environmental waters (Tai et al., 2017). During direct
photolysis, MMHg photodegradation is induced by ultraviolet light, with UV-A and UV-B from 280 to
400 nm being the most efficient wavelengths (Lehnherr and St. Louis, 2009; Li et al., 2010).

The rates of Hg photomethylation and demethylation are not influenced only by the intensity of light
influxes, but also by other environmental parameters including pH, temperature, redox potential in
sediments and, the most important one, the availability of Hg binding ligands (Hsu-Kim et al., 2013;
Liem-Nguyen et al., 2017). For example, a larger proportion of sulphur-containing ligands, as found
in freshwater bodies, is synonym of faster photodegradation compared to the DOM/chloride
complexes rich seawaters (Zhang and Hsu-kim, 2010). Indeed, the high stability of chloride
compounds such as methyl-chloride (CHsHgCl) makes MMHg degradation more difficult (Whalin et
al., 2007). Low pH and low dissolved organic carbon (DOC) content are considered favorable for the
photo-degradation of MMHg (Klapstein and Driscoll, 2018). In the case of DOC for example, it creates
strong bounds with Hg controlling its distribution and availability, but also provides highly redox active
radicals that may serve as reductants or oxidants during photochemical reactions (French et al.,
2014). Several mechanisms controlling the photodegradation of MeHg are uncertain and still under
study (Li and Cai, 2013).

1.2.2. Deep oxic waters and anoxic waters

Until recently, biotic methylation mediated by anaerobic bacteria was considered as the main MMHg
formation route in subsurface and bottom marine waters (Gilmour et al., 2013, 2011). However,
several studies have recently demonstrated how oxic subsurface waters is where most of MMHg
production takes place (Balcom et al., 2015; Heimbdurger et al., 2015; Monperrus et al., 2007).

Biotic methylation occurs in the oxic layers of most ocean basins (Bowman et al., 2019; Cossa et al.,
2011b; Heimburger et al., 2015, 2010; Rosati et al., 2018; Soerensen et al., 2016b; Wang et al., 2012,
2018), during remineralization of suspended OM or in association with nutrient maxima and oxygen
utilization (Blum et al., 2013; Masbou et al., 2015b; Munson et al., 2018). In both oxic and anoxic
water layers, most of MMHg biotic production and degradation is induced by bacteria (Villar et al.,
2020). By now scientists determined more than 54 microbes that are capable of processing Hg (Du

et al., 2019). The principal groups are (Bravo and Cosio, 2020) (Figure 1.3):

- sulphate and iron reducing bacteria (SRB and IRB, respectively),

- methanogens, and

- syntrophs.

The capacity for Hg methylation by bacteria was connected to the expression of a two-gene cluster
(hgcA and hgcB) (Parks et al., 2013).
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Figure 1.3. Summary of all methylating and demethylating processes induced by bacteria in the oceans.

A screening of all available metagenomes found hgcAB genes in nearly all anoxic environments
(Podar et al., 2015), as well as in oxic subsurface waters of the global ocean (Villar et al., 2020). The
gene hgcA encodes a corrinoid protein that is essential for the biosynthesis of the folate branch of
acetyl-CoA pathway, whereas the gene hgcB encodes a ferredoxin-like protein thought to be an
electron donor to hgcA (Parks et al., 2013). Both provide methyl groups required for Hg?* methylation,
although it is not clear whether MMHg production is a controlled or an accidental metabolic process
(Gionfriddo et al., 2016).

Bacteria degrade MMHg via two main processes (Figure 1.3), which are distinguished by the gaseous
carbon products of the degradation process (Paranjape and Hall, 2017):

- Oxic waters: reductive demethylation,

- Anoxic waters and ocean sediments: oxidative demethylation (Ma et al., 2019).

Reductive demethylation is carried out by bacteria possessing the mer operon, occurring mostly in
the aerobic zone (Boyd and Barkay, 2012; Du et al., 2019). The mer operon includes genes that
encode several proteins controlling binding, transfer and breakdown to Hg?* or MMHg (see Annex to
Chapter 1, 81) (Boyd and Barkay, 2012). It seems to be a direct protective mechanism against Hg
toxicity (Pedrero et al., 2012). Oxidative demethylation instead is mostly operated by anaerobic
bacteria in anoxic conditions (Lu et al., 2016). This process is still poorly understood but it possibly
occurs as a by-product of bacterial metabolism (Marvin-Dipasquale et al., 2000).

Few studies suggest that phytoplankton and its metabolites could also have a role in MMHg
processing (Gregoire and Poulain, 2014; Lee and Fisher, 2017; Schartup et al.,, 2020). The



abundance and size of phytoplankton seems to directly boost the remineralization and production of
MMHg in oxic waters (Heimburger et al., 2010). Small-phytoplankton blooms occur deeper in the
photic zone closer to the MMHg maximum, enhancing biological uptake of MMHg at the base of the
food web (Heimbirger et al., 2015). Another study conducted in the Arctic, proposes that Hg?* could
even be methylated by zooplankton intestinal microbial communities, however further studies are

needed to confirm this hypothesis (Pucéko et al., 2014).

1.3. Mercury bioaccumulation in the food web

1.3.1. Bioaccumulation and bioamplification in the food web
Primary producers are considered the main Hg access to marine food webs (Lee and Fisher, 2016;
Pickhardt et al., 2018, 2002). In addition to the mer system, other mechanisms of Hg uptake by

microorganisms are:

- passive permeation,
- facilitated permeation (specific transmembrane proteins), and
- active transport (ATP-driven ion pumps) (Hsu-Kim et al., 2013; Zhou et al., 2017).

When concentrations of either Hg?* or MMHg in an organism exceed those in the water this process
is called bioconcentration (Vost et al., 2012). Phytoplankton is known to concentrate 10*- 108 higher
Hg levels than ambient water. This accumulation represents the largest relative increase in MMHg
levels at any point in a food web (Schartup et al., 2018; Zhang et al., 2019).

The rates of Hg uptake by primary producers is favored in the presence of specific ligands, which are
more readily absorbed then others. For example, neutral complexes of HgCl, can cross biological
membranes more rapidly than ionic Hg?*. In the same way thiol-complexed Hg is more easily taken
up and methylated by bacteria (Kidd et al., 2012). DOM plays conflicting roles in Hg uptake, depending
on its form and redox conditions of different aquatic systems (Buckman et al., 2019; French et al.,
2014; Haitzer et al., 2002; Lee and Fisher, 2017; Ndu et al., 2012).

Although bioconcentration is the main uptake route at the base of the food web, primary to tertiary
consumers can be exposed to Hg through both water and diet, with the relative importance of dietary
exposure increasing with an organism trophic level (Vost et al., 2012). Such process is known as
bioaccumulation. In the oceans, Hg?* concentration are usually ~20 times higher than MMHg (Mason
et al., 2012). However, the ability to form lipophilic complexes with chloride ions is greater for MMHg
(100 %) than for Hg?* (45 %) (Altunay et al., 2019). This results in MMHg being the preferentially
bioaccumulated form due to a better efficiency in the trophic transfer (Lavoie et al., 2013). Although
Hg?* and MMHg are assimilated equally, the latter is concentrated in the cytoplasm and associated

with the soluble fraction of phytoplankton, whereas Hg?* mainly remains adsorbed on the cell



membrane (Morel et al.,, 1998). This different distribution in the unicellular organisms brings the
efficiency of MMHg assimilation to be 4x greater than Hg?* (Morel et al., 1998).

Once in the organism, the complexation of MMHg with amino acids containing thiol groups (e.g.
cysteine and methionine) or non-sulphured amino acids (e.g. histidine), will regulate Hg solubility in
the gastrointestinal tract and its subsequent assimilation by the body (Sonne et al., 2009a). This
specific selectivity of Hg compounds explains the exponential increase of MMHg fractions (and
decrease of Hg?") with trophic levels observed along food webs. MMHg constitutes between 20 and
50 % of accumulated Hg in phytoplankton, more than 75 % in second trophic level organisms (e.g.
zooplankton) and 90 to 100 % in muscle of predators such as fish or marine mammals (Kidd et al.,
2012; Wagemann et al., 1998).

Hg exposure to higher trophic levels does not depend only on environmental concentrations of this
element, but also on foraging strategies (e.g. benthic or pelagic) (Pinzone et al., 2019) and
geographical distribution (Cransveld et al., 2017). Overall, fish-rich diets have been associated with
higher Hg levels in marine mammals’ tissues, while diets composed by higher amounts of
invertebrates like cephalopods or mollusks have been associated with lower Hg levels in favor of
higher Cd levels (Brown et al., 2016; Lopez-Berenguer et al., 2020; Pinzone et al., 2015).

The rates of Hg bioaccumulation and biomagnification will then depend on a vast number of
physiological and ecological factors, characteristic to each marine species (Lavoie et al., 2013; Smylie
et al., 2016). Indeed, Hg concentrations are known to increase with body size, weight and age, with
older organisms usually presenting higher levels of Hg in their tissues (Hammerschmidt and
Fitzgerald, 2006).

1.3.2. Monomethyl-mercury accumulation and detoxification in marine
predators

Hg concentrations in higher trophic level species are controlled by numerous processes including:

- the amount of bioavailable Hg and/or MMHg at the bottom of the food web,
- species-specific processes controlling bioaccumulation and dilution, and

- food web length, structure and type (Kirk et al., 2012).

For marine predators (e.g. large fish, seabirds or marine mammals) diet represents the main pathway
of exposure to Hg. After prey digestion, MMHg is absorbed through the intestine walls and transported
by the blood stream towards all the other tissues (Figure 1.4). The primary target of MMHg in the body
are sulfhydryl (thiol; -SH) groups of low- and high-weight biological ligands (Ajsuvakova et al., 2020).
MMHg complexation with these molecules appears to regulate the accumulation and elimination in

the different organs (Bridges and Zalups, 2010; Wagemann et al., 1998).
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Figure 1.4. Simplified schematics of the distribution of monomethyl-Hg (MMHg) and inorganic Hg (Hg2*)
in humans and mammalian predators. Red diamonds represent the target tissues of Hg toxicity. Orange
squares represent detoxifying tissues. Green squares represent storage tissues where MMHg is
accumulated over time. Excretion is represented by dotted arrows; assimilation and transfer through
continuous arrows. Figure taken and modified from Clarkson et al., 2007; National Research Council,
2000b. Absorption % were extracted by: Gentes et al., 2015; Maury-Brachet et al., 2006; Park and Zheng,
2012. a = half-life calculated on hair, b = half-life calculated in whole blood (Nordberg and Fowler, 2019).

Some examples are:

- Cysteine (Cys) and Cys-containing enzymes,
- Glutathione (GSH)

- Albumin

- Hemoglobin of red blood cells (Hong et al., 2012).
Blood, which is responsible of transporting Hg by thiol-conjugate ligands (Bridges and Zalups, 2010;

Clarkson et al., 2007), is an equilibrium vector between Hg uptake, tissue storage and remobilization
due to the continuous inter-organ circulation of Hg (Clarkson, 2007).

At first, Hg is distributed to liver and kidney, which are key organs for the metabolism of Hg within the
body, and consequently for Hg detoxification. Kidney is the major target organ of inorganic Hg. The
proximal tubule is the primary target site of Hg?*, where mercury salts are absorbed and accumulated
(Rice et al., 2014). Inorganic Hg salts are not lipid soluble and do not cross the blood-brain barrier or
blood-placenta barrier. Inorganic Hg salts are mainly excreted in the urine and feces (1 % of body
burden / day, Figure 1.4) (Park and Zheng, 2012).
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Liver is the organ where dietary MMHg is demethylated in Hg?* and made inert, through the co-
precipitation of Hg?* with Se to form HgSe granules or tiemanite (Wagemann et al., 1998). This
process is confirmed to occur in predators strongly exposed to Hg such as seabirds, seals and whales
(Bolea-Fernandez et al., 2019; Eagles-Smith et al., 2009; Li et al., 2020; Lyytikainen et al., 2015;
Perrot et al., 2015; Renedo et al.,, 2021). Its occurrence in fish instead, is quite debated due to
contrasting results in the literature (Cransveld et al., 2017; Gentés et al., 2015; Kwon et al., 2014;
Wang et al., 2013; Wang and Wang, 2017). This efficient detoxification process allows to reduce Hg
bioavailability and thus its toxicity (Ewald et al., 2019). As a consequence of the complexity of Hg
dynamics in the organism, it is still not clear if MMHg demethylation only takes place in liver or in
several other organs and tissues. Due to the high fractions of Hg?* in livers of marine mammals and
seabirds, liver is considered the main organ responsible for MMHg demethylation (Kehrig et al., 2015;
Wagemann et al., 1998). However, previous studies on striped dolphins and marine fish investigated
the formation of HgSe also in other organs (kidney, lung, spleen, pancreas, muscle and brain) and
confirmed the presence of HgSe in all the examined tissues, suggesting that Se could be involved in
the detoxification process of Hg in tissues other than just the liver (Nakazawa et al., 2011; Wang and
Wang, 2017). HgSe accumulate as inert crystals in the tissues for life, while the remaining
demethylated Hg?* is excreted through urines and feces (Figure 1.4).

While Se binding appears to act as a defensive mechanism against the direct toxic effects of Hg
exposure, it may also cause indirect physiological problems (Kershaw and Hall, 2019). Indeed, Spiller
(2018) suggested that the “protective effect” of Se against Hg toxicity may in fact negatively lead to a
Se deficient state. As a result, MMHg is now recognized as a highly specific, irreversible inhibitor of
selenoenzymes (Spiller, 2018).

MMHg can also be directly stored - definitely or temporarily - in “storage tissues” such as muscle, skin
appendages (nails, claws, feathers, hairs, etc.) and transferred to the offspring (fetuses or eggs)
(Cizdziel et al., 2003; Clarkson et al., 2007).

MMHg excretion occurs mostly through the fecal pathway, followed by urines (% values in Figure 1.4)
(National Research Council, 2000b). Humans, marine mammals and seabirds can also excrete MMHg
through replacement of hair and feathers, which constitutes an effective excretory pathway (Bond et
al., 2015; Magos and Clarkson, 2008; Renedo et al., 2017a). Baleen and toothed whales have no fur
and are thus private of this Hg excretion route (Dietz et al., 2013). The biological half-life of MMHg in
the mammalian body is 39 to 70 days depending on body burden (Park and Zheng, 2012).
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1.4. Mercury toxicity

The earliest recorded event of mercury poisoning was the death of emperor Ying Zheng, the first
emperor to unify China (259 — 210 B.C.), who reportedly died of swallowing Hg pills meant to make
him immortal (Zhao et al., 2006). In the 18th and 19th centuries many poisonings occurred among
hat makers (the “Mad Hatter disease”), miners or building constructors that were using gold amalgam
used for gilding (Rice et al., 2014). In the 1950-70s, MMHg was routinely used as a fungicide or
heavily produced as industrial waste (Hsu-Kim et al., 2018). This resulted in a number of poisoning
catastrophes. In Japan, industrial spills in the Bay of Minamata and the Agano river, caused exposure
to high-levels of MMHg in the human population living in Minamata and Niigat (Harada, 1995). These
accidents led to fatalities and devastating neurological damage, particularly in newborns and fetuses
(Rice et al., 2014). The Minamata poisoning accident was so devasting that intoxication symptoms
are still been observed today within the populations inhabiting the coasts of the Shiranui Sea (Takaoka
et al., 2017). In the 70s the use and emission of MMHg and other Hg compounds was ultimately
banned (Angot et al., 2018; Chen et al., 2018). Today, Mercury is ranked third by the US Government
Agency for Toxic Substances and Disease Registry among the most toxic elements or substances on
the planet “to be dumped into our waterways and soil, spilled into our atmosphere, and consumed in
our food and water” (Rice et al., 2014). After decades of research, development, and multi-stakeholder
efforts, the Minamata Convention on Mercury, a multilateral agreement to mitigate human health
impacts from mercury pollution, entered into force in August 2017 (Kwon et al., 2020). The objective
of the Convention is to “protect human health and the environment from anthropogenic emissions and
releases of mercury and mercury compounds”, and it sets out a range of measures to meet that
objective. These include the control of the supply and trade of mercury, including setting limitations
on specific sources of mercury (UN Environment, 2017).

While all species of Hg have intrinsic toxic properties, MMHg is the form of most concern for marine
biota and humans consuming seafood (Grandjean et al., 2010). The current understanding of Hg
toxicity derives from various laboratory studies on model species, and in humans (Chakrabarti et al.,
1998; Mergler et al., 2007). For marine mammals, controlled experiments to establish any definite
causal relation between Hg and any physiological problem are rare. The first attempt was conducted
on harp seals Phoca groenlandicus in the 1970s (Ronald et al., 1977). However, they used very high
concentrations that are not commonly found in the environment. After that, few other investigations
have been carried out in an attempt to evaluate contaminant effects at ambient environmental levels
(Basu et al., 2010, 2006; Das et al., 2008; Ostertag et al., 2014). Only recently, and in areas where
Hg environmental levels are extremely elevated, Hg?* was also proposed to potentially cause severe
toxic effects in marine predators, (Park and Zheng, 2012).

Hg toxicity is expressed at different levels. Because of its high affinity of several molecules present in

the body, Hg can act as competitor for binding receptors or catalyst enzymes (Clarkson and Magos,
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2006). In this way Hg creates a cascade of effects, encompassing the molecular, cellular and systemic

compartments of the organism (Figure 1.5).
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Figure 1.5. Summary of Hg toxicity in the body. White boxes indicate the health consequences of Hg
toxicity. References: endocrine system (Choi et al., 2017; Kershaw and Hall, 2019); reproductive system
(Bjerklund et al., 2019; Fossato da Silva et al., 2011; Khan et al., 2004); nervous system (Jackson, 2018;
Lépez-Berenguer et al., 2020; Rice et al., 2014; Yee and Choi, 1996); tissues (Choi et al., 2017; Zalups,
2000); Immune system (Kershaw and Hall, 2019); fetus (Broussard et al., 2002; Yoshida, 2002).
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Knowledge gaps

Although much is known about the clinical signs of acute Hg toxicity, the consequences of chronic
exposure to low levels of Hg are not well characterized (Desforges et al., 2021b). Nowadays, most
organisms (including humans) are exposed to Hg at low levels on a continuous basis and such
exposures may have subtle yet detrimental sub-clinical effects (Karagas et al., 2012; Pereira et al.,
2019). Although the Minamata poisoning happened in 1956, 2271 patients were officially diagnosed
with symptoms of Hg toxicity (called “Minamata disease”) until 2011 (Takaoka et al., 2017; Yorifuji
and Tsuda, 2014).

The lack of controlled experiments at low concentrations limits our knowledge of Hg basal
metabolization and detoxification within the organisms. Recent findings have shown how factors like
levels of environmental pollution, age and habitat use influence Hg detoxification activity by tissues
and speciation within the organisms (Bolea-Fernandez et al., 2019; Li et al., 2020; Perrot et al., 2015;
Pinzone et al., 2021a). Arctic marine mammals like hooded seals Cystophora cristata present in
physiological specializations apt to assure their survival in the cold (Blix, 2016). The intense metabolic
changes they undergo during key stages of life (e.g. nursing, growing, etc.) could exacerbate inter-
organ Hg processing and result in higher health risk at both individual and population level (Desforges
et al., 2021a).

— Chapter 4

14



2. MERCURY IN THE ARCTIC

2.1.The Arctic region

The definition of the Arctic region is not straightforward. The geographical definition comprises the
region north of the Arctic Circle (66°32'N), which encircles the area of the midnight sun (polar day).
However, from an environmental point of view, defining the Arctic solely on the basis of the Arctic
Circle makes little sense (AMAP, 1997a). A big part of the samples analyzed in this work was collected
in the framework of the Arctic Monitoring and Assessment Plan (AMAP) program. As such, throughout
the entire thesis we will define as “Arctic” the core area covered by the AMAP assessment (Red line,
Figure 1.6). In this definition the Arctic boundary was set between 60°N and the Arctic Circle, with
some modifications: in the North Atlantic, the southern boundary follows 62°N and includes the Faroe
Islands, the White Sea, the Labrador Sea and Greenland Sea. In the Bering Sea area, the southern
boundary is the Aleutian chain. Finally, on the American side, the southern boundary is represented
by the Hudson Bay (AMAP, 1997a).

Boundaries of the Arctic

Arctic Circle

--------------- 10°C July isotherm ,v'
!
!

......... Treeline

Marine

— A\ M AP

Southern boundaries of
the High Arctic and

the subarctic delineated
on a basis of vegetation

High Arctic

subarctic

Figure 1.6. Arctic delimitations defined by latitudes (black line), temperature (dotted black line), trees
distribution (dotted green line), vegetation (light green line - High Arctic, dark green line - Low Arctic),
the Arctic Ocean delimitation (blue line) and the AMAP definition (Red line). Reproduced from (AMAP,
1997a).
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The Arctic region derives its name from the stellar constellation of Ursa major, the Great Bear (from
Arctos in Greek for bear) (AMAP, 1997a). It is the vast polar region located at the northern extremity
of the Earth (Figure 1.7A), comprising a deep, ice covered, and nearly isolated ocean, the Arctic
Ocean. This ocean is surrounded by the northernmost coasts of Eurasia and North America: Russia,
Canada, Denmark (Greenland), Norway (Svalbard), Finland, Sweden and the USA (Alaska) (AMAP,
1997a). It contains 1 % of global seawater volume, covering about 14 million km? (Figure 1.7A)
(McClelland et al., 2012). Sea ice, permafrost, glaciers, ice sheets, and river and lake ice are all
characteristic parts of the Arctic’s physical geography, supporting and shaping Arctic ecosystems and
inhabitants (ACIA, 2005).

The average depth of the Arctic Ocean is 1 038 m. The deepest point is Molloy Hole in the Fram
Strait, at about 5 550 m (Stewart and Jamieson, 2019). Continental shelves (average depth of 150m)
around the deep central basin occupy slightly more than half of the ocean’s area (9.5 million km?)
(Jakobsson, 2002). This is a significantly larger proportion than in any other oceans, corresponding
to about 15 % of the world's shelf seas (Woodgate, 2013). The Arctic Ocean is connected to the
Atlantic Ocean through the Barents Sea and the Fram Strait (AMAP, 1997a). It is connected to the
Pacific Ocean via the narrow and shallow (50m) Bering Strait (Figure 1.7A). Rivers account for about
11 % of the global freshwater input into the Arctic; also a higher proportion compared with other
oceans (AMAP, 1997a; McClelland et al., 2012).

In addition to the important riverine discharge, the Arctic Ocean is characterized by higher
precipitation versus evaporation. These two factors in conjunction with the sea ice freeze/melt cycle,
lead to a strong stratification of Arctic Ocean’s water layers (Rudels, 2012). As proposed by Rudels
(2009), the Arctic Ocean water column can be separated in 4 layers (Figure 1.7B):

- 0 -50m: Polar Mixed Layer (yellow), composed by low salinity;

- 100 - 250m: Pacific and Atlantic halocline (light blue and brown), with salinity increasing with
depth;

- 400 - 700m: the Atlantic layer (light blue); and

- 700 —5500m: Arctic deep water (dark blue) (Rudels, 2009).

Being a very large region, the Arctic encompasses diverse climatic conditions. Mean annual surface
temperatures range from 4°C in Reykjavik, to -18°C over the central Arctic Ocean, or -28.1°C over the
crest of the Greenland Ice Sheet (about 71° N and over 3 000 m elevation) (ACIA, 2005). Also,
precipitation rates are quite divers, ranging from an average annual precipitation of 150 mm in the
central Arctic, to 600 to 900 mm yrtin the North Atlantic (Boisvert et al., 2018).

Arctic weather and climate do not change only spatially, but can vary greatly from year to year. Such
differences are partly due to the poleward intrusion of warm ocean currents such as the Gulf Stream

and the southward extension of cold air masses (Rudels, 2012).
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Figure 1.7. (A) Map of the Arctic Ocean. Modified by the International Bathymetric Chart of the Arctic
Ocean (IBCAO) (Jakobsson et al., 2020). The red dotted line represents the transect shown at the bottom.
(B) Vertical section of the 4 water masses of the Arctic Ocean. Figure credits: Brn-Bld, CC BY-SA 3.0, via
Wikimedia Commons.
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Cyclic patterns also shape climate patterns: the North Atlantic Oscillation (NAO) (Hurrell et al., 2003)
strongly influences winter weather patterns from Greenland to Central Asia; whereas the Pacific
Decadal Oscillation has a similar influence in the North Pacific and Bering Sea (Kim et al., 2020).
Arctic oceanic processes and surface currents initiate a large-scale movement of water (Figure 1.8),
driven by temperature and salinity differences (thermohaline circulation or the global Conveyor Belt,
Lozier, 2010), driving the circulation of oceanic water masses around the world and consequently the
global climate system (Armitage et al., 2020; Budikova, 2009).
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Figure 1.8. The major physical pathways (wind, rivers and ocean currents) that transport contaminants to
the Arctic. Reproduced from Macdonald et al., 2005.
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Light radiation levels change drastically between seasons (Blix, 2005). Above the 72°33’ latitude, the
Arctic is characterized by the alternation of a period of 24h continuous darkness (November to
January) named the “Polar Night”, followed by a period of 24h continuous sunlight (or “Polar Day”,
March to September) (Burn, 1995).

The most important feature of the Arctic Ocean is the presence of sea ice. Around 8 million km? are
covered all year round (“perennial pack ice”); however, the total sea ice extent varies seasonally and
yearly. The yearly peak of maximum extent is generally around the month of March (= 15 million km?),
while the minimum is in September (=7 million km?; ACIA, 2005). The ice is in constant motion,
following the major currents, and growing in thickness as it moves along. On a basin-wide scale, sea
ice in the Arctic Ocean moves with two predominant drift systems (Figure 1.8): the transpolar drift and
the Beaufort Gyre (Figure 1.8; ACIA, 2005). The transpolar drift pushes the ice from the Siberian
coast region (where is formed) across the Arctic Ocean and eventually through the Fram Strait (ACIA,
2005). This trip can take up to 6 years, allowing the ice to grow as thick as 3 meters or more. As a
result, the thickest sea ice (4 to 6 m) is located north of the coasts of Canada and Greenland, while
the thinnest sea ice (0 to 2 m) extends along the coasts of Siberia (ACIA, 2005). Changes in the
relative strength of the Beaufort Gyre and the Transpolar Drift are important controls on the extent
and distribution of multi-year ice (MYIl) (AMAP, 2017).

2.2. Sea-ice and its role for Arctic marine food webs

Sea-ice and the marginal ice zone (MIZ) supports a large amount of algae, like Nitzschia frigida or
Melosira arctica between the ice-obliged species, and Chaetoceros spp and Thalassiosira spp among
the pelagic ones (Figure 1.9; AMAP, 1997h). Arctic marine primary production is characterized by
short and intense algal blooms that follow the ice edge as it melts and break ups (Sgreide et al.,
2006). They usually start in April/May at the southernmost fringes of the first-year ice (FYI) and around
September near the multi-year ice (MYI) packs in the far north (Sgreide et al., 2006). Arctic sea-ice
algae and sub-ice phytoplankton account for 57 % of the total annual primary production in the Arctic
Ocean (Schartup et al., 2020). Ice algae are therefore a crucial seasonal food source for 1% order
consumers such as sympagic (ice-associated) invertebrates as well as pelagic zooplankton and
benthic communities (Kohlbach et al., 2016; Legendre et al., 1992). Through trophic interactions,
sympagic production is funneled to higher trophic levels. Indeed, top predators such as the beluga or
polar bears, indirectly rely on sea-ice derived OM (Brown et al., 2018, 2017). Direct dependence of
consumers to sea ice-derived OM has been highlighted using stable isotopes ratios, fatty acids
(included but not limited to highly branched isoprenoids such as IP25) but also compound-specific

isotope analysis of fatty acid trophic markers (Kohlbach et al., 2019; Steiner et al.,Submitted).
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Figure 1.9. The Arctic marine food web. Reproduced from AMAP, 2012.

Indirectly, many secondary level predator species such as the ivory gulls Pagophila eburnea, baleen
whales (e.g. bowhead whale Balaena mysticetus) and fish such as the capelin Mallotus villosus, Arctic
cod Arctogadus glacialis and polar cod Boreogadus saida depend on an ice-associated invertebrates
based diet (AMAP, 2012).

Sea ice provides a physical surface for third to higher level predators. Among those are marine and
terrestrial mammals like the polar bear Ursus maritimus and the arctic fox Alopex lagopus, or seabirds
like the guillemot Cepphus spp (AMAP, 2012). These animals use sea-ice for resting, nursing, hunting
and as migratory corridors (Kovacs et al., 2011). Some species of pinnipeds are sea-ice obliged for a
part of their life. Walruses Odobenus rosmarus give birth, mate on sea-ice and use it seasonally to
reach bivalve beds too far from shore. The bearded seal Erignathus barbatus, requires FYI pans in
spring time for raising pups and molting (Kovacs et al., 2011). The ringed seal Pusa hispida is ice-
associated all year round, requiring stable ice for breeding, molting, resting and hunting on sympagic
prey. Some other species like the ribbon seal Histriophoca fasciata, harp seal Pagophilus
groenlandicus and the hooded seal Cystophora cristata all depend on pack ice for breeding.

Finally, sea-ice is strongly essential for Arctic indigenous people (Figure 1.9). Marine mammals
constitute the basement of indigenous traditional food. The importance of traditional food varies from
one area to the other. For example, in 2005, the majority (68 %) of adults in Inuit Nunangat were still
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relying on traditional food, with at least half of the meat and fish consumed in each family being country
food (ICC Canada, 2014). However, in Greenland the consumption of local food by Inuit has been
reduced by 50 % over the last years, representing only 10 to 20 % of an adult’s diet (Hansen et al.,
2016).

2.3. Mercury cycling in the Arctic
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Figure 1.10. The mercury cycle in the Arctic Ocean. Rectangular boxes show system processes, like food
webs or atmospheric deposition chemistry. Large shaded arrows refer to atmospheric or oceanic transport
processes that exchange Hg with the global environment and move Hg between reservoirs within the Arctic
Ocean. Small black arrows refer to chemical processes that produce changes between Hg species.
Reproduced from AMAP, 2011.

2.3.1. The most recent discoveries

The Arctic Ocean is considered the major sink of the global Hg cycle (Figure 1.10; Dastoor and
Durnford, 2013). Arctic terrestrial ecosystems were recently indicated as important source of Hg to
marine biota (Dastoor and Durnford, 2013). Stable isotope data suggest that, through year round Hg°
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deposition and summer vegetation uptake, the Arctic tundra can store-up to half the world’s soil Hg
(Obristetal., 2017). On the other hand, Schuster et al. (2018) estimated that the Northern Hemisphere
permafrost regions contain 793 + 461 Gg of Hg, indicating that permafrost soils store nearly twice as
much Hg as all other soils, the ocean, and the atmosphere combined. These recent findings add up
to the complexity of Hg cycling in the Arctic Ocean, bringing enormous new implications for the
comprehension of the potential impact of climate change on Hg exposure to marine biota (Schuster
et al., 2018).

2.3.2. Sources of mercury in the Arctic Ocean
There are no Hg point sources in the Arctic, therefore all anthropogenic Hg that is deposited in this
region virtually derives from lower latitudes (AMAP, 2011). Overall, the largest contributors of

anthropogenic Hg to the Arctic are:

- East Asia (10 to 15 %)

- Europe (2 to 3 %),

- North America (2 to 2.5 %) and

- South Asia (1.5 to 2 %) (AMAP, 2011; Durnford et al., 2010).

Hg enters the Arctic Ocean via a number of different pathways, including the atmosphere, river
exports and ocean currents (Table 1.1) (AMAP, 2011). It is estimated that 2/3 of Hg deposited in the
Arctic is natural or re-emitted (40 to 45 % from land and 30 to 34 % from oceans), whereas 20 to 28

% is from anthropogenic sources (Durnford et al., 2010).

Table 1.1. Hg budget in the Arctic Ocean (70° — 90°N). Inputs and outputs (as Mg yr'!) are presented in
order of importance. Values are extracted from (Fisher et al., 2012; Outridge et al., 2008). The large
difference in Hg inputs from the Pacific and Atlantic oceans reflects the water budget for the Arctic Ocean,
which receives approximately 4x more water from the Atlantic Ocean than from the Pacific Ocean
(Outridge et al., 2008). * Includes terrestrial run-off from tundra and permafrost.

‘ Hg Inputs ‘ " Outputs t
1. Rivers* 80 Mg yr! 1. E::;;t’: from ocean 20 Mg yr!
2. Atmosphere: 45 Mg yr! 2. Particle settling 43 Mg yr!
Direct deposition 25 Mgyr 3. Ocean circulation 6 Mg yr!
20 Mg yr
3. Coastal erosion 15 Mg yr!
4. Pacificinflow 3.9 Mg yr!
5. Aflanticinflow 44 Mg yr!
Total of inputs : =190 Mg yr! Total of outputs: = 140 Mg yr’!
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The contribution of anthropogenic Hg from different source regions is impacted by weather fronts,
such as the Arctic front, which have an important influence on the long-range transport of aerosols
(Fisher et al., 2011).

2.3.3. Atmospheric Mercury Depletion Events (AMDEs)

Atmospheric Mercury Depletion Events (AMDESs) are a phenomenon occurring in polar regions at
spring time, during which the oxidation of Hg® and subsequent deposition of Hg?* into the marine
environment is enhanced (Poulain et al., 2015). The initiation of AMDES requires the presence of Hg
in the atmosphere, cold temperatures, a stable inversion layer, sunlight and reactive halogens. Thus,
the Arctic Ocean during springtime provides the optimal physical and chemical conditions required for
atmospheric transformation and deposition of Hg (Steffen et al., 2007). The fact that AMDES are only
reported during polar springtime suggests that sea-ice or, more specifically, refreezing ice in open
leads provides a halogens (Br, BrO",CI and CIO") source that drives AMDEs chemistry (Kirk et al.,
2012; Steffen et al., 2007). Aspmo et al. (2006) showed that indeed Hg® concentrations are higher
and more variable over the Arctic Ocean, particularly in regions with greater ice cover (1.82 + 0.24 ng
m3), than over the open North Atlantic Ocean (1.53 + 0.12 ng m3) (Aspmo et al., 2006). During
AMDES, atmospheric ozone is broken down, causing Hg° to bind with the halogen compounds and
be oxidized in Hg?*, which in turn is readily scavenged by snow and ice surfaces (Douglas et al., 2017;
Wang et al., 2019).

Snowpack characteristics and local environmental conditions influence Hg?* remobilization time (Fain
etal., 2008; Sherman et al., 2010). H.O- in pH-neutral snow, HO", humic acids, oxalic acid and sulfite-
based compounds promote Hg?* reduction within the snowpack and its consequent remobilization as
Hg°to the atmosphere (Fain et al., 2008). Halides, such as CI- and Br stabilize Hg?* in snow (Fain et
al., 2008; Kirk et al., 2012). In general 20 to 50 % of deposited Hg?* during ADMEs is immediately
photo-reduced and again volatilized (Sherman et al., 2010). Therefore, even if Hg atmospheric
deposition in the Arctic is generally less important than at temperate latitudes or in industrialized
regions of the world, this might change seasonally and spatially based on the intensity of AMDEs and
ice composition. In coastal marine sites and over FYI, where snow-pack halogen concentrations are
frequently high, AMDEs might be stronger than in offshore waters or in areas covered by multi-year
ice (Kirk et al., 2012; Moore et al., 2014).

2.3.4. Sea-ice, water column and bottom sediments
In general, Arctic Ocean THg seawater concentrations are similar to those measured in the North
Atlantic (0.487 £ 0.32 ng L), North Pacific (0.23 + 0.17 ng L), Southern Ocean (0.2 + 70.09 ng L?),
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and Mediterranean Sea (0.26 + 0.10 ng L) (Kirk et al., 2012). However, in the Arctic Ocean the extent
and concentration of sea-ice influence both the rates of air-water Hg exchange as well as Hg
photochemistry in the water column (DiMento et al., 2019; Vancoppenolle et al., 2013). As in other
regions of the world, in the Arctic euphotic zone Hg transformation pathways are mostly governed by
both biotic and abiotic processes (Figure 1.10). However, the presence of ice affects the rates of a
process versus the other, acting as both physical and biological influencing factor (DiMento et al.,
2019). In ice-covered areas and seasons, ice-associated microbial activity is the most important path,
while in summer and ice-free areas, photoreactions balance the biotic ones (Barkay and Poulain,
2007; Point et al., 2011). Less sea-ice usually determines higher evasion rates of DMHg or dissolved
HgP to the atmosphere, and higher rates of MMHg demethylation in subsurface waters (Lehnherr et
al., 2011; Schartup et al., 2020).

The mechanism of sea-ice production and melting creates a highly stratified surface water column
that has been proposed to enhance MMHg production (Schartup et al., 2020). Several studies showed
a positive correlation between chlorophyll a (a proxy for primary production) and MMHg concentration
in arctic sea-ice as well as subsurface waters, suggesting that MMHg in polar region is mostly
biologically produced (Sunderland and Schartup, 2016; Wang et al., 2018). This implies that MMHg
produced in sea-ice and bioaccumulated by sea-ice algae may contribute disproportionally to MMHg
levels in Arctic marine biota (Schartup, 2016).

Even if water column mixing and resuspension of stored Hg in sea bottom sediments are not usually
recognized as major pathways of Hg exposure to marine food web, they acquire a big importance in
the Arctic (AMAP, 2011). First, the general oligotrophy of the Arctic central basin leads to an
exceptionally low particulate export, which may mean that bio-active elements like Hg tend to recycle
within the stratified polar mixed layer rather than transfer to deeper waters through particle flux
(Douglas et al., 2012). Secondly, the characteristic dominance of gentle continental shelves in the
Arctic Ocean (>50 % of total area) favors the bottom/water Hg exchange processes, exacerbating its

reemission from the sea bottom (Douglas et al., 2012).

2.3.5. Accumulation within the Arctic food web

Hg biomagnification in the Arctic food web shows a step-wise increase from one trophic level to the
next, as in other regions of the world (Figure 1.11; Kirk et al., 2012). Hg levels in primary producers
and consumers are quite homogenous on a panarctic scale. However, tertiary to apex predators show
strong spatial variability. Hg levels are higher in Northern America and Western Greenland than in the
European Arctic (e.g. Eastern Greenland), as a consequence of the different level of industrialization
and human development between these regions (Dietz et al., 2013). This trend was confirmed for
belugas (Stern, 2010), seabirds (Albert et al., 2021), polar bears (Routti et al., 2011) and ringed seals
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(Rigét et al., 2011). Habitat segregation between or within species, and animals’ trophic ecology also
influences Hg exposure (Stevick et al., 2002). Several studies reported that higher Hg levels are
generally found in offshore species, followed by sympagic and coastal animals (Loseto et al., 2008a).
On a temporal scale, Hg levels in Arctic marine predators have shown a 10x increase over the past
150 years, with an average rate of increase of 1 to 4 % per year (Dietz et al., 2009). In the same
study, they proposed that ~ 90 % of the Hg currently present in Arctic animals originates from
anthropogenic sources (Dietz et al., 2009). Although there is no consistent trend across species and
tissues for the entire Arctic, there is a clear east-to-west gradient of temporal Hg trends. The Canadian
and Western Greenland regions of the Arctic show the larger increases in biota THg concentrations

with respect to the Northern Atlantic Arctic (Rigét et al., 2011).
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Figure 1.11. Literature THg concentrations range (in ug g'! dw) across the Arctic marine food web. All the
seven functional groups are represented over the y axis, spanning over five trophic levels (TL) (Legendre
et al., 1992). TL 1 : THg = 0.02 pg g'! dw (bulk) (Loseto et al., 2008b); TL2 : THg = 0.02 to 0.2 pg g dw
(whole body) (Atwell et al., 1998; Loseto et al., 2008b); TL3 : THg = 0.2 to 0.5 ng g'! dw (muscle) (Loseto et
al., 2008b); TL4 : THg = 1.1 to 15 pg g dw (muscle) (Albert et al., 2021; Loseto et al., 2008a; this study);
TL 5 — THg = 2.1 to 31 png g dw (hair) (Dietz et al., 2011; Rigét et al., 2011; Weihe et al., 2005). Most of
TL 4 to TL 5 organisms surpass the U.S. EPA guideline of 1 png g'! dw (FAO/WHO, 2003).
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2.4. A changing Arctic

The Arctic is one of the regions on Earth which is more affected by climate-driven environmental

change (Overland et al., 2019). Environmental change can affect the ecosystem at multiple levels:

physical, chemical and biological.

2.4.1. Main physical changes

Atmosphere: Since 1980, the rise in annual average temperature in the Arctic has been twice the
global mean, with higher increases in the cold season (Symon, 2011). Specifically, a 2.7°C
increase was observed between 1971 and 2017, with a 3.1°C increase in winter and 1.8°C
increase in summer (AMAP, 2017). In addition, scientists observed changes in precipitation rates
and types, with a shift towards more rain versus snow, and a strong annual increase (1.5 to 2.0
% / year) in annual precipitation (Bintanja, 2018).

Terrestrial ecosystems: the first 10 to 20cm of permafrost are warming up, enhancing thawing

during summer period (AMAP, 2019; Schaefer et al., 2020). Model projections estimate a 30 to
99 % reduction in the area Arctic permafrost by 2100, assuming anthropogenic greenhouse gases
emissions continue at current rates (Schuster et al., 2018).

Marine ecosystems: the most concerning changes comprises sea-ice extent, thickness and

melting onset. Summer sea-ice extent (September) is currently declining at 12 % per decade
(Symon, 2011). Since 2010, we experienced the two lowest records for minimum sea-ice extent
in summer: 3.39 million km? in 2012 and 3.74 million km? in 2020 (Lannuzel et al., 2020). Arctic
sea ice maximums (March) in 2015, 2016, 2017 and 2018 were the lowest since the 80s (AMAP,
2019). Since 1958, the average sea-ice thickness has declined by >60 % (>2 m) (AMAP, 2017).
Recent models project worst trends at high latitudes (1.3m thinner) than lower ones (0.3 m thinner)
(Tedesco et al., 2019). Between 2002 and 2017, the Arctic has lost more than 50 % of its oldest
MYI and is undergoing a regime shift from a system dominated by MYI (until 2011) to a system
dominated by seasonal ice FYI (Schartup et al., 2020). Melt onset trends show considerable
advances on a panarctic scale with marked regional differences (Kodaira et al., 2020). The
strongest change since 1979 has occurred in the Barents Sea and East Greenland Sea (25 and
30 days earlier melting onset, respectively), followed by the Baffin Bay, Kara Sea, Hudson Bay
(22, 15, and 10 days, respectively) and the Central Arctic Sea (5 days) (Tedesco et al., 2019).
Such shift is believed to accelerate in the next 100 years reaching a 1.5 months delay for freeze-
ups and 1 month advance for ice breakups, leading to a much shorter ice season (Tedesco et al.,
2019).
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2.4.2. Impacts on Arctic marine food webs
The alteration of sea-ice cover and dynamic determines a bottom-up cascade of changes, which are
altering the intensity of cryo-pelagic and cryo-benthic coupling (Kohlbach et al., 2019).

- Primary producers: The deeper and more intense penetration of sunlight in seawater is leading to

the increase in primary productivity (up to 500 % in the Bering Sea in 2018) (Kearney et al., 2019).
At the same time, variation in sea-ice was linked to a shift in ice microalgae biodiversity, size, as

well as timing and intensity of algal blooms (Schartup et al., 2020; Tedesco et al., 2019).

- Primary to tertiary consumers: The shift in algal communities pushes grazers (mostly calanus sp.)

to move from being sympagic towards a more coastal habitat use (Li et al., 2009). More than 20
new fish species were cataloged in the Chukchi-Beaufort region in the last 15 years (Wassmann
et al., 2011). All these changes might modify the energy fluxes at the base of food web and enact
the deterioration of nutritional status for secondary to tertiary consumers (Mckinney et al., 2013).

- Top predators: At the top of the food web, numerous studies linked the decrease in ice cover and

thickness with shifts in marine mammals’ trophic behavior. These include: the worsening of ringed
seals nutritional status (Najbjerg et al., 2017), the shift in polar bears feeding ecology (Mckinney
et al., 2013), the change of thick-billed murres (Uria lomvia) diet from cod- to capelin-dominated
in the last 20 years (Gaston et al., 2003), the decrease in nestling survival in black-legged
kittiwakes (Rissa tridactyla) and Northern fulmars (Fulmaris glacialis) (Gaston et al., 2005), and
the >80 % decline in Ivory gulls (Pagophila eburnea) population in Canadian Arctic (Gaston et al.,
2005). The survival of such species might be threatened as a consequence of ice-changing
conditions through many processes like habitat loss and fragmentation, longer fasting period,
higher energy expenditure for hunting, birth rates decrease or newborns survival (Burek et al.,
2008; Laidre et al., 2015; Mckinney et al., 2013; Stirling et al., 2008).

Arctic environmental changes can alter Hg exchange processes the between atmospheric, terrestrial
and aquatic reservoirs (Budikova, 2009). Arctic biological changes instead can alter Hg exposure and
biomagnification within marine food webs (McKinney et al., 2015). As such, the major concern of
modern Arctic research is to understand the drivers and extent of Hg fate in the changing marine

ecosystems (Stern et al., 2011).

2.4.3. Impacts on Hg marine chemistry

- Alteration of terrestrial inputs of modern and legacy Hg

The shorter period of ice and snow cover supports higher sediment bacterial activity in wetlands and
therefore higher rates of Hg?* methylation (Sundseth et al., 2015). The enhanced frequency of forest

and ground fires, exacerbates the mobilization of Hg and C stored in soils and vegetation into the air
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(Stern et al., 2011). The higher temperatures might enhance snow melting and spring freshwater run-
off, leading to a more important seasonal transfer of land-produced MMH(g to coastal seas (Mu et al.,
2020; Schaefer et al., 2020). Increase permafrost thawing may lead to peaks of Hg inputs in Arctic
estuaries (Schaefer et al., 2020). The modelled loss of permafrost in the next 180 years is expected
to increment the bioavailability of modern and legacy terrestrial Hg inputs into the Arctic Ocean (Lim
et al., 2019; Mu et al., 2020).

- Alteration of Hg methylation associated to sea-ice

The reduction in sea-ice extent is believed to affect Hg dynamics across the air—seawater interface,
increasing the deposition of Hg?* directly on seawater rather than on sea-ice (Schartup et al., 2018;
Sunderland and Schartup, 2016). MMHg has been observed to build up under sea-ice such that
during the melting season there is a large pool of MMHg potentially available to take part in
photochemical reactions (Sunderland and Schartup, 2016). Under such a scenario,
photodemethylation rates, which are proportional to MMHg concentration, would be high during ice-
free season but negligible at other times (Lehnherr et al., 2011). If the spatial extent and duration of
ice cover continues to decline as is widely predicted, a new scenario might emerge where there is no
longer a build-up of MMHg under the ice and photodemethylation would occur at a slower rate and
for a longer time, completely altering actual annual MMHg photodemethylation fluxes (Stern et al.,
2011).

Ice-associated primary productivity is believed to be the major source of MMHg at the base of the
Arctic marine food web (Soerensen et al., 2016a). The shift in biomass and diversity of primary
producers in ice-free conditions, is believed to exacerbate the rates of Hg methylation and
bioavailability for primary consumers (Schartup et al., 2020).

Finally, the shift from a stable MY| dominated Arctic to a halogen-rich FYl dominated one, is believed
to enhance the release of e.g. reactive Br into the marine boundary layer, leading to higher rates of
AMDES’ Hg deposition (Stern et al., 2011).

- Renewed bioavailability of oceanic legacy Hg

Legacy mercury represents Hg produced in the past, which was deposited in the Arctic and is stored
today mostly in the inorganic form, not directly available for uptake by food webs (Poliman and
Engstrom, 2020). The oceanic basins of the Arctic are a potential enormous source of legacy Hg
(Dastoor and Durnford, 2013). The central Arctic Ocean basins and Hudson Bay contain large total
(inorganic) Hg inventories in seawater as a result of anthropogenic inputs over the past 200 years, as
well as natural background Hg reservoirs (Chen et al., 2018). The biologically-unassimilated fraction
of Hg is at least two orders of magnitude greater than the small amount (0.1 % to 1 % of total mass)
in marine biota (Stern et al., 2011). Climate-driven alteration of oceanic circulation or vertical mixing
within the water column might cause re-emission of such Hg and exacerbate the rates of exposure to

Arctic organisms.
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Knowledge Gaps

If the consequences of sea-ice alteration on Hg uptake by primary consumers can be directly
observed, it is not so easy to do so for higher trophic levels (Hazen et al., 2019). In the framework of
climate change and its potential impact on Hg accumulation in Arctic marine predators, there are
today two main scientific questions which need to be answered:

The new discoveries about the role of permafrost and tundra within the Arctic Hg cycling raise
concerns about how important terrestrial inputs are with regards to marine predators’ rates of

exposure to Hg.

- Chapter 5

The spatial and species-specific inconsistence of Hg temporal trends in Arctic biota opens the
discussion about which factors might really influence levels of Hg exposure. The physical, chemical
and biological changes brought by climate change logically affect Hg cycling in the Arctic marine
ecosystem, but which one has the greatest effect in marine predators like marine mammals is still an
open guestion.

- Chapter 6
- Chapter 7
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3. STABLE ISOTOPES AS CHEMICAL TRACERS

Isotopes are forms of the same element that differ in their atomic mass (Sharp, 2007). The atomic
mass of an element is determined by the sum of the number of protons and the number of neutrons
(Fry, 2006). Stable isotopes usually present a limited number of neutrons in excess. A larger
abundance of neutrons with regards to protons, might lead to instability of the nucleus and its break-
up over time, as it happens with radio-active isotopes (e.g. *C, used for fossil dating; Alves et al.,
2018). A particular element can have more than one stable isotope. The lighter isotopes (with lower

atomic mass) are usually the most abundant in nature (Table 1.2).

Table 1.2. Mean natural abundances of the stable isotopes used in this thesis (C, N, S and Hg), with their
relative International Reference Standards.

Element Isotope Abundance Isotopic ratios International Primary
P (%) (R) Reference Standard
12 - -
Carbon 13g 918-1819 13C/120 X/II?’rE)nBa) Pee Dee Belemnite
. N 99.63 T
Nitrogen 15N 0.37 5N/N Atmospheric Air (AIR)
s 95.02
33
Sulphur S 0-75 sug2g Vienna Canyon Diablo
3s 4.21 Troilite (vCDT)
S 0.02
19Hg 0.155 —
198Hg 10.04 198 /196 Hg
199Hg 16.94 1091 /198Hg
NIST-SRM-3133
Mercury 200Hg 23.14 200Hg/198Hg
201 201 108 UM-Almaden
Hg 13.17 Hg/*%8Hg
202Hg 29.73 202Hg/198Hg
204Hg 6.83 204Hg/198Hg

The formation of a bond with a heavy isotope requires more energy than the formation of a bond with
a light isotope. At the opposite, it is more difficult to break a chemical bond with a heavy isotope than
with a light isotope (Fry, 2006). For this reason, light and heavy isotopes react differently during
chemical reactions, often resulting in a product with a higher fraction of lighter over heavier isotope
than the original substrate. This kinetic process is unidirectional and commonly referred to as mass-

dependent isotopic fractionation (MDF; Fry, 2006).
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It is described by the isotopic fractionation factor a:

Ry

aa, = Ry (1.1

where Ra and Rg are the ratios of the heavy to light isotopes in the molecules or substances A and B,
respectively. Because a is very close to 1, the very useful relationship is derived:

103 lnaA/B ~ 6A _aB = AA—B (1.2)

Where A,_p is the fractionation between substance A and B, reflecting equilibrium or kinetic
partitioning (Yin et al., 2010). Equilibrium fractionation arises during isotope exchange when the
forward and backward reaction rates of the isotope that lead to isotope redistribution are identical (Yin
et al., 2010).

In ecological studies the abundance of the heavy with respect to the light isotope is defined as isotopic
ratio (R). Variations in environmental and biological isotopic ratios are represented in the literature in
® notation (Equation 1.3; Coplen, 2011). The & values denote a difference in measurement made

relative to standards during the actual analysis.

oHX = [(—Rsample - 1)] x 1000 (1.9)
Rstandard

In this definition, the & notation is specified for a particular element (X = H, C, N, O or S), the
superscript H gives the heavy isotope mass of that element (e.g. *3C, *N or 34S), and R is the ratio of
the heavy isotope to the light isotope for the element (e.g. *C/*?C, ™N/*N or 3*S/*2S). The
multiplication x1000 helps amplifying the small neutron-related isotope differences. The unit of d is
therefore “%o” or “permille” (also per mill), from the Latin “parts per thousand” (Coplen, 2011).

With the exception of hydrogen which has a very broad range, most 6 values range between -100
and +50%o for natural samples. Negative & values indicate relatively less heavy isotope than is present
in the standard (Fry, 2006). Standards instead have a & value of 0%o. because they contain nonzero
amounts of heavy and light isotopes. Therefore, a & value of 0%. in a sample means no difference
from the standard. Samples with higher & values are relatively enriched in the heavy isotope and are
“heavier.” Samples with lower & values are relatively enriched in the light isotope and are “lighter”
(Fry, 2006).

3.1. Stable isotopes of carbon, nitrogen and sulphur

The analysis of carbon (C), nitrogen (N) and sulphur (S) stable isotopes has by now proven to be a
successful tool in ecological and trophic studies of marine food webs and predators like marine

mammals (Newsome et al., 2010; Peterson and Fry, 1987). Studying the ecology of a species signifies
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describing its relation with the environment it inhabits and with the other organisms that may or may
not compete for the same biotic and abiotic resources (Middelburg, 2014; Newsome et al., 2007).
Species’ trophic ecology focuses instead specifically on the use of resources to meet the energy
requirements (Boecklen et al., 2011).

The investigation of trophic ecology using stable isotope ratios is based on the principle that the
isotopic composition in the tissues of an organism results from the combination of the stable isotope
ratios of the various assimilated food items (Fry, 2006). In comparison with traditional dietary analyses
(e.g. stomach contents and fecal analyses), stable isotope analysis provides information about the
assimilated food and not only the ingested one (Jardine et al., 2006). Moreover, this technique allows
to work on live and healthy animals as this analysis may be done on small amount of various tissues
(e.g. hair and blood; Jardine et al., 2006). Stable isotope analysis can also provide different time
scales of diet integration by using different tissues with different turnover times (Dalerum and
Angerbjorn, 2005; Martinez Del Rio et al., 2009).

C marine cycle is complex and may lead to several chemical reactions and physical process that may
influence the isotopic compositions of the molecules in the water column. Most of the C isotope
fractionation (**C/*2C; &'3C) occurs at the base of food webs, during photosynthesis or respiration
processes (Kelly, 2000). d'3C values at the base of the marine food web are quite variable (e.g.
phytoplankton: -34.6%o to 18%o) and depend on HCO3", O, or CO; abundances, nutrients availabilities,
temperature, primary growth rates, but also on species-specific metabolic capacities (McMahon et al.,
2013a; Michel et al., 2019). In the Arctic Ocean for example, 8**C values can range between -29.0 +
3.1%o in the pelagic Calanus glacialis to -22.1 + 0.4%o in the sympagic Apherusa glacialis (Kohlbach
et al., 2016). Organisms relying on ice-derived C being generally more enriched in 3C than those
relying on C from pelagic origins (Michel et al., 2019; Yunda-Guarin et al., 2020). Therefore, 8*3C is
generally used to determine the origin of primary sources of carbon in food webs or feeding areas.
d3C values do not change a lot between one trophic level to the other (generally only ~1%o) and are
conserved along the food web (McConnaughey and McRoy, 1979).

Similarly to d'3C values, S isotopic composition (**S/32S; 5%S) is used to refine the discrimination
between primary producers or between benthic and pelagic sources (Connolly et al., 2004; Fry and
Chumchal, 2011). The complexity of S sources in the water column explains the large fractionation
range of S stable isotopes in the marine environment (Norici et al., 2005). Producers that
predominantly utilize seawater sulphates, such as pelagic microalgae and phytoplankton, tend to be
enriched in S (~18%o) (Connolly et al., 2004; Trust and Fry, 1992). Those using sedimentary sulfides
such as marsh plants on the coasts or anaerobic bacteria found in the sea bottom, are instead more
depleted in **S (-10 to +5%o) (Connolly et al., 2004; Croisetiére et al., 2009). In sea ice, 5*S values
show high variability with values ranging between +10.6 to 23.6%. as a result of ice thermodynamic
growth and the structure of brine inclusions networks (Carnat et al., 2018). In the Antarctic food web,

5*S values of food sources span from 5.6 + 2.7 %o in sympagic algae, to 18.5 + 0.8%o. in suspended
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particulate organic matter (SPOM) (Michel et al., 2019). In the organisms, S is usually only present in
S-containing amino acids like cysteine and methionine, and therefore its isotopic analysis exclusively
represents protein pathways derived from diet (Vander Zanden et al., 2015). Therefore, as for C, %S
values do not show trophic enrichment (maximum observed difference between trophic levels: ~2%o)
(McCutchan et al., 2003; Pinzone et al., 2017). For this reason, C and S isotopic compositions might
result in large differences between different habitats (pelagic vs. benthic), distribution (coastal vs.
offshore), latitudes (Doi et al., 2004; Michel et al., 2019; Pizzochero et al., 2018; Wtodarska-
Kowalczuk et al., 2019), but would not allow to assess species trophic position.

Conversely to C and S, an enrichment in N heavier isotopes (**N) is observed along the food web,
resulting in higher 8*°N values going from the bottom to the top (Hansson et al., 1997; Post, 2002).
This important fractionation is caused by nitrification and denitrification during N assimilation through
several important metabolism functions such as protein synthesis or excretion of nitrogenous waste
products by the organism (Blackstock, 1989; Cantalapiedra-Hijar et al., 2015). This results in a trophic
shift between prey and predator, which for seals typically ranges between +2.2 to +4.3%o (Beltran et
al., 2016; Lesage et al., 2002a). For this reason, 5*°N values can help assessing the trophic position
of a species within the food web.

Since N isotopic composition is strongly influenced by the organisms’ metabolism, 8°N values can
also be used to discriminate between different physiological statuses of the animals (Hertz et al.,
2015). Indeed, it has already been observed how fasting, nursing or pregnancy would determine an
increase in 8*°N values in the tissues of marine mammals (Cherel et al., 2015; Doi et al., 2017; Habran
et al., 2019; Lubcker et al., 2020; McHuron et al., 2019). In the same way, the higher metabolic rates
in growing birds, fish (Martinez Del Rio et al., 2009; Newsome et al., 2016; Ramos and Gonzalez-
Solis, 2012; Wolf et al., 2009b) and marine mammals like seals might cause a larger enrichment in
the heavier isotope (**N) (e.g. 4%o in hooded seal pups) (Pinzone et al., 2017). Therefore, knowing in
advance the fractionation extent between diet and a particular tissue type is necessary for a

meaningful interpretation (Hobson et al., 1996).

3.2. Stable isotopes of mercury

A rapidly emerging and successful tool in the field of environmental chemistry is the measurement of
natural variations in the isotopic composition of Hg (Blum and Bergquist, 2007). Indeed, Hg has seven
stable isotopes with a 4 % relative mass difference (196, 198, 199, 200, 201, 202, and 204 amu; Table
1.2). The longest-lived radioactive isotope is %*Hg, which has a half-life of 520 years (Blum and
Johnson, 2017). Many biotic and abiotic reactions can potentially invoke Hg isotope fractionation
(Blum and Bergquist, 2007).
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As for C, N and S, Hg isotope ratios are reported as 6 values in permille (%o), relative to the average

ratios measured in the NIST-3133 Hg reference material:
{lr <W> unknown ]| 1

0***Hg(%o) = { B, - 1} x 1000
<W> NIST-3133] |

\

where xxx is the mass of a Hg isotope between 196 and 204 amu (Bergquist and Blum, 2007a). The

(1.4

use of 1%Hg (instead of 1*®*Hg) as the denominator in *Hg values was recommended and universally
adopted early in the history of Hg isotope studies, because of the very low abundance of *®*Hg (Blum
etal., 2014). Conversely, the use of 2“Hg, was discarded because this isotope has a potential isobaric
interference with 2°Pb during the analysis (Blum et al., 2014).
As for the other elements, Hg stable isotopes undergo mass-dependent fractionation, which is
commonly defined as given below:

f C:ﬂ) sample |

(-

77951 |—1L x 1000 (1.5)
h(%> NIST — 3133

Many in vivo and in vitro studies showed that it happens as a consequence of several biotic and
abiotic processes in the environment and within the organism: microbial reduction of Hg?* (Kritee et
al., 2008), dark abiotic reduction of Hg?* (Zheng and Hintelmann, 2010), microbial demethylation of
MeHg (Kritee et al., 2009), photoreduction of Hg?* (Bergquist and Blum, 2007a; Zheng et al., 2018;
Zheng and Hintelmann, 2009), photodemethylation of MeHg (Bergquist and Blum, 2007a; Chandan
et al., 2015), photo-microbial reduction of Hg?* (Kritee et al., 2018), photo-microbial demethylation of
MeHg (Kritee et al., 2018), abiotic dark oxidation of dissolved HgP in the presence of DOM (Zheng et
al., 2019), dark microbial methylation of Hg?* (Rodriguez-Gonzalez et al., 2009), binding of aqueous
Hg?* to thiol groups (Wiederhold et al., 2010), and photooxidation of HgP in the presence of halogens
(Sun et al., 2016). Some studies reported the occurrence of Hg isotopic fraction between trophic levels
at the top of the food web (Perrot et al., 2015, 2010), as a result of metabolic transformation of Hg
compounds within organisms’ tissues (Tsui et al., 2019).

The odd-mass *°*Hg and ?**Hg and the even-mass ?°°Hg and 2°*Hg isotopes undergo an additional
fractionation, which does not depend on mass differences: the mass-independent fractionation or

MIF. In the literature odd and even MIF are indicated with big delta (A) and are calculated as follows:

A"Hg ~ 9'°Hg — (8*°*Hgmeasured X 0.2520) (1.6)
A*Hg ~ 9*°Hg — (0*°?Hgmeasured x 0.5024) (1.7
A*'Hg ~ 9%°'Hg — (azozHgmeasured X 0.7520) (1.8
A*Hg ~ 9%°*Hg — (azozHgmeasured X 1.4930) (1.9)
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Two mass-independent mechanisms are responsible for causing MIF: the nuclear field shift effect
(NFS) and the magnetic isotope effect (MIE) (Buchachenko, 2013). A third minor mechanism has
been recently observed: the self-shielding effect (SSE) (Obrist et al., 2018; Renedo, 2017).

NFS depends on the nuclear volume and nuclear charge radius. It is associated to the fact that odd
isotopes are smaller than even ones (Yang and Liu, 2016). This leads to a higher nuclear charge
density that influences the basal energy of the atom and its reactivity in chemical reactions (Yang and
Liu, 2016). MIE is induced by light exposure. Nuclides with an odd number of protons and neutrons
are characterized by a non-zero nuclear spin that induces a magnetic moment in the nuclei during
kinetic reactions (Buchachenko, 2001). The resulting radicals can undergo spin conversion and will
more likely recombine, causing additional fractionation (the resulting MIF) (Buchachenko, 2009). On
the other hand, even isotopes will lead to the production of radicals without magnetic nuclei that will
directly become the products (Buchachenko, 2009).

The potential mechanisms causing even MIF have not been identified yet: one possibility is that they
are related to oxidation of Hg® by halogen radicals in the atmosphere (Sun et al., 2016). However,
SSE was recently observed and associated with even MIF (Cai and Chen, 2015). Mead et al. (2013)
suggested that this mechanism could be linked to Hg structure and its capacity of light absorption.
Briefly, the different abundance and mass of the seven Hg isotopes lead to a different behavior during
photo-excitation by light absorption (Mead et al., 2013). Because of their higher mass and abundance,
isotopes like 2°°Hg and 2°“Hg will be capable of “shielding” themselves and attenuate photo-excitation,
while rare Hg isotopes like *Hg will be more easily photo-excited inducing an unusual isotopic
fractionation that does not depend on mass (Mead et al., 2013).

Primary Hg sources are generally associated with near-zero odd MIF. NVF usually causes relatively
small MIF, whereas the largest odd MIF signatures are associated with MIE by photochemical
reactions (Obrist et al., 2018). Photochemical demethylation of MeHg to Hg® can lead to a large
enrichment of odd-mass Hg isotopes in the residual MeHg that is preserved along the aquatic food
chain (Bergquist and Blum, 2007a). On the other hand, photo-reduction of Hg?* complexes in snow
was shown to lead to large depletions of odd-mass isotopes in residual snow (Sherman et al., 2010).
Even MIF has recently been observed mainly in atmospheric samples (up to +1.24%o) (Cai and Chen,
2015). Research has demonstrated that the 200 and 204 even MIF are often opposite: Hg?* in
precipitation usually present positive A?°°Hg values and concurrent negative A?**Hg, while the
complementary pool of atmospheric Hg® shows negative A?°°Hg and concurrent positive A?%“Hg
(Obrist et al., 2018).
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3.3. Hg MDF and MIF in marine ecosystems and predators

Since Hg stable isotopes undergo MDF and MIF as a consequence of biotic and abiotic processes
occurring in the environment, they reflect a perfect tracer of Hg sourcing in the marine ecosystem and
dynamics within the food web (Tsui et al., 2019). In the last twenty years the numbers of publications
on the application of in vivo Hg stable isotopes analysis has quadrupled (Meng et al., 2020).
Because A®°Hg and A2°Hg values are not influenced by organisms’ metabolism and do not change
from one trophic level to the other, they can be successfully use to trace MeHg or Hg?* sources from
the environment even in apex predators (Cransveld et al., 2017; Kwon et al., 2014; Le Croizier et al.,
2020). For example, Hg MIF measured in fish tissues have efficiently helped separating MeHg source
in these animals based on their habitat and distribution. In coastal/estuarine areas in the Gulf of
Mexico, San Francisco Bay or in Norwegian fjords, A*°*Hg values range between 0.6 and 1.0%o
(Bolea-Fernandez et al., 2019; Gehrke et al., 2011; Kwon et al., 2014; Perrot et al., 2019; Senn et al.,
2010). Offshore fish and sharks from the Pacific and Indian Oceans present instead A'®°Hg values
between 2.5 to 5.5%o0 (Blum et al., 2013; Le Croizier et al., 2020; Motta et al., 2019). Blum et al. (2013)
observed a vertical gradient in the water column, with sub-surface pelagic fish showing higher A**Hg
values than deep species feeding below the photic zone (Blum et al., 2013).

Also the source of Hg?* from which MeHg is produced can influence A*°Hg values (Tsui et al., 2019).
Hg?* derived from dry deposition can be imprinted with slightly negative A®°*Hg (Zheng et al., 2016),
Hg?* from industrial sources can have near-zero A*°Hg (Lepak et al., 2015; Wiederhold et al., 2015)
and Hg# from wet deposition (e.g., into large lakes and ocean) can have variable positive A%°Hg
(Gratz et al., 2010).

Also Hg MDF (mostly represented by §2°2Hg) reflects the Hg isotope values of MeHg in the ambient
environment and can be used to study Hg biochemical cycling in the marine ecosystem (Tsui et al.,
2019). However, since Hg MDF is caused by a large number of processes, the range of 5?°?Hg values
found in aquatic ecosystems is very wide (-2 to 1.5%o) and their interpretation remains quite complex
(Yin et al., 2014). In addition, the general consensus today is that significant prey-predator Hg MDF
may occur in the higher trophic levels of food webs, so that 3?°?Hg values can also be used to trace
food web Hg trophic transfer in these species (Perrot et al., 2010; Tsui et al., 2019). In the same way,
MDF can occur during Hg uptake and metabolism (transfer, transformation and excretion) within
seabirds, marine mammals and fish (Feng et al., 2015; Man et al., 2019; Pinzone et al., 2021a; Wang
and Tan, 2019). MeHg demethylation it is recognized as the most important mechanism of internal
Hg MDF in different organs. MDF preferentially involves lighter Hg isotopes and generates newly
formed iHg having a lower 52%Hg (Perrot et al., 2015). The remaining non demethylated MeHg will
then have a higher 5?°2Hg compared to the initially bioaccumulated MeHg (Perrot et al., 2015; Renedo
et al., 2021). The extension of Hg MDF can change based on Hg environmental levels (Pinzone et

al., 2021a) or animals’ age, as it was shown between adult and young pilot whales (Li et al., 2020).
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Knowledge Gaps

Extensive literature exists on the application of C, N, S and Hg stable isotopes to study marine
predators’ trophic ecology and Hg sources. With regards to Hg stable isotopes, several works focused
on Northern marine mammals, including the Baikal seal, ringed seal from Alaska, beluga whales and
polar bears from the Pacific Arctic, and North Atlantic pilot whales (Bolea-Fernandez et al., 2019; Li
et al., 2020; Masbou et al., 2018, 2015a; Perrot et al., 2015, 2012). These works confirmed that the
application of Hg stable isotopes is the future of Hg contamination analysis in Arctic marine wildlife.
At the same time however, such research demonstrated how the interpretation of isotopic data cannot
be overly simplified. They showed how Hg MIF and MDF might be caused by intrinsic factors (e.qg.
age, diet, etc.) in one species, while being influenced by external factors (e.g. sea-ice, riverine run-
off, temperatures, etc.) in another.

There is a blatant need for additional studies on physiologically complex animals like marine
mammals. This is especially true when considering how much Arctic marine mammals like true seals

seem affected by changes in local Hg pollution and cycling, as a result of ongoing climate change.
— Chapter 3

— Chapter 4
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Chapter 2
General Material & Methods




1. MODEL SPECIES

The bio-indicator models we selected for this study are the hooded seal Cystophora cristata (Erxleben

1777), harp seal Pagophilus groenlandicus (Erxleben 1777) and ringed seal Pusa hispida (Schreber

1775), because:

- they are the three most common true seals (Phocidae) in our sampling area, the Greenland Sea,;

- they are marine tertiary predators, representing the perfect link between the lower trophic levels
they feed upon and Arctic apex predators for which they constitute the most important food source;

- they show completely different trophic ecologies, distribution and physiological adaptations (Table

2.1), and are presently being harvested by both traditional and commercial hunters.

Table 2.1 Summary of morphological, ecological and distribution characteristics of our bio-indicators.
When possible, numerical data are presented as average (max recoded value). Information extracted by:
Bengtsson et al., 2020; Blix, 2005; Born et al., 2004, 1998; Folkow et al., 2010, 2004; Hammill and Smith, 1991; Haug
et al., 2017a; Kovacs, 2018, 2015; Lavigne, 2018; Lindstrem et al., 2013; Lydersen et al., 1997; Matley et al., 2015;

Potelev et al., 2014; Reeves, 2014; Rosing-Asvid, 2010; Siegstad et al., 2014; Teilmann et al., 1999.

Hooded seal
Cystophora cristata ( Ce)

Morphology
Male: 260cm (271cm}), 300kg (461kg);
Females: 220m, 200kg;
Newborns: 100cm, 23 to 35kg;

Fur at birth: post-natal hair (shedding after 2
years);

Breeding: March, drifting pack-ice of the
Westlce;

Lactation: 4 days, 10L milk / day, pups gain
7 kag/day,

Weaning: 2 weeks;
Diving depth: 700m (1200m)
Diet:

+ Adults: Greenland halibut, batoids (rays,
etc.), caffish, cod, redfish Sebastes spp.,
squids and blue whiting Micromesistius
poutassou,

* Pups:small fish such as capelin, herring
and polar cod, along with squids and
amphipods Themisto spp..

Distribution: Arctic, sub-Arctic, North-
Atlantic Ocean

Status: protected since 2016

Harp seal
Pagophilus groenlandicus (Pg)

Morphology
Male: 170cm, 135kg;
Females: 170cm, 120kg;
Newborns: 80cm, 11kg;

Fur at birth: lanugo (shedding after 3
weeks);

Breeding: March — April , drifting pack-ice of
the WestIce;

Lactation: 12 days, pups gain 2.2 kg/day;

Weaning: 6 weeks;
Diving depth: 50m (300m)
Diet:

+ Adults: capelin Mallotfus viflosus, sandeel
Ammodytes sp., polar cod Boreogadus
salida and arctic cod Arcfogadus glacialls,
etc;

+ Pups:invertebrates like Euphausiids
Thyanoessa spp. and pelagic Amphipods
Parathemisto spp.

Distribution: Arctic, sub-Arctic, North-
Atlantic Ocean

Status: Not protected

Ringed seal
Pusa hispida (Ph)

LEAST ., [T —
A » . =

Merphology
Adults: 110 to 160cm, 50 to 110kg;
Newborns: 65cm, 4.5kg;

Fur at birth: lanugo (shedding after 2to 3
weeks);

Breeding: April, fast-ice, Scoresby Sound,
King Oscar Fjord;

Lactation: 6 to 7 weeks, pups gain up to
0.4kg kg/day;

Weaning: 2 to 3 weeks;

Diving depth: <50m (200m)

Diet:

» Adults: pelagic amphipods; polar cod
Boreogadus saida, Arctic cod Arcfogadus
glactalis, and more temperate species like
capelin Mallotus viflosus and redfish
Sebastes spp.;

= Pups: small fish such as capelin, herring
and polar cod, along with squids and
amphipods Themisto spp..

Distribution: Arctic, fjords of Greenland Sea

Status: Not protected
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1.1. The hooded seal

The hooded seal Cystophora cristata derives its name from the inflatable nasal sac which is
developed only in males (Jefferson et al., 2015). This sac reaches full size only at sexual maturity and
is used for display during courtship fighting (Blix, 2005). Adult hooded seals are silver grey in color,
with the face usually black and irregular black spots all over the body (Kovacs, 2018). Pups’ pelage
instead is blue on the back and silver-grey on the belly (Kovacs, 2018).

Hooded seals occur in the North Atlantic, Arctic and subarctic waters (Figure 2.1). Three distinct
subpopulations are recognized: one is located in the Canadian waters, one in the Davis Strait and
one in the Greenland Sea (West of Jan Mayen Island) (Kovacs, 2016). There is interchange between
the seals from Eastern and Western Greenland outside of breeding and molting season, but it varies
a lot from year to year. Genetically, the hooded seal is considered as a panmictic population (Coltman
et al., 2007).

The Greenland Sea subpopulation breeds on the drifting pack of the West Ice. Females congregate
at the breeding grounds from mid-March (Vacquie-Garcia et al., 2017). Births occur between the
space of 2 to 3 days around the end of March. Pups are born in an advanced developmental stage
as they have already deposited a thin layer of blubber (= 2 cm) and shed their lanugo in uterus (BIix,
2005; Kovacs, 2018).

Whelping (March - April)
% Moulting (June - July)

— April = June

» July = March

Figure 2.1. Hooded seal C. cristata distribution and range. Black arrows represent spring hunting, while
grey ones represent fall/winter hunting. Molting areas are represented by horizontal lines, whelping
/’breeding” grounds are checkered. Reproduced from nammco.no.
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Hooded seal present the shortest period of lactation among all mammals (4 days only) (Lydersen et
al., 1997). Mating takes place immediately after suckling period (Rosing-Asvid, 2010). Weaned pups
will fast on ice for 2 weeks, relying on their blubber body reserves, before going to the water and learn
how to swim, dive and forage (Folkow et al., 2010). Afterwards, adults head North of their respective
breeding areas for the annual molt in the Fram Strait and then continue their migration to feeding
areas (Garde, 2013).

The majority of hooded seals undertake very long hunting migrations: some of them migrate along
the coast of Eastern Greenland reaching also the Blosseville Coast and Iceland (Vacquie-Garcia et
al., 2017). Others swim East to Svalbard, the Faroe Island, the Norwegian coasts and the Shetland
areas. On occasion, subadults of hooded seals are spotted in the North Sea, the French coast
(Calais), down to Portugal and the Mediterranean Sea (Andersen et al., 2009; Folkow et al., 1996).
Adult hooded seals are specialized bentho-pelagic divers, exploiting the continental slope (Rosing-
Asvid, 2010). Pups instead find most of their food in upper water layers (Folkow et al., 2010).

Today the total hooded seal population size consists approximately of 675 000 individuals, showing
an important decrease in the last 15 years. The hooded seal population of the Greenland Sea has
decreased by 43 % (3.7 % decrease / year) over the same time span (Kovacs, 2016). The first large
estimate was conducted in 1946 and counted 1 136 055 individuals. The last survey in 2019 counted
77 300 (95 % CI: 60 100 — 94 600) (ICES, 2019). This stock is less than 10 % of its abundance
observed 60 years ago (Jigard et al., 2014). Overhunting was clearly involved in the collapse of this
stock as quotas were being set for a population size much larger than it actually was (Stenson, 2014).
Total catches in the 50s comprised between 40 000 and 50 000 individuals, in the 2000s between
1000 and 7000, in 2019 only 23 seals (from Norway) (ICES, 2019).

1.2. The harp seal

The Harp seal Pagophilus groenlandicus does not show a strong sexual dimorphism. Both males and
females are silver grey with a black face and a black harp-shaped marking on the back. Pups are
born with a white/yellowish coat (lanugo) that they keep for 2 to 4 weeks, before going through a
series of pelts (Blix, 2005).

Harp seals inhabit the North Atlantic and Arctic Oceans, from Northern Russia to Eastern Canada
and the United States (Figure 2.2). Three distinct subpopulations are recognized: one is located in
the White Sea in Russia, one on the West Ice in the Greenland Sea, one in the Northwest Atlantic
(Lavigne, 2018). They separate during breeding and molting, but their ranges overlap for the rest of
the year. Genetic analysis revealed that the breeding groups in the Northwest Atlantic (Gulf of St.
Lawrence and the Front of Labrador and Newfoundland) are one group and that the animals that

breed in the White Sea and those in the Greenland Sea are another group (Kovacs, 2015).
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Figure 2.2. Harp seal P. groenlandicus range and distribution. Whelping patches are represented by green
polygons. Reproduced from nammco.co.

In the Greenland Sea, female and male harp seals congregate together from March to April on the
drifting pack-ice (Haug et al., 2017b). Birth occurs in vast herds, highly synchronized between the end
of March and the beginning of April. During nursing, pups deposit a 5cm blubber layer that allows him
to survive the post-weaning fast (Rosing-Asvid, 2010). After weaning, pups stay on ice for up to 6
weeks, losing up to half their body mass (Oftedal et al., 1996; Storeheier and Nordgy, 2001). At the
beginning they are helpless, but they learn gradually to swim and catch food (Malde, 2019). The
development of these capacities is in line with the shredding of lanugo and the growth of greyish and
black-spotted postnatal hair (Malde, 2019). This is lost only during molting season of their second
year of life. At sexual maturity the seals get a black pattern on their back (saddlebacks) which
develops to a clear harp-shaped spot in older adults (Lavigne, 2018). Females mate immediately after
weaning and leave shortly after to replenish body mass lost during nursing. Males migrate directly to
molting grounds. Males start molting around mid-May, while females around July (Haug et al., 2013,
2004). After molting, the large majority of the Greenland Sea stock migrates to the Barents Sea, where
they remain until fall. However, some individuals go to Svalbard or all the way to the Kara Sea (Russia,
Figure 2.2) (Haug et al., 2004, Lindstrgm et al., 2013; Potelev et al., 2014). Harp Seals are generalist
pelagic hunters that remain within the continental shelf area, with recorded dives of around 20 minutes

in winter, and 2 to 15 minutes in summer (Folkow et al., 2004; Rosing-Asvid, 2010).
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The global estimate for harp seal numbers is close to 9 million animals, making the harp seal the most
abundant pinniped species in the Northern hemisphere (Kovacs, 2015). The breeding group in the
West Ice near Jan Mayen counts 426 808 (95 % CI: 313 005 — 540 612) with a pup production of 66
407 (95 % CI: 51 605 — 81 209) per year (Haug et al., 2006; Jigard et al., 2009). Total allowable catch
(TAC) was around 6 000 in 2019 (Biuw et al., 2018). In the Greenland Sea the latest 2019 WGHARP
report shows that the rate of increase is considerably lower than previous estimates, with estimated

abundances being stable or slightly decreasing since the early 2000s (ICES, 2019).

1.3. The ringed seal

The Ringed seal Pusa hispida is the smallest of all phocids (Reeves, 2014; Rosing-Asvid, 2010).
There are currently five recognized subspecies of ringed seal (Figure 2.3): the circumpolar Arctic
Ringed Seal (P. h. hispida), the Okhotsk Ringed Seal (P. h. ochotensis), the Baltic Ringed Seal (P. h.
botnica), the Ladoga Seal (P. h. ladogensis), and the Saimaa Seal (P. h. saimensis) (Lowry, 2016).
The genus name has been recently changed from Phoca to Pusa, but it not yet fully recognized,

mostly because of contrasting molecular and genetic works (Lowry, 2016).

Figure 2.3. Ringed seal P. hispida distribution and range. The colors represent the five recognized
subpopulations of this species around the Northern hemisphere. Reproduced from nammco.no.
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During breeding periods, ringed seals create breeding lairs comprising a cave dug into a snowdrift
(Stirling and Smith, 2004). They also have to create breathing holes in the ice that can be even 2 m
thick, in order to ensure continuous access to food and protection from predators like polar bears
(Hammill and Smith, 1991; Kelly et al., 2010). There is a large variability in pups’ size at weaning
across the entire Arctic distribution (Blix, 2005). Mating is believed to take place after weaning.
However, the distribution of adults after mating vary greatly. Some remain within the fjords year-round,
some venture in the Greenland Sea towards the Fram Strait and Svalbard, following the ice-packs
(Freitas et al., 2008; B. P. Kelly et al., 2010). Molting occurs over several months: end of April to mid-
June with peak in May for pups, mid-May to mid-July with peak in June for adults (Carlens et al., 2006;
Lowry, 2016).

Ringed seals are considered mostly as generalist and sympagic feeders that feed under the ice or in
the upper part of the water column (Born et al., 2004; Teilmann et al., 1999). Prey choice might change
with season and geographic region (Bengtsson et al., 2020; Matley et al., 2015).

The worldwide population size and trend of ringed seals is not accurately known. Estimates of circa
1 450 000 seals for the entire Arctic population were proposed by the 2016 IUCN Red List, with the
global population size reaching over 3 million animals (Lowry, 2016). Extremely scattered information
is available for ringed seals in the Greenland Sea because of the vast geographic area occupied by
the species (Ferguson et al., 2005). The latest count along the East coast of Greenland was
conducted in 1984, within Scgrensby Sound and King Oscar Fjords (Born et al., 1998). They
measured nearly 30 000 seals, mostly on ridged 1-year-old ice covered with snow. Because of their
distribution ringed seals can be hunted year-round, even during the dark months. As such, this is the
most consumed species by Northern peoples. There are no national restrictions on seal hunting in
Greenland: the general annual harvest averaged 79 206 seals between 1993 and 2009 (Cumming,
2015). In the Scoresby Sound catch statistics reported an average of 5 380 seals hunted per year in
2015, and 7 567 seals in 2018 (NAMMCO catches database).

2. SAMPLING SITE

The study area covers the Atlantic sector of the Arctic Ocean: the Greenland Sea, the Norwegian
Sea, the Barents Sea, The Denmark Strait and the Fram Strait (Figure 2.4). The colors represented
in this figure will be used throughout the entire manuscript: blue for hooded seals, red for harp seals
and green for ringed seals.

Sampling was conducted along the breeding and molting grounds of the Eastern coast of Greenland.
Hooded and harp seals were sampled offshore, on the drift ice. Ringed seals were sampled on land

fast ice in the Scoresby Sound: at Ittogqortoormiit and Kap Tobin specifically.
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Species

® Harp Seals
@ Ringed Seals
Hooded Seals 1500 2000 km

Figure 2.4. Sampling locations for all seals measured in this thesis. Harp seals are represented by green
dots; ringed seals are represented by red dots; hooded seals are represented by blue dots. Samples that
were taken at the same coordinates were grouped together and labelled with the total sample number. As
QGIS required coordinates in decimal degrees, initial latitude and longitude coordinates that were
recorded in the DMS (degrees, minutes, and seconds) format were converted using the formulae (Hours +
Minutes/60) and [(Hours + Minutes/60) * -1] respectively. Maps were created using QGIS software for
Windows platform (version 3.4.1-Madeira), downloaded from the QGIS programme website. Google
Satellite and its corresponding coordinate system was used as the base layer in all map figures.

3. ETHICAL STATEMENT

3.1. Captivity

Tissues from captive seals derives from several physiological studies at the University of Tromsg.
The captivity experiment was approved by the Norwegian Food Safety Authority (permit
n°2012/030044). The animal facility approved for such captivity experiment (Norwegian Animal
Research Authority, approval #089) was situated at the Department of Arctic and Marine Biology
(DAMB), UIT - The Arctic University of Tromsg (UiT). Experiments were undertaken under Norwegian
Animal Research Authority permit (no 5399, 5422 and 5843). Animals were primarily used for
experiments other than those reported here and tissues were harvested from them at the termination

of these (Alvira-Iraizoz and Nordgy, 2019; Geiseler et al., 2016).

45


https://qgis.org/en/site/forusers/download.html

3.2. In-situ harvesting

Hunting of free-ranging seals was conducted as part of an extensive scientific sampling program for
a number of studies that included toxicological, virologic and physiological investigations on the same
animals (Alvira-lraizoz and Nordgy, 2019; de la Vega et al., 2020; Hoff et al., 2017; Malde, 2019;
Pinzone et al., 2021b; Schots et al., 2017; Sonne et al., 2018). Permission for a limited scientific catch
(< 50 animals each year) of harp and hooded seals was obtained from the Ministry of Foreign Affairs
of Denmark (Utenrigsministeriet) in a verbal note (JTHAV J. nr. 12/1352 nr. 2017-1054 and nr. 2019-
9877) and from the Norwegian Directorate of Fisheries (letter ref. 17/497 and 18/14793). Adult seals
shooting was done in accordance to Norwegian Sealing Regulations (Forskrift for utgvelse av
selfangst i Vesterisen og @stisen: FOR-2003-02-11-151) (Norwegian Ministry of Trade and Industry,
2003). Seal pups capture and also followed the protocol in accordance with the Norwegian Animal
Welfare Act (LOV-2018-06-15-38, §12) (Norwegian Ministry of Agriculture and Food, 2009), Directive
2010/63/EU of the European Parliament (CELEX 32010L0063, Annex IV) (European Parlament and
The Council, 2010) and Norwegian Regulations for Use of Animals in Research (FOR-2017-04-05-
451, Appendix C) (National legislation - NORWAY, 2017).

4. SAMPLING

4.1. Partners
Samples were gathered thanks to the collaboration of several partners (Table 2.2):

- Tissue bank samples

Ringed, hooded and harp seals harvested between 1985 and 2018 were accessed at Aarhus
University (Roskilde, Denmark) in collaboration with Prof. Rune Dietz, Prof. Christian Sonne, Dr. Igor
Eulaers and Dr. Jean-Pierre Desforges and the AMAP assessment program. Hooded and harp seals
harvested between 2000 and 2010 were accessed at the Institute of Marine Research (IMR, Tromsg,
Norway) in collaboration with Dr. Tore Haug.

- Free-ranging seals

Harp and hooded seals harvested from 2017 to 2019 were accessed in-situ thanks to the collaboration

with Prof. Erling S. Nordgy from (UiT, Tromsg, Norway).

- Captive seals
Samples of tissues from captive hooded seal pups were accessed thanks to the collaboration with Dr.

Mario Aquarone and Prof. Lars Folkow from (UiT, Tromsg, Norway).
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Table 2.2. Sampling design for our 3 model species. The sampling year, area, technic and collaboration are
reported. The number of sampled seals (n) is shown as N AdM, N AdF, N SubAd, N Yea (total N for the
year). AAM = Adult male, AdF = Adult Female, SubAd = Subadult, Yea = Yearling. GLGs = Growth Layer

Groups counting. Details about collaborations are given in paragraph 4.1 (page 8).

Year n Area Technic Aging Collaboration
Hooded seal Cystophora cristata

1985 0,0,2,9(11) Ammassalik — Denmark Strait Tissue Bank GLGs Aarhus University
1987 2,4,3,2(11) Ammassalik — Denmark Strait Tissue Bank GLGs Aarhus University
2001 7,4,18,1(30) West Ice — Greenland Sea Tissue Bank GLGs IMR

2002 1,1,5,1(8) West Ice — Greenland Sea Tissue Bank GLGs IMR

2007 11,17, 6, 9 (43) West Ice — Greenland Sea Tissue Bank GLGs IMR

2008 1,2,17,0 (20) West Ice — Greenland Sea Tissue Bank GLGs IMR

2014 0,0,6,0(6) UIT facilities Captive seals Standard length UiT

2015 0,5,0,0(5) West Ice — Greenland Sea Tissue Bank Standard length Aarhus University
2017 1,0,3,4(8) West Ice — Greenland Sea Free-ranging seals Standard length uiT

2018 1,5,0,5(11) West Ice — Greenland Sea Free-ranging seals Standard length uiT

2019 5,0,0,0(5) West Ice — Greenland Sea Free-ranging seals Standard length uiT

TOT 158

Ringed seal Pusa hispida

1985 0,4,8,0(12) Ammassalik — Denmark Strait Tissue Bank GLGs Aarhus University
1987 3,0,0,0(3) Ammassalik — Denmark Strait Tissue Bank GLGs Aarhus University
1994 6, 5,11, 1 (23) Ammassalik — Denmark Strait Tissue Bank GLGs Aarhus University
2000 4,6,8,0(18) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2002 5,7,10,5 (27) Greenland Sea — Scoresby Sound Tissue Bank GLGs IMR / Aarhus University / AMAP
2004 6,3,8,0(17) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2006 9,8,6,0(23) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2008 6,5,9, 0(20) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2010 6,12, 11, 1 (30) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2012 7,8,15,2(32) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2014 6, 6, 6, 0 (18) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2016 5,2,9,3(19) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
2018 5,5, 10, 0 (20) Ittoggortoormiit — Scoresby Sound Tissue Bank GLGs Aarhus University / AMAP
TOT 262

Harp seal Pagophilus groenlandicus
2001 7,3,12,0(22) West Ice — Denmark Strait Tissue Bank GLGs IMR
2015 5,0,0,3(8) West Ice — Greenland Sea Tissue Bank GLGs Aarhus University / AMAP
2017 1,1, 3,5(10) West Ice — Greenland Sea Free-ranging seals Pelage UiT
2018 0,9,0, 14 (23) West Ice — Greenland Sea Free-ranging seals Pelage UiT
TOT 63
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4.2. Seals in captivity

Eight hooded seal newborns were captured in March 2012 on the whelping grounds along the pack-
ice of the Greenland Sea, North-West of Jan Mayen Island. Sampling was conducted during a
research cruise with R/V Helmer Hanssen. Seals were captured with the use of a hoop-net and
brought onboard, where they were kept in 1.5 by 2.5 m pens during the transit back to Tromsg
(Norway). The captivity experiment was situated at the Department of Arctic and Marine Biology
(DAMB), UIT - the Arctic University of Tromsg (UiT) (Figure 2.5). For 2 years, all seals were fed on a
constant diet of freshly frozen, thawed Norwegian Spring Spawning herring Clupea harengus, in
guantities appropriate for the sustainment of a correct development and a natural growth curve based
on animals’ mass (2kg / animal per day) (Gentry and Holt, 1982). In this regard, food was also
supplemented with a vitamin complex (Seatabs MA lIl, Pacific Research Labs, Inc., Vashon Island,
WA, USA). Herring were purchased from the same company each year (Pelagia — Seafood from
Norway, MSC-C-50933, FAO 27): they were thus sampled in the same area (Northeast Atlantic), in
the same period (February to March), following the same protocol for both fishing and storing
conditions (https://pelagia.com/products/spring-spawning-herring/). All fish used for the experiment

belonged to the same length range (25 to 30 cm). The indoor light regime simulated that of outdoor
natural light-darkness cycles at 70°N latitude. Seals were maintained in two indoor 40 000 L (1.5 m
deep) seawater pools with a wooden ledge along one side on which the animals could haul out at will.
Two seals (K5 and K6) were euthanized after 1 year (March 2013) for other physiological studies at
the UiT; and were not available for our analysis. The remaining 6 seals were euthanized in 2015 and
different organs were collected for analysis.
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Figure 2.5. Hooded seal C. cristata feeding. Feeding occurred twice a day. Each animal was called out of
the water and fed with ca. 1kg of Norwegian spawning herring C. harengus (n = 4 fish per seal). Vitamins
were added in the mouth of each herring before feeding.
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At the termination of those experiments, the seals were euthanized in accordance with a permit issued
by the National Animal Research Authority of Norway (NARA permit no. 5399, 5422 and 5843): the
seals were sedated by intramuscular injection of zolazepam/tiletamine (Zoletil Forte Vet., Virbac S.A.,
France; 1.5 to 2.0 mg kg body mass), then anaesthetized using an endotracheal tube to ventilate
lungs with 2 to 3 % isoflurane (Forene, Abbott, Germany) in air. When fully anaesthetized, they were
euthanized by exsanguination via the carotid arteries.

Muscle, liver, kidney, whole blood and hair of hooded seals and herring (entire fish, n = 15 in 2014
and n = 15 in 2018) were collected after dissection and stored in the freezers of the Department of

Arctic Marine Biology at UiT.

4.3. Tissue bank sampling

Sampling from tissue banks was conducted over several missions in Denmark and Norway. Hooded
and harp seal samples were collected at the Institute of Marine Research (IMR) in Tromsg (Norway),
in April 2018. Ringed seal tissues were mostly collected at Aarhus University (Denmark) in November
2017, May 2018 and February 2019.

Tissue bank samples of muscle, hair, kidney and liver were stored at -30°C. Once unfrozen, around
10 g of tissue were extracted from each tissue-bank specimen, with the use of a sterilized stainless-
steel scalpel. The sample was then rinsed with milliQ water to eliminate remaining blood. Samples

were stored in Minigrip® polyethylene plastic bags and stored again at -30°C.

4.4. Free-ranging seals

Sampling of seals was conducted on the pack-ice of the Greenland Sea (69°10'N/16°36'W to
71°15’N/19°44’'W, Figure 2.4) onboard of the university vessel RV “Helmer Hanssen” and in
collaboration with Prof. Erling S. Nordgy from the AMB Department of UiT. Fieldwork occurred during

the breeding season of harp and hooded seals three consecutive years:

- from the 6™ and the 19" of April 2017,
- from the 19" of March to the 2" of April 2018, and
- from the 15™ to the 30" of March 2019.

Adult and subadult seals were shot to the head from the bow of the ship using 6.5 x 55 mm expanding
ammunition causing immediate death. They were subsequently brought on board with the help of a
metallic crane, before bleeding of arterial veins of the front flippers. Seal pups were caught on the ice

and sedated with an intramuscular (I.M.) injection of Zoletil Forte Vet. (100 mg ml?! — tiletamine /
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zolazepam — 2.0 to 2.5 mg kgt). They were further catheterized into the extradural-intervertebral vein
onboard the ship, to inject a lethal dose of pentobarbital (15 to 20 mg kg™?).

After death, each seal was weighted. Adults and subadults were weighted using the metal crane,
whereas pups were put again in the hoop-net and weighted onboard. The weight of the net was
measured every three or four animals and then subtracted to obtain seal net body mass. Standard
length was measured keeping the meter in a straight line from the nose to the tip of the tale. For the
measurement of the Curvilinear (“Zoological”) length instead the meter would follow the dorsal contour
of the animal. Other information was additionally recorded like the girth, namely the pectoral body
circumference (under the flippers), the sex, sampling date, position, air temperature, ice type and sea
depth (Table 2.3).

Table 2.3. Biometric information of hooded, ringed and harp seals analyzed in this work. Data of standard
length (SL, in cm), girth (in cm), body mass (BM, in kg) and blubber thickness (BT, in mm) are reported
by age groups: AdF, Adult Females; AdM, Adult Males; SubAd, subadults; Yea, Yearlings. Data are shown
as Average (Median) + Standard Deviation, (Min — Max) n.

Age group SL (cm) Girth (cm) BM (kg) BT (mm)
Hooded seal
AdF 181 (187) + 27 126 (128) + 21 146 (145) + 50 36 (34) £ 50
N =38 (101 - 220) 34 (65-173) 33 (20 - 250) 36 (18 - 69) 31
AdM 213 (220) £ 24 152 (154) + 16 214 (220) £ 50 51 (50) + 13
N =29 (119 - 235) 29 (86 - 175) 29 (47 - 300) 29 (47 - 300) 29
SubAd 139 (138) + 21 101 (100) + 16 68 (56) + 33 30 (29)+ 11
N =54 (104 - 204 54 (75 - 154) 54 (28 - 194) 53 (10 - 57) 49
Yea 106 (104) + 17 81(79)+ 14 35(32)+ 18 32 (30)+ 13
N =33 (87 - 169) 33 (57 - 120) 31 (18 - 109) 32 (15-74)19
Harp seal
AdF 165 (162) + 9 125 (123) + 11 126 (125) + 27 49 (50) + 12
N =17 (66 - 180) 17 (57 - 143) 13 (16 - 168) 16 (10 - 70) 16
AdM 170 (169) + 10 131 (127) + 13 125 (123) + 27 46 (43) 9
N=9 (154 - 186) 9 (118 -158) 9 91-174)9 (37-65)9
SubAd 138 (140) + 16 103 (103) + 12 67 (69) + 20 40 (38)+ 7
N =15 (112 -167) 15 (80-132) 15 (37-119) 15 (27 - 54) 15
Yea 92 (95)+ 7 77 (78) £ 12 26 (27)+7 42 (40) + 15
N =19 (79 - 104) 19 (56 - 95) 17 (11-37) 18 (14 - 80) 16
Ringed seal
AdF 114 (112) + 10 99 (94) + 11 50 (49) + 14 40 (40) + 8
N =59 (85 - 140) 59 (84 - 120) 10 (34-70)11 (20 - 61) 46
AdM 122 (122) + 11 75 (100) + 7 42 (50) £ 7 40 (40) £ 11
N =60 (102 - 146) 60 (86 - 110) 13 (37 -61) 13 (20 - 70) 50
SubAd 109 (109) + 13 78 (78) 6 25(23)+6 37 (40) £ 7
N =98 (81 - 150) 98 (70 - 87) 13 (17 - 35) 13 (25 - 56) 80
Yea 90 (88) + 15 15(72)+ 4 28 (18) + 2 34 (35)+5
N=12 (66 -117) 12 (67-76)5 (16-21)5 (27 - 40) 11

50



Dissection of each seal was conducted on the bridge of the vessel. Once tissues were extracted they
were brought in the wet lab where they were weighted and rinsed with mineralized water to remove
the blood. The origin of the sample was chosen in compliance with standard dissection protocols for
marine mammals (IJsseldijk et al., 2020; Jauniaux et al., 2002). Muscle and hair were systematically
sampled on the left ventral side of the animal; whereas liver and kidney were sampled from the left
bottom lobe. Around 10 g of tissue were cut out and stored in Sarstedt polyethylene plastic bags (PP
— 60/85 mm, several dimensions) that were previously labelled. We also collected brain, lung, heart,
mammalian gland, blubber, umbilical cord, blood, spleen and milk. All samples were stored on board
in -20°C freezers.

During each dissection stomach content was investigated for the presence of prey, macro-plastics
and parasites (Pinzone et al., 2021b). Once back in Tromsg, samples were stored in the freezers
of the Department of Arctic Marine Biology at UiT.

After all fieldworks (tissue bank, captivity and in-situ harvesting), samples were transferred to the
University of Liege (Belgium) in a 3 layers packaging, following the EU Commission Regulation N°
142/2011 for the import/export of animal by-products and derived products not intended for human
consumption (EU Commission, 2020; EU Parlament, 2009), the WHO regulations for the transport of
dangerous goods (UNECE, 2015) and infectious substances (WHO, 2015). Transport was done in
rigid and isolated foam boxes and kept at -20°C with the use of Techni Ice (ISO 9001, Techni Ice
Australia P/L).

5. SEALS AGING

Seals were separated in different age classes, adult males (“AdM”), adult females (“AdF”), subadults
(“SubAd”) and yearlings (“Yea”):

- Yea=0to1years old,

- SubAd = 1 to sexual maturity,

- Adults = from sexual maturity onwards.

Hooded seal males are believed to mature between 4 and 6 years of age, whereas females mature
between 3 and 5 years of age (Kovacs, 2018). Harp seals of both sexes mature between 6 and 8
years of age (Lavigne, 2018). In ringed seals instead, sexual maturity is reached between 3 to 5 years
of age in females and between 5 to 7 years of age in males (Hammill, 2018).

Because the large number of sampling partners, distinct age calculations were conducted: teeth

analysis, calculation via the standard length or visual estimation using pelages.
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5.1. Teeth analysis

The age of seals collected from tissue banks, was already available from previously published works
(Dietz et al., 2013, 2011; Rigét et al., 2011, 2005; Sonne et al., 2009b). It was performed following
Dietz et al. 1991 (Dietz et al., 1991), by counting annual layering in the cementum of the canine or
premolar teeth. Briefly, the canine teeth were extracted from the jaws after boiling (max. 10 minutes)
and placed in 5 % HNOs. Teeth were then store in 80 % alcohol to avoid splitting or cracking and
prevent bacterial growth, before being decalcified (Dietz et al., 1991). Prior to sectioning, they were
soaked for 24 hours in tap water to hydrate the alcohol-fixed tissue. Toluidine blue was used as the
staining agent during sectioning of the teeth. Age determination was then conducted counting the
growth layer groups (GLGs) of the cementum in the lower third of the tooth (Dietz et al., 1991).

For hooded, harp and ringed seals whose GLG-calculated age was not available, we used either the

standard length or the pelage’s type and coloring as explained hereby.

5.2. Standard length

We estimated the age of captive hooded seals using the two equations developed especially for this
species by Wiig in 1985 (Wiig, 1985):
for females: Ly = 200 (1 — g0-202 (x+0:61))0336 2.1)

for males: Lx=221.1 (1 — 0129 (w+0.61))0309 (2.2)

5.3. Pelage

We estimated the age of free-ranging harp seals looking at the type and color of their pelage (Figure
2.6). This technique allows an approximate and quick estimation of seal life stage in species where
the fur pattern shifts over time. Harp seal pups present a white-yellowish lanugo hair in the first 20
days of life (“whitecoats”). Between 20 and 30 days of life they start to shred the lanugo on their
pectoral flippers and head (“ragget jackets”) (Lavigne, 2018). After 30 days they usually present the
new post-natal hair on almost all the body (“beater”). In adult harp seals (> 5 years old), a harp-shaped

spot is clear on their back (Lavigne, 2018).

52



e A e, e - i

-
-~

Figure 2.6. Greenland Sea harp seal Pagophilus groenlandicus pelage types. Figure A shows pups at
different stages of lanugo shredding in their first weeks of life. Figure B shows the classic black head and
harp shape shown by adult individuals. Pictures credits: (A) Marianna Pinzone, 2017; (B) Fredrik
Markussen, 2018.

6. SAMPLES PREPARATION

The outer exposed tissue layer was cut away from thawed tissue samples to minimize possible
contamination and changes due to handling and storage. Between 6 and 10 g of thawed tissue
(muscle, liver, kidney, red blood cells and hair) were dissected using a ceramic knife (or scissors),
placed in plastic tubes and accurately weighted to the nearest 0.1 mg. Tubes were then placed at -
80°C overnight before freeze-drying for 48h (Alpha 1 - 4 LD plus, Christ, Germany). Liver and kidney
were freeze-dried longer due to their high fat content. Tubes were then weighted again to determine
the water content of each sample and the wet weight/dry weight ratio (Table A2.1).

Samples of hair were washed ultrasonically with reagent grade acetone (acetone for trace analysis 2
99.8 % purity, ARISTAR®, VWR) and were rinsed repeatedly with milliQ water (18.2 MQ cm™) to
remove exogenous contaminants, blood and fat residuals, according to the method recommended by
the International Atomic Energy Agency (Katz and Chatt, 1988):

- First bath: 10 minutes in milliQ water,

- Second bath: 10 minutes in acetone,

- Third bath: 10 minutes in milliQ water,

A second series of bath was given to samples particularly covered in blood and fat residues. A
maximum of 2 acetone baths were given because of its potential to alter the isotopic composition of
the samples. Hair samples were lyophilized for 24h.

Muscle, liver and kidney samples were ground to a fine powder using a ceramic mortar and pestle,

while hairs were cut with ceramic scissors in the smallest size possible.
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7. ANALYTHICAL TECHNICS

This part encompasses the technics used thorough the entire thesis. Details about specific sampling
or analysis will be presented separately in the following chapters.

7.1. THg concentrations

This analysis was conducted at the laboratory of Oceanology (ULiege). Total Hg (THg) concentrations
were determined directly on powder samples by atomic absorption spectroscopy (AAS) on a Tri-cell
Direct Mercury Analyzer 80 (DMA-80 evo, Milestone, Italy), in compliance with the US EPA 7473
protocol validated for biological solid samples and solutions. Depending on the tissue considered,
different quantities of material were loaded in quartz boats. All quantities were adapted to fall within a
specific range of Hg that fits the standard curves (5 to 30 ng or 100 to 300 ng Hg) and recorded to the
nearest 0.01 mg. Analysis’ quality assurance included using blanks (HCL 1 %), standard solutions
(100 ng Hg mlt, Merck) and certified reference materials (CRMs) at the beginning and end of each
batch: DORM-2, DOLT-3, NIES-13 (Table 2.4). THg recovery of CRMs ranged from 74 % to 118 %,

averaging 99.3 + 2.2 %. T-Hg concentration is expressed ng g dry weight (dw).

Table 2.4. CRMs and Hg Standard concentrations for the ensemble of THg analysis run in this work. THg
Results are expressed as mean + 1SD (standard deviation). Recovery % are given as Mean (MIN — MAX).
DOLT-3 and DORM-2 certified materials were obtained from the National Research Council of Canada
(CNRC), NIES-13 was obtained by the National Institute for Environmental Studies (NIES) of Japan.

Certified Measured

CRM Composition (ng g™ dw) n (ng g dw) Recovery %
DOLT-3 Tuna fish liver 3370 £ 140 12 3442 + 198 102 (93 - 110)
DORM-2 Tuna fish muscle 4640 + 260 28 4505 + 398 99 (85— 118)
NIES-13 Human hair 4420 + 200 12 4379 £ 404 99 (74 — 108)

Hg Standard 100 ng Hg ml-* 100 36 97+6 97 (74 — 107)

7.2. Carbon, nitrogen and sulphur stable isotopes analysis

This analysis was conducted at the laboratory of Oceanology (ULiege). Freeze-dried samples were
weighed in tin capsules using a microbalance (accuracy 0.01 mg). In order to optimize the combustion
of the sample approximatively the same mass of tungsten was added in each capsule. Stable isotope
measurements were performed with an isotope ratio mass spectrometer (IsoPrimel00, Isoprime,

United Kingdom) coupled to an N-C-S elemental analyzer (Vario MICRO cube, Elementar, Germany)
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for automated analyses. Isotope ratios were expressed using the d notation (in parts per thousands,
%o), according to equation 1.3 (Chapter 1, §83).

As international standards used for correcting our isotope ratios were Vienna Pee Dee Belemnite (for
carbon), Atmospheric Air (for nitrogen) and Vienna Canyon Diablo Troilite (for Sulphur) (Table 2.5).
IAEA (International Atomic Energy Agency, Vienna, Austria) certified reference materials for sucrose
(IAEA-Cg; d'3C = -10.8 + 0.5%0; mean * standard deviation), ammonium sulphate (IAEA-Ni; 3N =
0.4 £ 0.2%0; mean + standard deviation) and silver sulphide (IAEA-S;; 5%S = -0.3%0) were used as
primary analytical standards. Sulphanilic acid (Sigma-Aldrich; 8'3C = -25.6 + 0.4%.; 8°N = -0.13 *
0.4%0; &°*S = 5.9 *+ 0.5%0; mean * standard deviation) was used as a secondary analytical standard.
Standard deviations on multiple batch repeat measurements of secondary and internal laboratory
standards analyzed interspersed with samples (one repeat of each standard every 12 analyses) were
0.2%o for 5*3C and 3N and 0.4%o for &%'S.

Table 2.5. Certified and measured 613C, §15N, §34S and C/N ratio of the primary and secondary standards
analysed in this work. Values are shown as mean + 1SD (standard deviation). Such information is given
separately for each batch analysed in Table A2.2.

Reference values

513C (%o) SN (%o) 534S (%o) CIN
IAEA-Ce- CH12H22011 (Sucrose) -10.80+ 0.5 - - -
IAEA-N;- (NH4)>SO04 - 0.40 + 0.2 - -
IAEA-S;- Ag2S - - -0.30 -
Sulphanilic Acid- CeH7NO3S -25.62+ 0.4 -0.13+0.5 5.87 £ 0.50 5.14

Measured values

513C (%o0) SN (%o) 534S (%eo) CIN
IAEA-Ce- CH12H22011 (Sucrose) -10.8+0.1 - - -
IAEA-N1- (NH4)2S04 - 04+0.1 - -
IAEA-S:- Ag2S - — -0.1+£0.5 -
Sulphanilic Acid- CeH7NO3S -258+0.2 -05+04 59+0.6 50£0.1

7.3. Hg speciation

This analysis was performed in collaboration with the IPREM (Institut Pluridisciplinaire de Recherche
sur 'Environnement et les Matériaux) of the University of Pau (UPPA) under the supervision of David

Amouroux and Emmanuel Tessier. Hg extraction was done with two different methods (Table 2.6):

- For hair, where the presence of keratin might give a strong matrix effect on both the digestion and
isotopic dilution processes, we conducted an acid digestion using nitric acid HNO3z-6N 50 %
(307mL H20mQ + 196mL HNO3 65 %, INSTRA quality);
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- For_the other tissues we conducted an alkaline digestion by tetramethylammonium hydroxide
TMAH 25 % ((CH3)sNOH in H20O, Sigma Aldrich).

Between 0.005 and 0.5 g were digested in 5 mL of reagent. The amount of sample to digest was
decided based on the previously measured THg concentrations. This allows to: (1) calculate the
volume to apply for the digestive solutions (TMAH or HNO3 6N) and (2) optimize the extraction of Hg
from the biological matrices. Solutions were left to rest overnight in digestion vials (CEM) at room
temperature.

Microwave assisted extraction was performed using a CEM MW system (Discover SP-D, CEM
Corporation) coupled to an autosampler Explorer 4872 96 (USA). The extraction was carried out in
CEM Pyrex vessels as follows:

- 1 minute of warming up to 75°C,
- 4 minutes at constant temperature with magnetic agitation to homogenise the samples, and

- 2 minutes of cooling with pressurized air.

Temperature was controlled continuously during the entire process, to avoid exceeding the 80 to
85°C. If needed, extracts very centrifuged (3 minutes at 2000rpm) after digestion, to separate
biological remains from the solutions. All samples were extracted in triplicates.

Prior to Hg species analyses, samples were derivatized at pH 4 by ethylating, using sodium tetraethyl
borate (NaBEts, 5 %). This was done in order to volatilize ethylated forms of Hg and extract in
isooctane by mechanical shaking using an orbital shaker during 20 minutes.

Hg species concentrations were quantified by species-specific isotopic dilution mass spectrometry
analysis (SIDMS) as previously described (Renedo et al., 2017b). More specifically, each sample was
spiked with known amounts of two isotope tracers (in this case *°iHg and *°*MeHg), to quantify the
natural isotopic abundance of the studied endogenous species (?%%iHg and 2°?MeHg) (Clémens et al.,
2012). Quantification was then conducted with the single-IDA method, based on the measurement of
the mixed isotope ratios (Clémens et al., 2012; Rodriguez-Gonzalez et al., 2005). Single-IDA model
consists on the specific measurement of Hg species separately (Table 2.6): only two isotopes are
considered for the quantification of each Hg species (R?%%/2%! for MeHg and R2°%/1° for iHg) (Renedo
et al., 2017b). The values obtained from the used CRMS and the QA/QC overview of the analysis did
not justify the use of IPD (Isotope Pattern Deconvolution). Spiking was conducted before digestion for

hair tissue (acid digestion), while for muscle, liver and kidney it was done afterwards.
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Table 2.6. Details of samples preparation for Hg speciation analysis with GC-ICPMS Trace Ultra GC. Volumes used during digestion, spiking and derivation
are presented in italic light grey, between brackets as ng mLl. TMAH: tetramethylammonium hydroxide; NaBEts = sodium tetraethyl borate; MMHg =
monomethyl-Hg; iHg = inorganic Hg.

Sample origin

Sample
content

Digestion

Isotopic spike

Time of spike

pH 4 derivation

Seals

Liver
Muscle
Kidney

Hair

Basic extraction
(4mL of TMAH)

Basic extraction
(4mL of TMAH)

Basic extraction
(4mL of TMAH)

Acid extraction
(5 mL of HNO3 6N)

40pL 2°TMMHg (1 ng mL?) + 30 uL 1°°iHg (25 ng mL™)
25uL 29PMMHg (25 ng mL") + 40 pL 1%°%iHg (1 ng mL?Y)

25uL ?°*MMHg (25 ng mL?) + 40 pL 1%%iHg (1 ng mL™)

75 - 200pL Mixed spike*
(**MMHg 50 ng mL* + *%Hg 12 5 ng mL™?)

After digestion
After digestion
After digestion

Before digestion

NaBEts, 5 % + 400 pL of isooctane
NaBEts, 5 % + 400 pL of isooctane

NaBEts, 5 % + 400 pL of isooctane

NaBEts, 5 % + 300 - 400 pL of
isooctane*

Herring

Muscle

Basic extraction
(4mL of TMAH)

20pL 29'MMHg (25 ng mL™") + 60 pL 1°°%iHg (1 ng mL?Y)

After digestion

NaBEts, 5 % + 400 pL of isooctane

ERM464-1

Tuna fish
Muscle

Acid extraction
(5 mL of HNO; 6N)

40pL 2°TMMHg (25 ng mL™) + 25 pL 199iHg (1 ng mL?Y)

After digestion

NaBEts, 5 % + 500 pL of isooctane

DOLT-4

Dogfish
Liver

Acid extraction
(5 mL of HNO3 6N)

30pL 2°'MMHg (25 ng mL™") + 50 pL 1%9%iHg (1 ng mL?Y)

After digestion

NaBEts, 5 % + 500 pL of isooctane

NIES-13

Human hair

Acid extraction
(5 mL of HNO3 6N)

630uL Mixed spike
(**MMHg 50 ng mL™* + *%Hg 12 5 ng mL™?)

Before digestion

NaBEts, 5 % + 500 pL of isooctane

Blank TMAH

Blank HNOs 6N

TMAH

HNOs 6N

Basic extraction
(4mL of TMAH)

Acid extraction
(5 mL of HNO3 6N)

5 L 19%Hg (1 ng mL™Y)

5 pL 1%%iHg (1 ng mL™Y)

After digestion

After digestion

NaBEts, 5 % + 400 uL of isooctane

NaBEts, 5 % + 400 pL of isooctane

* Based on THg concentrations measured with the DMA8O evo at ULiége.
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Hg species analysis was carried out by GC-ICPMS Trace Ultra GC equipped with a Triplus RSH
autosampler coupled to an ICP-MS XSeries Il (Thermo Scientific, USA) as detailed in previous works
(Renedo et al., 2017h).

The quality assurance protocol included the analysis of 3 replicates for each sample, the use of blanks
(Table 2.7) and CRMs with the same proportion of MMHg and iHg as our samples: ERM-464-1 (tuna
fish muscle, ERM®), DOLT-4 (dogfish liver, CNRC), and NIES-13 (Human hair, NIES). Quantification
of iHg was strongly affected by the matrix of the samples. Thus, all concentrations were corrected to

compensate extraction imperfection.

Table 2.7. Certified values for Hg species (MMHg and iHg) and THg levels and values obtained during
analysis with GC-ICPMS Trace Ultra GC. Hg concentrations are shown as mean + standard deviation in
ng g1 dry weight (dw). Recovery percentages are shown as Min — Max range in %.

CRM T smariee N Certlflec_i values Measure_d values Recovery
(ng.g* dw) (ng.g* dw) %
MMHg 5 1330 £ 120 1250 £+ 20 95 - 98
DOLT-4 iHg 5 1250 £ 110 1280 + 30 88 -90
THg 6 2580 = 220 2530 £ 50 67 -72
MMHg 6 5120 + 160 5000 = 30 93-94
ERM-464-1 iHg 6 120 + 60 190 + 20

THg 6 5240 + 100 5300 = 50 94 - 96
MMHg 9 3800 £ 400 3790 £ 110 99 - 101

NIES-13 iHg 9 620 + 40 631+3 101
THg 8 4420 + 200 4420 + 120 97 - 104

7.4. Mercury stable isotopes

Sample preparation and Hg stable isotopes analysis (SIA) were performed in collaboration with the
IPREM institute of the University of Pau (UPPA), under the supervision of David Amouroux and
Sylvain Bérail. A different amount of powder sample was prepared for each tissue, based on the THg
concentrations measured with the DMA8O0: between 0.05 and 0.1 g of hair, 0.1 g of muscle and kidney,
and between 0.005 and 0.05g of liver. Matrix digestion was conducted in blue-cap 50mL falcon vials
adding 3 mL of HNOs (69 %, INSTRA quality) and 1 mL of HCI (37 %, INSTRA quality). Samples were
left to digest at room temperature, overnight. They were subsequently transferred to Savillex Teflon
vessels for the mineralization step in the Hot block (HB). A first round of mineralization was done at
85°C during 24 h. After cooling, 1 mL of H»,O; (30 %, ULTREX quality) was added to the vessels
before operating a second HB mineralization for other 24 h.

Hg isotopic analyses were performed in a Nu Plasma HR MC-ICPMS (Nu Instruments, UK using a

continuous flow Cold Vapor Generation (CVG) (Renedo et al., 2021). The dissolved Hg?* was reduced
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into Hg® by tin chloride (SnCl,), separated from the rest of the matrix in a custom quartz Gas Liquid
Separator (GLS) and then transported by a continuous flow of Ar to the plasma torch of the MC-ICP-
MS. A Desolvation Nebulizer System (DNS, Nu Instrument, UK) and a double entry torch were used
for the simultaneous introduction of a NIST-SRM-997 thallium (TI) isotopic standard to internally
correct for instrumental mass bias as presented elsewhere (Renedo, 2017). Tl is used because its
fractionation in the instrument is quite similar to Hg and it is located in the same mass range of the
analyte. The solution is introduced continuously and the 2°°TI/2°%T| ratio is monitored. Then the
instrumental mass-bias is calculated using the exponential fractionation law, as previously described
(Bérail et al., 2017; Renedo et al., 2017b).

External mass bias correction was done using NIST 3133 and UM-Almaden (now distributed as NIST
8610) as secondary standards (Bérail et al., 2017; Cransveld et al., 2017; Renedo et al., 2021).
Recoveries of extraction were verified for all samples by checking the signal intensity obtained on the
MC-ICPMS for diluted extracts relative to NIST 3133 standard (with an approximate uncertainty of
+15 %).

Internal reproducibility of the analytical method was performed on the medium and long-term through
repetition of the measurement of CRMs (ERM-464-1, DOLT-5 and NIES-13), the IRM NIST 8610 and
selected seal samples. The long-term precision (2SD) for Hg isotopic values was satisfactory for the
most analyzed reference samples: UM-Almaden (0.14 %o, and 0.08 %o, n=52), ERM-464-1 (0.15 %o
and 0.13 %o, n = 13), DOLT-5 (0.13 %o and 0.15 %o, n = 8) and NIES-13 (0.12 %o and 0.17 %o, n = 3)
for 52°2Hg and A*°Hg values, respectively.

Since there are no certified reference isotopic values for the used reference materials except for UM-
Almaden (NIST-8160), the accuracy of the method was approximate and based on published data in
previous studies as reference (Table 2.8).

We used a standard-sample bracketing system to calculate & values (in per mil, %o) relative to the
reference standard NIST SRM 3133 mercury spectrometric solution. Isotope 1°®Hg was used as the
reference for ratio determination of all other Hg isotopes. MDF was calculated using equation 1.5, odd

MIF using equation 1.6 and 1.8, even MIF using equation 1.7 and 1.79 (Chapter 1, §3.2).

59



Table 2.8. Hg isotopic compositions of certified reference materials as found in the literature and measured in this thesis. Presented isotope ratios for the UM-
Almaden secondary standard are averages of analytical session averages from November 2018 through November 2020. Presented isotope ratios for procedural
standards are represented as average+2SD (standard deviation) from the entire analytical session. N is the number of processed standards. The certified value

was available only for NIST-8610; with regards to the other RCMs, isotope ratios derive from previous literature.

CRMs Content Reference N 5204Hg 5202Hg 5201Hg 520%Hg 51%°Hg A20%Hg A201Hg A?Hg A*®Hg
: Certified 140  -0.82:¢0.07  -0.5620.03  -0.46:0.02  -0.27:+0.01  -0.17+0.01 - -0.04+0.01  0.00£0.01  -0.030.02
NIST-8610 Cinnabar
(UM Almaden) Measured 52 -0.78£0.19  -0.52+0.14  -0.44+0.12  -0.26:0.10 -0.16¢0.09 0.00:+0.11  -0.05:0.07 0.01#0.05  -0.03+0.08
(Li et al., 2014) 3 0.94+0.06 0.7£0.04 2.49+0.06  0.43x0.05  2.55:0.08  -0.10£0.05  1.96+0.06 0£0.04 2.38+0.07
(Perrot et al., 2010) 3 0.72+0.05 0.5520.03 1.96£0.11  0.33+0.02  2.02+0.13 - 1.54+0.10 0.05:10  1.88+0.13
_ (Epov et al., 2008) / - 0.5920.20 2.23+0.18  0.37+0.14  2.3320.11 - 1.79+0.08  0.07£0.08  2.18+0.08
ERM-464-1* Tunafish oo rman and Blum
muscle 5013) ’ 9 - 0.6820.06 2.48+0.03  0.43x0.05  2.57+0.08 - 1.97#0.03  0.09£0.04  2.400.07
Measured (July 2020) 4 0.68+0.16 0.5520.12 1.9240.19  0.33+0.09  1.99+0.24  -0.14:+0.10  1.51#0.12  0.06£0.04  1.86+0.21
Measured 9 1.02+0.40 0.71+0.15 2.44+0.18  0.43+0.11  2.49+0.15 -0.04+0.35  1.90+0.09  0.07+0.05  2.31%0.13
(March - Nov 2020)
SOLTE Dogfish (Li et al., 2020) 8 - 0.12+0.08 0.60£0.12  0.11#0.10  0.67%0.10 - 0.51+0.10  0.05:0.06  0.64+0.10
liver Measured 5 -0.23:0.12  -0.11#0.14  0.40£0.16  -0.04+0.10 0.52+0.18  -0.06£0.11  0.49+0.07  0.02¢0.07  0.55+0.16
Human (Yamakawa et al., 2016) 11 2.6+0.16 1.89+0.10 2.77+0.10  0.98+0.08  2.13x0.07 -0.04+0.11  1.36£0.07  0.04+0.04  1.65+0.06
NIES-13 !
Hair Measured 3 2.74%0.10 1.91+0.12 2.7620.11 0.99+0.10  2.05+0.17  -0.12+0.08  1.32+0.06  0.03+0.07  1.57+0.17

* The isotopic composition of ERM464-1 resulted significantly different between the 2019 and 2020 sessions of analysis; therefore, it is reported separately. In
July 2019 the CRMs was prepared using both the Hot Block (HB) and High-Pressure Asher (HPA) techniques and did not show and difference. In March 2020
and November 2020, the CRM was mineralized with HB. All samples presented the same isotopic values but differed from 2019 samples. Both 2019 and 2020
CRM-464 derived from the same bottle.
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8. STATISTICS

This part encompasses the general outline of data analysis and statistical protocols used thorough
the entire thesis. Details will be presented separately in the following chapters.

8.1. Lipids correction

Before beginning the statistical analysis, we corrected the 5'3C values. Most studies on marine
predators cite the importance of lipid extraction when trying to interpret differences in 3*3C values
among tissues (Pinzone et al., 2015; Ruiz-Cooley et al., 2011). Indeed, lipids are depleted in *C
relative to protein and carbohydrates (DeNiro and Epstein, 1978; Tieszen et al., 1983). Thus, they
have the potential to lower 8*3C values in tissues if not removed (Post et al., 2007). The concentration
of lipids varies among tissues according to species, but also according to temporal changes in ecology
(Newsome et al., 2010). Therefore, we applied the lipid normalization equation (McConnaughey and

McRoy, 1979) adapted by Post et al. (2007) for aquatic animals:
c
6136 normalised = 613C untreated ~— 3.32+0.99 (ﬁ) (2~3)

Where the numerical values represent respectively the line (b = -3.32) and the intercept (a = 0.99) of
the regression line equation, and C:N the explanatory variable. This normalization was conducted
only on samples presenting a C:N ratio between 3 and 4 (Post et al., 2007).

8.2. Exploratory data analysis

The ROUT method was used to identify outliers, with a maximum False Discovery Rate (FDR) Q =
0.1 %, since it allows to simultaneously check for the presence of outliers for multiple variables with
different units (Motulsky and Brown, 2006). The distribution and homoscedasticity of our data were
tested with the Shapiro-Wilk test, the Skewness, the Kurtosis and the comparison between the value
of the Average and the Median. The results were used to decide which tests (parametric or non-
parametric) to apply for the analysis of the variance. Principal Component Analysis (PCA) and
Redundancy Analysis (RDA) were used to check similarity and codependency between our seal

species, ecological and environmental factors.

8.3. Calculation of SIBER niches

Following Jackson et al. (2011) we used the Stable Isotopes Bayesian Ellipses (SIBER) package

(version 2.1.5) in R (version 4.0.5; R Core Team 2018) to explore variations in C, N, S and Hg stable
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isotopes (Jackson et al., 2011). SIBER was used to generate bivariate standard ellipses as proxies
of the trophic and habitat resources of a consumer (Layman et al., 2007; Layman and Allgeier, 2012;
Newsome et al., 2007). The geometric representation of a niche in SIBER is the standard ellipse area
(SEA). As default, it encompasses 40 % of studied individuals and represents a bivariate equivalent
of standard deviation. As such, it contains only the “typical” members of a population without being
influenced by outlier individuals in the considered space (Newsome et al., 2007). For this reason, it
can be used as a proxy of the habitat and resources most commonly used by the population (Layman
and Allgeier, 2012). Niche areas of each species were also estimated using Bayesian modelling
(SEAg). SEAs involves the use of an iterative model based on Bayesian inference to estimate the
covariance matrix from the data (Das et al., 2017; Pinzone et al., 2019; Ryan et al., 2014). SEAg is
more effective at taking into account both natural and analytical variability in the data and provides a
distribution of solutions rather than a single value, providing error estimates as well as pairwise

comparisons (Pinzone et al., 2019).

9. CONSTRAINS

Because of the global pandemic of SARS-CoV-2, part of Hg speciation analysis was strongly delayed.
For this reason, in this thesis we present results about MMHg and iHg only for Chapter 4. MMHg

concentrations for Chapter 5 and 6 will be integrated later for publication in scientific journals.

Our initial goal was to study the influence of nursing period on Hg accumulation in Arctic marine
mammals together with tissue metabolism, ecology and environmental changes. In order to properly
interpret Hg remobilization within adult seals and transfer to newborns, data of MMHg concentrations
were necessary. Because we could not get MMHg concentrations in time, we decided to exclude this

chapter from the manuscript.

Because of time and budget constraints, Hg stable isotopes analysis was conducted on a subset of
samples selected after the analysis of THg concentrations and C, N and S stable isotope ratios.
Among those samples, 2 samples of harp seal newborns (ID: H6a-18 and H5a-18) and 1 hooded seal
(ID: 5-2008) resulted in THg concentrations < than 130 ng g dw. This concentration consisted in the
limit of detection for the Hg stable isotopes analysis with CVG-MC-ICPMS. Thus, no isotopic value

could be quantified for these samples.

For the temporal study (Chapter 6), we selected samples which would represent the entire range of
THg concentrations. We selected five individuals per year presenting the lowest THg value, the 25 %

and 75 % THg quartiles, the median and the maximum THg value.
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Chapter 3

Carbon, Nitrogen and Sulphur isotopic fractionation
in captive subadult hooded seal Cystophora cristata:
application for diet analysis

After : Pinzone M., Aquarone M., Huyghebaert L., Sturaro N., Michel L.N., Siebert U., Das K.
In Rapid Commun Mass Spectrom, 2017; 31:1720-1728. https://doi.org/10.1002/ rcm.7955



https://doi.org/10.1002/%20rcm.7955

ABSTRACT

Rationale: Intrinsic biogeochemical markers, such as stable isotope ratios of carbon, nitrogen and
sulphur are increasingly used to trace trophic ecology of marine predators. However, insufficient
knowledge of fractionation processes in tissues continues to hamper the use of these markers.

Main question: Which mechanisms affect C, N and S isotopic incorporation in a specialized Arctic
true seal species?

Methods: We performed a controlled feeding experiment with 8 subadult hooded seals Cystophora
cristata that were held on a herring-based diet Clupea harengus for 2 years. Stable isotope ratios
were measured via isotope ratio mass spectrometry in 3 of their tissues and related to values of these
markers in their diet.

Results: Diet-tissue isotope enrichment (trophic enrichment factor, TEF) values between dietary
herring and seal tissues for C (3'*C-TEF) were + 0.7 %o for red blood cells, + 1.9 %o for hair and + 1.1
%o for muscle. The TEFs for N (3'°N-TEF) were + 3.3 %o for red blood cells, + 3.6 %o for hair and + 4.3
%o for muscle. For S, 8**S-TEFs were +1.1 %o for red blood cells, + 1.0 %o for hair and + 0.9 %o for
muscle.

Conclusions: These values were greater than those previously measured in adult seals. The cause
of this enrichment may be related to the higher rate of protein synthesis and catabolism in growing

animals. This study is the first report on S isotope enrichment values for a marine mammal species.

Keywaords: isotope fractionation, hooded seal, discrimination model, growth.
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1. INTRODUCTION

The analysis of C, N and S stable isotopes is routinely used to study marine mammal trophic ecology
(Newsome et al., 2010). However, several studies have stressed the need for implementing modern
isotopic knowledge with baseline information of elements processing in the organisms (Martinez Del
Rio et al., 2009; Ramos and Gonzalez-Solis, 2012; Wolf et al., 2009b). This might be especially
important in species with complex physiological adaptations, like Arctic marine mammals.

The hooded seal Cystophora cristata is one of the most physiologically specialized Phocidae, hunting
and breeding in the cold Arctic and subarctic waters (Kovacs, 2016). In the last decade, a strong
decrease in population numbers in combination with higher rates of subadults stranding out of the
normal distribution range was observed (Bellido et al., 2009). Several studies have proposed that
such phenomena may be caused by climate change (Friedlaender et al., 2006; @igard et al., 2014;
Stirling et al., 2008). The reason why this seems to affect hooded seals more than other species it is
not clear yet. Only fragmented information about the physiology and ecology of this species are
available in the literature.

Quantifying the extent of isotope fractionation (IF) observed between the different tissues of a
consumer and its prey can allow to study C, N and S metabolization within an organism. IF results
from the numerous metabolic processes linked with prey digestion and assimilation (Adams and
Sterner, 2000). Such processes are commonly represented by the calculation of the trophic
enrichment factor (TEF), which depicts the net isotopic difference between a consumer and its food
source (Caut et al., 2009). In the literature, TEFs are commonly referred to as big delta “A” (Caut et
al., 2009). However, the same term is used in this thesis to indicate the mass-independent
fractionation (MIF) of Hg stable isotopes (Chapter 1, 83.2). In order to avoid confusion, we will refer
to the TEF values of C, N and S as 6**C-TEF, 5°*N-TEF and &°**S-TEF, respectively.

Diet-tissue trophic enrichment factors can be estimated through controlled experiments in which
organisms are fed a constant diet of known isotopic composition (Roth and Hobson, 1996). Since the
turnover of stable isotopes within tissues varies accordingly to metabolic rates, measurement of such
values in several tissues from the same individual can provide short, intermediate and long-term
dietary information (Hobson et al., 1996). Tissues that are metabolically active (e.g. muscle, blood,
kidney) can integrate a period of days to months; while hairs, skin, vibrissae, nails, which are
considered as inert, reflect the diet and behavior during a year or even the entire life of the individual
(Wolf et al., 2009a). Assessing differences and relationships among tissues allows the alternative use
of non-destructive sampling of endangered species (Fossi and Marsili, 1997; Jaspers et al., 2007;
Weijs et al., 2011).

The way in which stable isotopes fractionate between diet and the various tissues still remain poorly
understood (Caut et al., 2009; Hobson et al., 1996; Lesage et al., 2002b). This greatly affects the

correct use of recently-developed approaches such as the application of isotopic mixing models (e.g.
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SIAR, MixSIAR), which strongly depend on TEF information. Several studies have shown how a
moderate variation in fractionation estimates can lead to important differences in model outputs and,
therefore, misleading conclusions (Bond and Diamond, 2011). This becomes especially important
when TEF average values are used, or when there is not a good isotopic separation between the
sources used for the model (Phillips et al., 2014).

The main objective of this study was to estimate C, N and, for the first time in marine mammals S-
IF, in growing individuals of hooded seal Cystophora cristata (Erxleben, 1777) kept in human care for
2 years under a diet exclusively based on herring Clupea harengus (Linnaeus, 1758).

Conversely to previous captive feeding reported in the literature, our animals were completely healthy
individuals, which avoided eventual effects of body condition on IF results. Moreover, the 2-years-
long experiment allowed to reach a complete diet-to-tissue equilibrium, eliminating the influence of
diet or distribution shifts normally occurring in the wild. As such, we obtained basal metabolic
fractionation rates of growing hooded seals, which may lead to a better interpretation of future
ecological studies.

We also compared our results with the fractionation factors resulting from the application of two
models developed by Caut et al., 2009 and Healy et al., 2017 with the aim of assessing their use

in marine mammal ecology.
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2. MATERIALS AND METHODS

2.1. Sampling and captivity

In March 2012, 8 pups of hooded seals (4 females and 4 males) were caught using hoop nets on the
pack-ice of the Greenland Sea (permit n.12/1352). The captivity experiment was conducted at the
Department of Arctic and Marine Biology (DAMB), The Arctic University of Tromsg (UiT) and lasted
in total 22 months (until February 2014) (Norwegian Animal Research Authority, approval #089).
Seals were fed on a constant diet of Norwegian Spring Spawning herring Clupea harengus
supplemented with a vitamin complex. All fish used for the experiment belonged to the same length
range (25 to 30 cm). The indoor light regime simulated that of outdoor natural light-darkness cycles
at 70°N latitude. Seals were maintained in two indoor 40,000L (1.5 m deep) seawater pools with a
wooden ledge along one side on which the animals could haul out at will. After 2 years, seals were
euthanized and different organs were collected for analysis (Table 3.1). Two seals (K5 and K6) were
euthanized after lyear (March 2013) for other physiological studies at the UiT; and only blood was
available for our analysis. After 3-4 hours (minimum) from blood collection the vials including the “Clot
activator agent” (BD Vacutainer® red top serum) were passed in the centrifuge for 15 minutes at 3000
rounds/min to separate the Red Blood Cells (RBCs). Once the phases were completely separated
RBCs were conserved at :20°C in the BD Vacutainer® vial. After death, the age of each seal was
estimated using the two equations developed especially for hooded seals by Wiig (Wiig, 1985)
(equation 2.1 and 2.2, Chapter 2 85.2).

Table 3.1. List of the 8 hooded seals C. cristata sampled in the Greenland Sea in March 2012 and included
in the captivity experiment, with all biometric information and the tissues on which the analysis was
conducted. Standard length is expressed in cm, weight in kg. RBCs: Red Blood Cells.

Sampled Tissue

, Standard Tissues
Sl e s o B Length sampling day Muscle Hair RBCs
K1-12 F 77 144 14.02.14 v v v
K2-12 F 103 NA? 28.02.14 v v v
K3-12 F 88 138 27.02.14 v v v
K4-12 M 81.5 144 19.02.14 v v v
K5-12 M 85 148 02.12.13° v
K6-12 F 93 148 04.12.13° v
K7-12 M 75 NA? 21.02.14 v v
K8-12 M 86 NA? 26.02.14 v v

2 NA = Not available
b Euthanized before in the framework of physiological studies at UiT.

67



2.2. Samples preparation

Between 6 and 10 g of thawed tissue were dissected using a ceramic knife (or scissors), placed in
plastic tubes and accurately weighted to the nearest 0.1 mg. Tubes were then placed at -80°C.
Samples of hair were washed ultrasonically three times (10 minutes each): a first and third time with
MilliQ water (18.2MQ-cm), a second with reagent grade acetone (acetone for trace analysis = 99.8 %
purity, ARISTAR®, VWR) to remove exogenous contaminants, blood and fat residuals, according to
the method recommended by the International Atomic Energy Agency (Katz and Chatt, 1988). All
tissues were freeze-dried for 24h (Alpha 1-4 LD plus, Christ, Germany). Samples were finally ground
to a fine powder using a ceramic mortar and pestle, while hairs were cut with ceramic scissors in the

smallest size possible.

2.3. Stable isotope analysis

Stable isotope ratios of N, C and S were measured in muscle, hair and RBCs of captive hooded seals,
as well as muscle of herring, were measured using an isotope ratio mass spectrometer (IsoPrime100,
Isoprime, Cheadle, UK) coupled in continuous flow to an elemental analyzer (Vario MICRO cube,
Elementar Analysensysteme GmBH, Hanau, Germany). Isotopic ratios were conventionally
expressed in delta (&) notation in %0 (Coplen, 2011), according to equation 1.3 (Chapter 1, 83).
Isotopic ratios were estimated relative to international standards as previously explained (Chapter 2,
§7.2). Lipids extraction in herring muscle was not possible due to the small quantity of tissue material
available for the analysis. Because of the large C/N variability found in these organisms we
mathematically corrected for the C signature with the lipid normalization equation 2.4 (Chapter 2,
§8.1).

2.4. Isotope fractionation calculation

The TEFs of N, C and S were calculated using the following equation:
5"X-TEF = 8"Xp— 8"X (3.1)

Where 8"X is the isotopic ratio of a particular element for a predator p, §is the average of stable
isotope ratios X of all food items f used during captivity.

The TEFs measured on our captive hooded seals were compared with those resulting from the
application of the regression models of Caut et al. (2009) and the Bayesian models of Healy et al.
(2017) in order to check for their validity for species for which no measurement is available (Figure

3.2). Following Caut et al. we calculated §C- and 6®*N-TEFs for muscle, air and red blood cells
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through the application of their regression equations, which either considered all tissues together
(O'C-TEF =-0.4173%C - 7.878 and d'°N-TEF = -0.1413'°N + 3.975) or each tissue separately (3!*C-
TEFnhair = -0.4743'3C — 9.064, 53C-TEFmuscie = -0.3665C — 7.030, 8*C-TEFgrsc = 1.16 + 0.19%o; 5°N-
TEFmuscie = -0.2140"°N + 3.938, 0°N-TEFhair = 2.59 % 0.41%o and 3'°N-TEFgsc = 2.06 + 0.23%o) (Caut
et al., 2009). The Bayesian model was instead used to calculate all TEFs for the different tissues
using the newly developed DEsIR (Stable Isotope Discrimination Estimation In R) package (now
renamed as SIDER) in the R v3.4.0 statistical environment (R Core Team, 2016) (Lazic, 2016). For
the application of the Healy et al. method, several parameters needed to be specified as input
information- such as Cystophora cristata habitat (“marine”), taxonomic class (“mammalia®), tissue
(“blood”, “hair” or “muscle”) and diet type (“carnivore”) (Healy et al., 2017). Since no specific values
for red blood cells were available in the literature, we used TEFs measured on whole blood to run the

model.

2.5. Statistical analyses

The Shapiro-Wilk test was used to check for normality, while the Levene’s test was used to assess
homogeneity of all sets of data. A one-way analysis of variance (ANOVA) followed by Dunnett’s
pairwise multiple comparisons test (p < 0.05) was conducted to examine the variability of IF between
the 3 tissues of hooded seals. Parametric Student t-tests (p < 0.05) were performed to compare delta
values between each seal tissue and the muscle of herring. All statistical analyses were performed
using GraphPad Prism version 6 for Mac (GraphPad Software, La Jolla CA, USA).

3. RESULTS

3.1. Biometric analysis

At the time of death, the 8 captive seals (4 males and 4 females) weighted 75 to 103kg, with lengths
ranging from 138 to 148cm (Table 3.1). We applied the equation proposed by Wiig (Wiig, 1985) for
hooded seals specifically, to estimate the age of all subadults except K2, K7 and K8, whose
measurement of standard length was not available. These animals were estimated to be 19 to 22
months old.
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3.2. Stable isotope ratios

No difference was found in all the considered parameters between the two seals euthanized in 2013
and those sacrificed in 2014 (p > = 0.05); therefore, the 8 animals will be considered in our analysis
as the same group. The stable isotope ratios of C, N and S and the C/N ratio of each tissue of hooded
seals are presented in Table 3.2, together with the results of the ANOVA. Lipid-normalized d'C
values of herring (n = 15) used to feed the seals during the experiment were -20.5 + 1.2 %o, the 3°N
values were 9.5 + 0.5 %o, and the &3S values were 17.2 + 0.5 %o. Their C/N ratios ranged from 5.2 to
11 (mean = SD = 7.0 £ 1.6). In captive seals the 5'C values significantly differed among all tissues
with hair being the most *C-enriched tissue, followed by muscle and RBCs. Muscle showed the
highest 5'°N values, while hair and RBCs presented similar ranges. No difference was observed for

5%4S values among all three tissues.

Table 3.2. Carbon, nitrogen and sulphur isotope ratios and C/N ratios of muscle, hair and red blood cells
(RBCs) of captive hooded seals. Stable isotope ratios are represented in 8 notation (%) as Mean + SD (Min
— Max). nrepresents the number of samples in which the analysis was conducted for each tissue.

TISSU.eS Inter-tissue ANOVA*
Values Muscle Hair RBCs
n 6 4 8 _
5313C value -19.4+0.1 -18.7+0.1 -19.6 +0.1 F =182, p < 0.0001,
(-19.5t0 -19.1) (-18.8 t0 -18.6) (-19.7 to -19.5) df =15
515N value 13.8+0.3 13.1+0.2 12.8+0.1 F = 26.15, p < 0.0001,
(13.4 - 14.5) (12.9 - 13.3) (12.5-13.0) df =15
5%S value 18.2+0.8 175+0.1 18.0+ 0.8 F =0.818, p = 0.458,
(17.1 - 19.3) (17.4 - 17.6) (16.7 - 19.4) df = 15
C/N ratio 3.2(3.3) £ 0.05 3.1(3.1) £ 0.04 3.3(3.2) £ 0.01 F =106, p < 0.0001,
(3.3-3.4) (3.0-3.1) (3.3-3.3) df =15

* Bold values represent a significant difference

A significant difference between captive seals and herring was found in hair 5*3C values (p = 0.006, t
= 3.042, df = 17). For muscle, such difference was weaker (p = 0.033, t = 2.300, df = 19), while it did
not exist for RBCs (p = 0.067, t = 1.932, df = 21). With regard to 3'°N values, a significant difference
between seals and herring was found for all muscle (p < 0.0001, t =19.94, df = 19), hair (p < 0.0001,
t=14.14, df = 17) and RBCs (p < 0.0001, t = 18.97, df = 21).

The C/N ratio varied very little within tissues, with hair presenting a significantly lower mean (3.0 to
3.1, p <0.0001) than RBCs (3.3 to 3.3) and muscle (3.3 to 3.4). The seals-herring comparison of 33*S
values showed a significant difference in muscle (p = 0.007, t = 3.043, df = 19) and RBCs (p = 0. 008,
t = 2.906, df = 21) but not in hair (p = 0.175, t = 1.416, df = 17).
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3.3. Experimentally-estimated TEFs

83C-TEF (Figure 3.1) significantly varied among all tissues (ANOVA, p < 0.0001, F = 184.5) with hair
showing the largest fractionation (d*3C-TEF = 1.9 + 0.1 %), followed by muscle (3*C-TEF=1.1+0.1
%o) and RBCs (d3'*C-TEF = 0.8 + 0.1 %o) (Figure 1). 3°*N-TEF differed between muscle (3'°N-TEF =
4.3 + 0.4 %o), which showed the largest fractionation, and the other two tissues (3°N-TEF of hair =
3.6 £ 0.3 %o; O°®N-TEF of RBCs = 3.3 £ 0.1 %0) (ANOVA, p < 0.00001, F = 26.15). Hair and RBCs
showed a less pronounced difference (p = 0.049). The §%*S-TEF of muscle was 0.9 + 0.8 %o, the §34S-
TEF of hair 0.4 £+ 0.1 %o and the §**S-TEF of RBCs 1.0 + 0.8 %0. No difference was observed among
any tissues for §3S-TEF (ANOVA, p = 0.208, F = 1.766).

3.4. Comparison with model-estimated TEFs

High variation was obtained between the TEFs measured in captive hooded seals and those resulting
from the application of models (Figure 3.2). For muscle our 3'°N-TEFs resulted in the largest values,
followed by the TEFs calculated by the Bayesian method of Healy et al. (3°N-TEF = 4.0 = 1.1 %),
the Caut et al. all-tissue regressions (3°N-TEF = 2.0 £ 0.1 %o) and the Caut et al. tissue-specific
regressions (3°N-TEF = 0.8 £ 0.1 %o). For hair, our 3°N-TEFs were the largest, followed by the TEFs
of Healy et al. (**N-TEF = 3.1 + 0.0 %o), the Caut et al. tissue-specific regressions (3*°N-TEF= 2.6 +
0.3 %o) and the Caut et al. all-tissue regressions (3°N-TEF = 2.0 + 0.02 %o). For RBCs, the Healy et
al. 3*N-TEFs were the largest (0®N-TEFgrsc = 4.1 £ 1.0 %o), followed by our measured values, the
Caut et al. all-tissue regressions (3°N-TEF = 2.2 + 0.02 %o0) and finally the Caut et al. tissue-specific
regressions (0°N-TEF = 2.1 £ 0.1 %o).

For muscle the 8**C-TEFs calculated by the model of Healy et al. were the largest (6°C-TEF = 1.5 +
1.4 %o), followed by our measured values, the Caut et al. all-tissue model (3*C-TEF = 0.1£0.04 %o)
and the Caut et al. tissue-specific model (8*C-TEF = - 0.05 + 0.04 %o). For hair the 8*C-TEFs
calculated by the model of Healy et al. were the largest (5*C-TEF = 3.1 + 0.0 %o), followed by our
measured values, the Caut et al. all-tissue model (5*C-TEF = - 0.1 + 0.04 %o) and the Caut et al.
tissue-specific model (33C-TEF = - 0.2 + 0.04 %o). Finally, the *C-TEFs in RBCs were the largest in
the Healy et al. model (3'3C-TEF = 1.4 + 1.3 %o), followed by the Caut et al. tissue-specific model
(0*3C-TEF = 1.2 £ 0.2 %o), our measurements and the Caut et al. all-tissue model (3**C-TEF = 0.3 +
0.03 %o).

Overall, the Bayesian model developed by Healy et al. (2017) resulted in TEFs included in the same
range as the experimentally-calculated ones, while the equations of Caut et al. (2009) gave more

different values, which in some cases also gave negative estimates.
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4. DISCUSSION

4.1. Comparison with the literature

Prey-predator isotope fractionation occurs during the several biochemical pathways that a particular
food item undergoes during digestion and assimilation by a predator (Bearhop et al., 2002). Within an
organism N-IF occurs primarily during processes of deamination and transamination of amino
acids from the assimilated food, for the synthesis of new body proteins (Germain et al., 2013; Hobson
and Clark, 1992). During such processes, different nitrogenous waste products (e.g. NH7) are formed
and excreted as urea, uric acid or ammonia, causing consumer-diet **N enrichment (Hobson and
Clark, 1992). This is in accordance with the significant difference found in 3°N values between our
hooded seals and their given diet. When comparing our results with the literature, the 3°N-TEF in our
hooded seals was larger than that of other seal species or animals (Germain et al., 2012). Taking
RBCs as an example, the 3°N-TEF found in previous captivity experiments ranged from 1.5 - 2.2%o
for captive harp and harbor seals to 2.5%o. in foxes, while our values are higher than 3.0%. (Roth and
Hobson, 2000, 1996).

The main process determining C-IF is respiration during which 2C is lost as ?CO; through oxidation
of acetyl groups derived from the catabolism of lipids, proteins, and carbohydrates (Hobson
and Clark, 1992). Our 3C-TEF values of RBCs and muscle are comparable with those measured in
other species of phocids (Beltran et al., 2016; Germain et al., 2012; Hobson et al., 1996; Kurle, 2002;
Lesage et al., 2002b) or other terrestrial mammals (McCutchan et al., 2003; Roth and Hobson, 2000).
However, hooded seal hair was significantly enriched in *3C with respect to diet; in contrast to previous
studies that manifest a generally less pronounced fractionation (Kelly, 2000). Very little is known on
S metabolic pathways within the organisms. To our knowledge this is the first study to assess S
fractionation values in animals with complex physiology such as Phocidae. The main sources of S
to a consumer are the organic S (contained in amino acids from the diet) and the inorganic S
from the environment (McCutchan et al., 2003). As for C, little or no fractionation is commonly
associated with S assimilation into animals tissues and this is confirmed by the absence of significant
increase in **S between hooded seal hair and herring (Hesslein et al., 1993). Nevertheless, we found
a significant enrichment in 34S in muscle and RBCs compared with diet, which is in the same range
of S fractionation measured in muscle of various aquatic vertebrates (1.9 + 1.4 %o) (McCutchan et al.,
2003).

Several factors may influence organisms’ IF, such as what taxonomic group they belong to
(Vanderklift and Ponsard, 2003; Zanden and Rasmussen, 2001). The higher fractionation of **N in
our hooded seals with respect to terrestrial animals, as for example the red foxes analyzed by Roth

and Hobson (Roth and Hobson, 2000), may be due to the particular physiological adaptations linked
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with the diving behavior of marine mammals (Hobson et al., 1996). Indeed, seals’ blood is far more
enriched in hemoglobin and hematocrit than that of other non-diving homeotherms. It is possible that
such differences in blood composition influence IF values (Hobson et al., 1996).

However, a difference in N fractionation is observed not only between our seals and other organisms,
but also when comparing our results with values measured in other phocids (Beltran et al., 2016).
One possibility is that the higher 8'*N-TEF values shown by hooded seals is a consequence of the
difference between diets (Roth and Hobson, 2000). Indeed while our captive seals were fed with a
mainly-protein-based diet (enriched in *3C by about 4 %o over carbohydrates and by 6 %o over lipids),
Beltran et al. (2016) used another nutrition strategy, consisting in a mix of commercial pellets, herring
and capelin that possibly include higher proportions of carbohydrates (Beltran et al., 2016). Such
variation may also be determining the seal-herring S enrichment observed in our study, since
McCutchan et al. (2003) demonstrated that a diet high in proteins can increase the S fractionation
rate of consumers with respect to diet.

Isotopic routing is considered as the dependency of consumers’ isotopic composition on dietary
proteins, carbohydrates and lipids (Ambrose and Norr, 1993). This process determines a particular
isotope incorporation during the formation of a tissue, based on the isotopic nature of the nutrients
assimilated through the diet (Kelly et al., 2010; Wolf et al., 2009a). Even if the precise mechanisms
are still poorly known, a few studies demonstrated that age can influence N and, to a lesser degree,
C routing during assimilation in consumers’ tissues (Trueman et al., 2005). Young marine mammals
such as seals undergo important physiological modifications regarding routing and rates of utilization
of elements (Arnould et al., 2003; Kovacs and Lavigne, 1986). The incorporation of the isotope
composition of the diet in growing predators depends more on the addition of new material to the
tissue than on the replacement of materials exported from the tissue (Martinez del Rio and Carleton,
2012). This means that almost the totality of protein C and N assimilated by a young growing predator
in the muscle derives from its prey (Kelly et al., 2010; Wolf et al., 2009a). Several studies have shown
how growing birds and fish have higher rates of protein synthesis and catabolism that cause faster
isotopic turnover and magnify the trophic effect, causing an even greater loss of the isotopically light
N in urine (Alonso et al., 1991; Wolf et al., 2009a). These mechanisms could probably explain the
greater 3'°*N-TEF of our subadult hooded seals.

Independently of diet, the variability of N stable isotope composition between hooded seals and the
other seals may be directly associated with the health status of these animals. In the case of a
particular disease, a metabolic shift occurs toward utilizing more N for protein synthesis rather than
urea production; as a consequence IF processes are directly affected (Reitsema, 2013). In humans
for example, liver 8'°N values of cirrhotic patients result in a **N depletion of 3.2 %o with respect to
healthy persons, without significant differences in 8C values (Petzke et al., 2006). While we

conducted our captivity experiment on healthy captured seals, Hobson et al. (1996), Germain et al.
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(2012 and 2013) and Beltran et al. (2016) measured their fractionation on subadult seals and sea
lions in rehabilitation, and therefore with a poorer health status.

4.2. Comparison between tissues

For 8'3C-TEF, hair exhibited the greatest fractionation, followed by muscle and RBCs (Figure 3.1). In
contrast, 8!°N-TEF was much higher in muscle than RBCs or hair. Finally, no differences were found
in 3%S-TEF between tissues. The turnover rate of a tissue influences elements incorporation rates
and consequently IF processes. Indeed, Hobson and Clark (1992) found that the C turnover rate
correlated linearly with the metabolic rate of tissues. For example, they found that in quails and
American crows the half-life of C ranged from 2.6 days in liver, and 20 days in muscle, to circa 50
days in hair. Moreover, Pearson et al. (2003) showed that in warblers, the N half-life ranged from 0.5
to 1.7 days for plasma and from 7.5 to 28 days for whole blood. The higher tissue activity leads to
quicker C or N incorporation with less metabolic changes of these elements, and results in a smaller
IF (Pearson et al., 2003). Therefore, the higher d*C-TEF of hooded seal hair compared to muscle
and RBCs may be a direct consequence of tissue turnover rates (Hobson and Clark, 1992; Pearson
et al., 2003).

In addition, the quantity of a certain element determines the effects of fractionation processes. The
higher the abundance of a specific compound available for biosynthesis the smaller the fractionation
of its isotopic composition (Adams and Sterner, 2000; Robbins et al., 2005). When comparing the C/N
ratios of our three tissues muscle and RBCs were very similar to each other, while hair presented
much lower C/N value. The C/N ratios represent the quantity of C-containing molecules with respect
to N in one sample (Cherel et al., 2005). Therefore, the lower C/N value results from the fact that hair
is mostly composed by keratin, while blood and muscle present several C sources. The presence of
a single C source forces the multiple usage of the same C pool by the hair tissue during its catabolism,
leading to larger fractionation processes.

The pattern of variation for 8*C-TEF seen in across tissues was not observed for §°N-TEF, with
larger fractionation for N observed in muscle tissue than in hair. One possible explanation may be
linked to the fact that the different metabolic components (e.g. lipids, proteins, carbohydrates, etc.)
of cells, and at larger scale of tissues, do not have the same isotopic composition as a consequence
of their varied histories (Hayes, 2001). For example, the C used for the production of fatty acids via
the Acetyl-CoA route (oxidation of pyruvate to acetyl coenzyme A) is 3C-depleted with respect to
glucose; and this phenomenon explains the well-known *C depletion of lipids (Hayes, 2001). In
addition, amino acids present a large variability in both their *3C and N isotopic signature, as shown

in the collagen of pigs (Hare et al., 1991; Howland et al., 2003). Therefore, the selection of one specific
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C, N or S “pool” for the metabolic renewal of a tissue will influence isotope incorporation rates,
fractionation processes and ultimately tissues isotopic composition (Bearhop et al., 2002).

The number of metabolic steps that an element undergoes in a tissue may also determine variation
of IF. The more elevated rates of protein metabolism for energy expenditure in muscle may determine
a significant larger discrimination in this tissue. In captive hooded seals this is shown by the larger
prey-predator *N enrichment found in muscle with respect to RBCs or hair (Atherton and Smith,
2012). The same process can explain the fact that, even if no statistical difference is observed in S
fractionation among hooded seal tissues, 3*S presented greater consumer-tissue enrichment in RBCs
and muscle, than in hair. S is present in the mammalian body in four main S-containing amino acids:
methionine, cysteine, homocysteine, and taurine. Only the first two are incorporated in proteins
(Brosnan and Brosnan, 2006). Cysteine can be synthetized by the body starting from methionine,
which is an essential amino acid assimilated through diet (Parcell and Cand, 2002). These two amino
acids are integrated in humerous protein compounds in the different tissues based on metabolic
requirements (Parcell and Cand, 2002).

In hair, for example, both cysteine and methionine are part of the filamentary complex of keratin
(Bragulla and Homberger, 2009). Once incorporated into keratin they are no longer available for other
metabolic processes (Bragulla and Homberger, 2009). This could result in the very low consumer-
diet S fractionation in hooded seal hair. In RBCs and muscle, such amino acids are subjected to
several changes during the formation of a vast set of proteins (vitamins, glutathione, etc.). Such
proteins may play an important role, for example in the case of seals, in antioxidant response during
diving hypoxia, and therefore result in larger fractionation rates (Kanatous et al., 2008; Vazquez-
Medina et al., 2007). This is further confirmed in Figure 3.1 where RBCs and muscle present TEF

values distributed along a range of 2.5 and 1.7%o, respectively, whilst hair is quite homogenous.
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Figure 3.1. Calculation of isotopic fractionation (TEFs) factors of Carbon (§13C-TEF), Nitrogen (§ 1’N-TEF)
and Sulphur (§3¢S-TEF) in muscle (n = 6), hair (2 = 8) and red blood cells (RBCs) (n = 8) of hooded seal
subadults subjected to controlled feeding experiment. Values are presented as Mean (the middle bar + SD
lines) in per mill (%o). Statistical groups are represented by the letters a, b and c.
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4.3. Assessment of model efficiency in calculating isotopic fractionation

The large number of potential factors which seem to be influencing IF processes in young hooded
seals really calls for further measurements, especially for growing individuals. However, in the case
of marine mammals, captivity studies are limited by ethical and practical problems. In this direction
Caut et al. (2009) and Healy et al. (2017) developed two models that allow TEFs to be calculated
(called by Caut et al.: “Discrimination factors”; by Healy et al.: “TDF Trophic Discrimination Factor”)
for animals for which no direct measurement exists (Caut et al., 2009; Healy et al., 2017). Two
different statistical approaches are considered by these authors: the first model proposes the
application of a multiple-regression Diet-Dependent Discrimination Factor method (DDDF) in which
diet isotopic ratio is considered as the main factor controlling IF variation (Caut et al., 2009). Healy et
al. instead use a Bayesian model (SIDER) to calculate IFs for birds and mammals through the
incorporation of multiple sources of variation, among which are the phylogenetic structure and the
error associated with measurements within a species (Healy et al., 2017). The application of the Caut
et al. model to calculate hooded seal IFs of muscle, hair and blood gives very different results from
those measured during our experiment (Figure 3.2). The §°N-TEF estimates were smaller than our
values using either equations for all tissues pooled together, or using equations specific to each
tissue. The d'3C-TEF values were also smaller than those obtained in our experiment with the one
exception of C-TEF calculated in RBCs by tissue-specific equations (Caut et al., 2009). The output of
the Healy et al. model, instead, resulted in TEFs within the same range as those measured in this
study (Healy et al., 2017). This shows that the hypothesis of Caut et al. that fractionation factors are
mostly driven by the isotopic composition of preys does not seem to be appropriate for calculating the
IF of seals, especially during the growing period (Caut et al., 2009). On the other hand, a
comparatively more complex model considering multiple factors as drivers for fractionation does a

rather good predictive job.

77



|

RBCsA

Bl This study (capftive seals)

= Caut et al. 2009 (all tissues)

Bl Caut et al. 2009 (tissue-specific)
Bl Healy et al. 2017 (fissue-specific)

f
MuscleA
H
0 2 4 6
8'°N-TEF
RBCs+
Bl This study (captive seals)
3 Caut ef al. 2009 (all fissues)
B Caut et al. 2009 (tissue-specific)
Bl Healy et al. 2017 (tissue-specific)
Hair
Muscle
-1 0 1 2 3 4
8'3C-TEF

Figure 3.2. Comparison of the experimentally-estimated TEFs in this study for captive subadult hooded
seals (blue) and the model-estimated TEFs resulting from the application of the Diet-based regression
model of Caut et al., 2009 (filled and empty pink) and the Bayesian model of Healy et al., 2016 (green).



5. CONCLUSIONS

The main findings of this chapter can be summarized as follows:

1.

4.

This study shows how the “growth effect” on C and N-IF, already demonstrated in birds, fish and
terrestrial small mammals, is exacerbated in physiologically-complex animals such as Arctic
hooded seals. For the first time, it also demonstrates that S can present a significant isotopic
enrichment from the diet to the consumer, as a result of diet composition or tissue metabolic
needs.

The great N fractionation found in muscle raises concern about the study of seals ecology and
distribution based on stable isotopes analysis. Indeed, we suggest that the application of the
classic 3.5 %o N consumer-diet enrichment to calculate predator trophic level or prey dietary
proportion in growing marine mammals, leads to a misleading interpretation; a larger IF should
be considered.

Since a small change in diet seems to greatly influence IF between two seal species, a
standardization of feeding protocols may be needed for IF-related captive experiment with
Phocidae. This could prevent misinterpretation of IF variation data between different species
during comparison with the literature.

The large difference observed especially for N or C isotopic fractionation rates between the
different tissues again confirms that: (1) between-tissue fractionation variability cannot be
neglected when using “non-intrusive”, external tissues (e.g. hair) as a proxy of internal organs
(e.g. muscle); and (2) in order to avoid errors in data analysis, captive feeding experiments on
pinnipeds must be long enough to ensure that all the tissues with different metabolic rates have

reached a complete diet-to-tissue isotopic equilibrium.
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Chapter 4

Using Hg stable isotopes to assess Hg dynamic in
Arctic seals: new insights from a captive experiment
on hooded seal Cystophora cristata.




ABSTRACT

Rationale: An accurate interpretation of Hg isotopic data requires the consideration of several biotic
factors such as age, diet, geographical range and tissue metabolic turnover. An a priori knowledge of
the rates of prey-predator isotopic incorporation and Hg biomagnification is essential.

Main question: This study aims at assessing Hg stable isotopes incorporation and Hg
biomagnification in a subarctic species of Phocidae: the hooded seal Cystophora cristata.

Methods: Six pups were caught in March 2012 in the breeding grounds of the Greenland Sea. They
were kept in captivity for 2 years and fed on a continuous diet of Norwegian Spring Spawning (NSS)
herring Clupea harengus. After 2 years they were euthanized and samples of muscle, liver, hair and
muscle were collected. We measured THg, MMHg and iHg levels, and Hg stable isotopes (82°Hg,
A®°Hg, A?PHg, A?°'Hg and A?°“Hg) in these 4 tissues and herring muscle. We then calculated Hg
isotopes Trophic Enrichment Factors (TEFs) and Hg Biomagnification Factors (BMFs) between each
analyzed tissue and herring.

Results: 3%°?Hg values ranged between 0.22%. in kidney of hooded seal pups to 1.79%. in hair,
reflecting perfectly Hg speciation, distribution and detoxification processes in the different tissues of
hooded seals. TEF of 3%°?Hg values ranged from 0.80%o. in hair to -0.78%o in kidney. A**°Hg, A?Hg,
A?'Hg and A?°*Hg values and TEFs did not vary between herring and tissues of hooded seal. Our
findings suggest that age is the major driver of changes in Hg internal metabolism and isotopic
incorporation.

Conclusions: We assess for the first time TEFs of Hg stable isotopes in an Arctic true seal, without
the effect of age, diet and distribution. Our results confirm the validity of Hg stable isotopes as a
tracers of Hg environmental sources even in predators. Finally, we suggest muscle as the reliable

tissue to trace Hg sources and trophic transfer on a spatial and temporal scale.
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1. INTRODUCTION

The assessment of Hg sources and pathways in the marine environment, remains a complex
challenge despite its recognized toxicity, both for wildlife and humans. This is especially relevant for
Arctic true seals, which developed important physiological and ecological adaptations to survive in a

cold and unstable environment (Blix, 2005).

The hooded seal Cystophora cristata is a subarctic true seal, which relies on drifting ice during
breeding and molting season (@igard et al., 2014). The hooded seal is one of the most contaminated
Arctic true seals, presenting Hg concentrations in their tissues often surpassing the toxicity thresholds
proposed for human and wildlife (Brunborg et al., 2006; Julshamn and Grahl-Nielsen, 2000; Nielsen
and Dietz, 1990; Sonne et al., 2009b). The intense physiological and feeding adaptations of this
species might be one of the reasons behind the heavier accumulation of Hg in their body compared
to other seal species (Roultti et al., 2018). This would make the hooded seal one of the species most
at risk of adverse health effects related to Hg contamination (Dietz et al., 2013). Understanding the
dynamics of Hg in the hooded seal is imperative for thorough health risk assessments at population
scale (Dietz et al., 2019; Eagles-Smith et al., 2018).

The analysis of Hg stable isotopes is increasingly carried out in marine organisms to study Hg sources
and trophic transfer (Kwon et al., 2020). An accurate interpretation of Hg isotopic data requires the
consideration of several biotic factors such as sex, age, diet, habitat use and geographical distribution
(Chapter 3). The intense metabolic changes hooded seal pups undergo during growth enhance prey-
consumer isotopic enrichment compared to other seals species, but this question remains open in the

case of Hg isotopes (Chapter 3).

Hg Trophic Enrichment factors (TEFs) (as C, N and S-TEFs) have the potential to reflect the intrinsic
metabolization of a particular organism (Lesage et al., 2002a). Their quantification at a species-
specific level is essential to correctly interpret the rates of Hg trophic transfer.

Several studies used Hg isotopes as a complementary ecological marker to study Hg bioaccumulation
in polar bears, seals and pilot whales (Bolea-Fernandez et al., 2019; Perrot et al., 2015). However,
while proven extremely valuable, these studies were conducted on wild animals. As such the effects
of environmental processes on Hg MDF and MIF remained a confounding factor in the interpretation

of Hg metabolism by the organisms.
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The main objective of this chapter was to assess the factors influencing Hg metabolization in the
organism of Arctic true seals. Based on previous literature and the results from chapter 3, our initial
hypothesis was that the physiological specializations developed by hooded seals could lead to an
exacerbation of Hg processing in the organism and higher bioaccumulation.

We measured Hg stable isotopes in several tissues of captive hooded seals kept on a continuous diet
made of herrings. We studied Hg isotopic variability without the interference of diet, age or distribution,
reflecting only the basal metabolization of Hg within a specialized Arctic true seal. Specifically,

we wanted to answer 2 questions:
1. Can Hg Mass-Dependent Fractionation (MDF) reflect Hg metabolism within a consumer, and its
transfer from the diet?

2. Can Hg odd and even Mass-Independent Fractionation (MIF) effectively show Hg sources from
the environment without being altered throughout the food web?

3. Which are the main factors influencing Hg stable isotopes in hooded seals?

This study constitutes the first quantification of Hg stable isotope TEFs in an Arctic marine

mammal species, the hooded seal Cystophora cristata.
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2. MATERIAL AND METHOD

Ethical protocol, captivity and sampling are discussed in details in Chapter 2 (83.1 and 84.2) and

Chapter 3 (82.1 and 82.2). Hereby, we will report only additional specific information about the

technics used in this study.

2.1. Samples collection and preparation

To prevent the effect of age we only considered the 6 seals euthanized in 2014; namely after 2 years.
These were K1-12, K2-12, K3-12, K4-12, K7-12 and K8-12 (Chapter 3, Table 3.1). K5-12 and K6-12
were excluded.

Because of the small sample quantity remaining after the analysis of C, N and S stable isotopes, we
could not measure Hg concentrations and stable isotopes in red blood cells. We included samples of
liver and kidney, since they are important organs for the metabolization of Hg in marine mammals.
Because there was no more herring left from 2012, we asked our collaborators at the Arctic University
of Tromsg (UiT) to send us 15 additional herring for the measurement of Hg stable isotopes and
species. These were purchased from the same company (Pelagia — Seafood from Norway), area
(Northeast Atlantic) and period (February to March) than herring sampled in 2012. In this way we

eliminated potential differences in Hg isotopes linked with diet.

2.2. Mercury species analysis

Total Hg concentration (hereafter expressed as ng g* dry weight, dw) were quantified by atomic
absorption spectroscopy (AAS) on a Tri-cell Direct Mercury Analyzer 80 (DMA-80 Evo, Milestone,
Italy), as described in Chapter 2 (87.1). Hg species concentrations (inorganic Hg, iHg and
monomethyl-Hg, MMHg) were quantified by species-specific isotopic dilution mass spectrometry
analysis (SIDMS) after microwave-assisted extraction performed using a CEM MW system (Discover
SP-D, CEM Corporation) coupled to an autosampler Explorer 4872 96 (USA). Hg species analysis
was carried out by GC-ICPMS Trace Ultra GC equipped with a Triplus RSH autosampler coupled to
an ICP-MS XSeries Il (Thermo Scientific, USA) (Chapter 2, §7.3).
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2.3. Mercury stable isotopes analysis

Hg isotopic analyses were performed in a Nu Plasma HR MC-ICPMS (Nu Instruments, UK using a
continuous flow Cold Vapor Generation (CVG) after Hot block (HB) pre-digestion (Chapter 2, 87.4).
Hg isotopic values were reported as delta () notation values (in per mil, %o), calculated relative to the
bracketing standard NIST SRM-3133 CRM to allow interlaboratory comparisons. NIST SRM-997
thallium standard solution was used for the instrumental mass-bias correction using the exponential
law (Chapter 2, §87.4). & represents mass dependent fractionation (MDF) and A represents mass
independent fractionation (MIF). Hg MDF, even and odd MIF were calculated as shown in Chapter 1,
83.2.

2.4. TEF quantification

The Trophic Enrichment Factor (TEF) were calculated to quantify Hg isotopic increment and
accumulation rates respectively in the six captive hooded seal pups and herrings. TEF depicts the net
isotopic difference between a consumer and its food source, and was calculated with equation 3.1
(Chapter 3, §2.4).

2.5. Statistical analyses

Data normality was tested with the Shapiro-Wilk test, recommended for small sample size. The
skewness, kurtosis and Mean-Median difference were calculated in order to select which statistical
tests to use (parametric vs. non-parametric). Even if most of the data followed a Gaussian distribution,
the kurtosis and skewness often resulted very high (> 1), indicating an asymmetrical tendency of the
curve. For many groups the Mean did not equaled the Median. Because of all these reasons and the
small sample size (e.g. n = 4 for hair), we decided to run non-parametric tests.

Pairwise comparisons were done with the Mann-Whitney test. Otherwise, the Kruskal-Wallis test
followed by Dunnett’'s multiple comparison were performed. The Spearman rho (p) was used to
assess correlation between parameters. At first, Hg stable isotope slopes were calculated fitting linear
regressions; however, the resulting goodness of fit was quite low (R?> = 0.05 to 0.2). The
AYHg/5%?Hg, A*°Hg/A?'Hg, A?°Hg/5?%?Hg and A*°Hg/A?°*Hg slopes were therefore calculated as
simple ratios. They will be referred to as “ratios” in the text, rather than “slopes”.

All statistical analysis was conducted in GraphPad Prism version 8.4.2 for Windows (GraphPad

Software, San Diego, California USA, www.graphpad.com). Family-wise significance and confidence

level was set at a = 0.05 (95 % confidence interval). However, due to the small N of certain groups

and the large Hg isotopic variability, differences with p value > 0.01 were not interpreted.
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3. RESULTS

3.1. Mercury species profile

Seal THg concentrations resulted in the following profile: Liver > Kidney > Hair > Muscle (Table 4.1),

with significant differences between tissues (KW = 34.3, p < 0.0001). Muscle was significantly less

concentrated than liver and kidney (Dunnett: p = 0.0006 and p = 0.006, respectively). Hooded seal

liver and kidney were significantly more concentrated than herring (Dunnett: p < 0.0001 and p <

0.0001, respectively).

Seal MMHg concentrations resulted in the following profile: Hair > Liver > Kidney > Muscle (Table

4.1), with significant differences between tissue (KW = 30.1, p < 0.0001). Muscle resulted significantly

less concentrated than hair (Dunnett: p = 0.006). Hooded seal hair and liver were significantly more

concentrated than herring (Dunnett: p < 0.0001 and p = 0.0003, respectively).

Table 4.1. THg, MMHg and iHg concentrations (in ng g! dw), MMHg and iHg fractions (in %) and Hg
stable isotope ratios (in %0) measured in captive hooded seal C. cristata pups and their prey, the herring
C. harengus. Results are shown as Mean (Median) + SD (Min — Max). n equals the number of organisms
on which the analysis was conducted.

Animal Hooded Seal Herring
Tissue Liver Kidney Muscle Hair Muscle
n 6 6 6 4 18
THg 7875 (7349) £ 3521 5376 (4676) = 2659 540 (574) + 110 1171 (1194) + 346 108 (86.7) + 52.0
ng gt dw (2674 — 12624) (2427 - 9152) (348 — 640) (622 — 1592) (47.8 - 191)
MMHg 814 (881) + 150 537 (529) + 110 453 (474) + 113 1070 (1104) + 318 100 (73.8) + 50.7
ng g* dw 562 — 1014 354 — 707 270 — 588 531 — 1484 46.1 — 186
g9
iHg 6686 (7019) + 3099 4454 (4122) + 1973 99.0 (102) + 27.5 114 (116) £ 24 9.37 (6.36) £ 5.72
ng gt dw (1967 — 10026) (1750 — 7363) (50.8 — 140) (74 — 147) (2.01 - 24.3)
fMMHg 16.9 (13.8) + 8.59 16.4 (15.5) £ 8.34 81.5(81.2) + 5.28 89.8 (90.1) + 2.86 88.4 (91.5) + 9.45
% (7.18 — 25.8) (5.67 — 24.8) (73.5 - 92.5) (85.7 - 93.2) (55.6 — 94.9)
fiHg 85.7 (90.3) + 9.54 87.1(88.5) + 7.08 18.5(20.1) £ 5.51 10.1 (9.9) + 2.83 1.35(7.94) £ 2.92
% (67.3-91.5) (74.3-95.1) (9.75 — 24.6) (6.66 — 14.3) (3.71 - 16.6)
5202Hg 0.71 (0.63) £ 0.36 0.22 (0.17) £ 0.26 1.20 (1.27) £ 0.76 1.79 (1.72) £ 0.45 1.00 (0.92) + 0.38
%o (0.50 - 0.97) (0.09 - 0.47) (0.75 - 1.74) (1.62 -2.11) (0.79 — 1.46)
A¥Hg 1.16 (1.13) + 0.13 1.08 (1.08) + 0.02 1.16 (1.14) £ 0.12 1.12 (1.13) £ 0.05 0.97 (0.91) £ 0.35
%o (1.08 - 1.23) (1.06 — 1.09) (1.12 - 1.30) (1.10 - 1.15) (0.60 — 1.25)
A?0Hg 0.02 (0.02) + 0.06 -0.01 (-0.01) + 0.03 0.06 (0.05) £ 0.10 0.02 (0.02) + 0.04 0.03 (0.03) + 0.07
%o (-0.03-0.07) (-0.03 - 0.02) (0.01-0.17) (0.00 - 0.04) (-0.05 — 0.09)
A?01Hg 0.99 (1.00) + 0.09 0.93 (0.92) + 0.04 1.00 (0.98) + 0.16 0.99 (0.98) + 0.05 0.81 (0.75) + 0.32
%o (0.91 - 1.03) (0.90 - 0.96) (0.93-1.19) (0.96 —1.01) (0.59 —1.07)
A?0%Hg -0.04 (-0.03) £ 0.15 -0.03 (-0.01) £ 0.11 -0.01 (-0.02) £ 0.16 -0.08 (-0.07) £ 0.06 -0.05 (-0.04) £ 0.16

%0

(-0.16 — 0.05)

(-0.11 - 0.04)

(-0.10 - 0.16)

(-0.11 to -0.04)

(-0.24 — 0.06)
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Seal iHg concentrations resulted in the following profile: Liver > Kidney >> Hair ~ Muscle (Table 4.1)
with significant differences between tissue (KW = 32.3, p < 0.0001). Muscle was significantly less
concentrated than liver (Dunnett: p = 0.003). The other tissues differed only weakly (Dunnett: p >
0.01). Hooded seal liver and kidney were significantly more concentrated than herring (Dunnett: p <
0.0001 and p = 0.0001, respectively).

Seal fMMHg resulted in the following profile: Hair > Muscle > Liver ~ Kidney (Table 4.1), with
significant differences between tissues (KW = 34.1, p < 0.0001) (Figure 4.1). Hair had significantly
higher fMMHg than liver and kidney (Dunnett: p = 0.006 and p = 0.0001, respectively). Hooded seals
liver and kidney had significantly lower fMMHg than herring (Dunnett: p < 0.0001 and p = 0.0002,
respectively).

Seal fiHg resulted in the following profile: Kidney ~ Liver > Muscle > Hair (Table 4.1). Kidney and liver
presented significantly higher fiHg than muscle (KW = 27.5, p < 0.0001). Kidney and liver differed only
weakly from hair (Dunnett: p = 0.02 for both). Hooded seals liver and kidney had significantly higher
fiHg than herring (Dunnett: p = 0.0005 and p = 0.0007, respectively).

3.2. Mercury stable isotopes analysis

Raw values of Hg stable isotope delta values and ratios are presented in tables A4.1 and A4.2 (Annex
to Chapter 4). 5??Hg values differed strongly between tissues and organisms (KW = 29.6, p < 0.0001).
0?92Hg was significantly higher in muscle than liver (p = 0.002). Hair 8?°?Hg was significantly higher
than liver and kidney (Dunnett: p = 0.010 and p < 0.0001, respectively). 8?°?Hg values significantly
differed between seals kidney and herring (p = 0.001) and hair and herring (p = 0.0004). No difference
was found for A*°Hg, A?'Hg and A?*Hg values. A?®Hg values differed only between hooded seal
muscle and kidney (p = 0.003).

A Hg/5%?Hg slope differed significantly between hair and kidney in seals (p < 0.0001) (Figure 4.2).
A?°Hg/d?%?Hg slope differed between kidney and the other tissues (p = 0.035). No difference was
found for A'°Hg/A?**Hg and A?®°Hg/A?°“Hg slopes between seal tissues. Any difference was found
between hooded seal tissues and their prey (Table 4.2).

A positive correlation was found between §2°2Hg values and fMMHg (Spearman p = 0.643, p = 0.0003,
R?=0.567) (Figure 4.1). A negative correlation was found between 5?°°Hg values and fiHg (Spearman
p =-0.705, p = < 0.0001, R? = 0.587). A weak negative correlation was found between A®°Hg values
and fiHg (Spearman p = -0.382, p = 0.048, R? = 0.106).

87



Table 4.2. Hg stable isotopes slopes calculated in captive hooded seal C. cristata pups and herring C.
harengus. Statistical difference resulting from the Kruskal-Wallis test is represented in the last column.
Bold letters indicate significant different groups, as indicated by the Dunnett’s multiple comparisons test.
When only one tissue is represented in bold, it means that that particular tissue differed from all the
others.

Hooded seal Herring Statistical
Ratios Hair Muscle Liver Kidney Muscle difference
AM°Hg/5%02Hg 1.59+0.19 1.03+0.32 0.63+0.17 0.20+0.12 1.06+£0.29 p <0.0001, KW =29.9
AM°Hg/A?1Hg 1.14+0.002 1.16x0.04 1.15+0.05 1.16x+0.03 1.20+0.08 p = 0.080, KW = 8.23
A?0Hg/5202Hg 0.01+0.01 0.05+0.03 0.03£0.04 -0.05+0.08 0.03+0.04 p =0.035, KW =10.4
A?00Hg/A?%Hg -0.34+0.35 -1.60+2.0 0.11+0.81 -0.06+0.97 -0.22+1.23 p =0.350, KW =4.42
3.3. TEFs

Raw values of Hg TEFs are shown in Table A4.2 and Table A4.3, in Annex to Chapter 4. 5°°°Hg-TEF
ranged between -0.28%o in kidney and 0.79%. in hair, with significant differences between tissues (KW
= 53.6, p < 0.0001; Table 4.3). A®®Hg-TEFs ranged 0.11%. in kidney to 0.19%. in hair, with only a
weak difference (p = 0.023). A?°°Hg-TEF ranged from -0.03%o in kidney to 0.04%. in muscle, with only
a weak difference (p = 0.016). No differences were found between tissues for A?°'Hg- and A2°*Hg-
TEF.

Table 4.3. Hg stable isotope TEF's in tissues of captive hooded seal C. cristata pups. Data are presented as
Mean + Standard Deviation (Min — Max) n.

Tissue
Liver Kidney Muscle Hair

5292Hg-TEF -0.28 £ 0.18 -0.78 £ 0.13 0.20 +0.38 0.79+0.23
(-0.5t0-0.03) 8 (-0.91t0-0.52) 7 (-0.24-0.74) 8 (0.62-1.11)4

AI9OH-TEF 0.16 + 0.05 0.11+0.01 0.19 + 0.06 0.15+0.03
9 (0.10-0.26) 8 (0.08-0.12) 7 (0.15-0.33) 8 (0.12-0.17) 4

A20HQ-TEF -0.01 £ 0.03 0.02 + 0.06 0.04 +0.08 -0.02 £ 0.03
9 (-0.05-0.05) 8 (-0.06 - 0.08) 7 (-0.05-0.21) 8 (-0.06 -0.01) 4

APIHG-TEE 0.18 £ 0.05 0.12+0.02 0.19+0.08 0.17 £ 0.03
9 (0.10-0.22) 8 (0.09-0.14) 7 (0.12-0.38) 8 (0.15-0.20) 4

A24HQ-TEF 0.01 +0.07 -0.03+£0.01 0.03+0.04 -0.01 £ 0.02
9 (-0.11-0.10) 8 (-0.05t0-0.01) 7 (-0.01-0.14) 8 (-0.03-0.02) 4
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4. DISCUSSION

4.1. Bioaccumulation of mercury

The highest mean MMHg concentrations are found in in hair, followed by muscle > liver > kidney. In
contrast to iHg (kidney > liver > muscle > hair; Table 4.2). This is in agreement with previous studies
on Hg bioaccumulation in Arctic seals (Dietz et al., 2013; Julshamn and Grahl-Nielsen, 2000; Nielsen
and Dietz, 1990). Differential tissue accumulation reflects the metabolic roles of hair, muscle,
kidney and liver in seals (Chapter 1, 81.3.2, Figure 1.4) (Capelli et al., 2008; Martinez-Lopez et al.,
2019; Trukhin and Simokon, 2018; Wagemann et al., 1998).

In seals, Hg is mostly assimilated through the diet (Dietz et al., 2019; Lehnert et al., 2018). The high
similarity of thiol-containing Hg conjugates with certain endogenous molecules like amino acids or
polypeptides, enhances the transport of Hg species within the body: MMHg through the blood, iHg
through diffusion across the intestinal enterocytes in the small intestine and duodenum (Bridges and
Zalups, 2017). In this way, 15 % of the assimilated iHg and 95 % of the assimilated MMHg are
absorbed and taken up by tissues (Gentes et al., 2015; Park and Zheng, 2012).

Liver and kidney are key organs of Hg detoxification (Ewald et al., 2019; Nakazawa et al., 2011).
Because of the elevate content in thiol-containing molecules (e.g. glutathione, cysteine,
homocysteine, N-acetylcysteine, metallothionein, and albumin), kidney is the primary target for iHg
and to a lesser extent MMHg (Zalups, 2000). Once in the organ, Hg undergoes a large series of
transformation by some form of currently undefined complex ligand-exchange mechanisms (Bridges
and Zalups, 2010). The proximal tubule is the primary site for the accumulation of newly formed iHg
salts, before being slowly excreted through urine (Rice et al., 2014). This explains the larger proportion
of iHg versus MMHg found kidney (Table 4.2).

Liver present the second highest percentage of iHg versus MMHg (Table 4.2). In liver, dietary MMHg
is demethylated in Hg?* and made inert, through the co-precipitation of Hg?* with Se and formation of
HgSe (tiemanite) granules (Kehrig et al., 2016; Wang and Wang, 2017). In this way, Hg is
accumulated as iHg throughout the entire life of the individual. The remaining small fraction of non-
demethylated MMHg is transported away to other tissues like muscle (Wang and Tan, 2019).
Because of the strong affinity for sulfhydryl groups of proteins, MMHg is preferentially redistributed
towards tissues like muscle, brain and hair (Bridges and Zalups, 2010). In true seals, muscle and
hair are commonly considered as the storage tissues, where MMHg is accumulated temporally or
definitely (Lyytikainen et al., 2015; Peterson et al., 2016a). As such, fMMHg results similar in these
two tissue values (between 81 to 89 %). The time a tissue takes to completely renew its cellular
composition (e.g. lipids, proteins, carbohydrates, etc.) is commonly referred to as “tissue turnover
rate” (Mawson, 1955). High turnover rate tissues are those having an important metabolic role within

the organism, like muscle, liver, blood, blubber, etc. These tissues are continuously renewed as a
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necessity for the right functioning of animal’s basal metabolism (Vander Zanden et al., 2015). Inert
tissues like hair, nails, feathers, and bones have much longer turnover rates and, in the case of hair
or feathers, might be renewed only once a year (Dauwe et al., 2003; Peterson et al., 2016b).
Therefore, the slight difference in fMMHg between hair and muscle could result from the different
turnover rates of these two tissues. Because of the fast turnover rate, MMHg would not have enough
time to accumulate in hooded seal muscle compared to herring, because it would be continuously
remobilized during tissue renewal. On the other hand, the slower turnover of hair, would allow longer

input of MMHg over time, and result in higher fMMHg.

4.2. Mass-dependent fractionation of mercury isotopes reflects speciation
and transformation in tissues

The positive correlation observed between MMHg and 3%°2Hg values reflects the distinct distribution
of Hg species in hooded seal tissues, as a result of their respective metabolic roles (Figure 4.1). Hair
and muscle display the highest 5?°2Hg values combined to a high fraction of MMHg. The opposite is
observed in liver and kidney. Hg MDF is thus proportional to MMHg fraction in the tissue of
hooded seal subadults, in agreement with previous studies on Hg dynamic (Perrot et al., 2015;
Pinzone et al., 2021a; Renedo et al., 2018).
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Figure 4.1. Spearman’s correlation between Hg MDF (represented by §202Hg, in %o) and the fraction of
MMHg (fMMHg, in %) in captive hooded seal C. cristata. Linear regression is represented by the straight
grey line. Dotted lines show the 95 % confidential intervals. Kidney (green dot), Liver (dark-orange square),
Muscle (turquoise triangle), Hair (gold down-triangle).
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4.2.1. Liver and kidney

The largest Hg MDF occurring in marine predators like true seals and belugas (Perrot et al., 2015),
long-finned pilot whales (Bolea-Fernandez et al., 2019; Li et al., 2020), Antarctic seabirds (Renedo et
al., 2021) and European seabass (Pinzone et al., 2021a), is related to hepatic MMHg demethylation.
Such process preferentially involves lighter Hg isotopes and generates newly formed iHg,
characterized by lower 5%°2Hg values (Perrot et al., 2015). The remaining non-demethylated MMHg
has higher 32°?Hg compared to the initially bioaccumulated MMHg. This isotopically heavier fraction
of MMHg is subsequently transferred to muscle and hair (Perrot et al., 2015). As the center of in vivo
demethylation, liver will display lower 3?°?Hg values than muscle and hair.

Kidney results as the most 2°2Hg depleted tissue in hooded seals, even if §2°2Hg values are still
positive (0.1 — 0.5 %.) compared to the literature. As the target organ of both dietary iHg and iHg
formed during MMHg breakdown in other tissues (Gentés et al., 2015), kidney could end up
presenting even lower 3?°?Hg values than liver. However, additional tissue-specific transformation
processes could also contribute to the low renal §2°2Hg values (Li et al., 2020; Renedo et al., 2021).
Thiol-ligand Hg complexation in sediments and water solutions were previously proposed to cause
Hg negative MDF (8%°?Hg = -0.3 to -0.6%o) (Jiskra et al., 2012; Wiederhold et al., 2010). This seems
to be linked with the preferential uptake of the lighter isotopes during sorption of Hg into thiol-binding
complexes (Jiskra et al., 2012; Zheng et al., 2019). The high rates of Hg thiol-complexation occurring

in kidney potentially justify the low renal 62°2Hg values of our captive hooded seals.

4.2.2. Muscle and hair

Hooded seal 5?°?Hg values differ also between hair and muscle. A 2°2Hg depletion in muscle relative
to hair can well result from the lower fMMHg in muscle (as discussed earlier). However, the difference
in fMMHg between muscle and hair is minimal compared to the difference in §°?Hg values (= 1 %o).
One hypothesis is that this large shift could result from higher detoxification rates in hair with respect
to muscle. As shown in Antarctic seabirds, the molting process favors the excretion of isotopically
heavier MMHg (Renedo et al., 2021). This determines higher Hg MDF and &%°?Hg values in feathers
(Renedo et al., 2018). The same could be proposed for hair of hooded seals.

The binding affinity between Hg?* and Se is several orders of magnitude higher than that between
Hg?* and S (Melnick et al., 2010). As such, previous studies proposed that non-demethylated MMHg
mobilized from the liver could be stored in muscle as both MMHg and iHg (Nakazawa et al., 2011).
The occurrence of HgSe-mediated detoxification processes in muscle was proposed for striped
dolphins, fish and pilot whales (Li et al., 2020; Nakazawa et al., 2011; Wang et al., 2013). Because
HgSe in biological tissues are difficult to accurately quantify due to analytical challenges with solid

precipitates, this hypothesis remains to be confirmed (Ewald et al., 2019). In long-finned pilot whale
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muscle HgSe complexes are found depleted in 2°?Hg with respect to MMHg, because of faster co-
precipitation of lighter Hg isotopes during the formation of the tiemanite crystals (Bolea-Fernandez et
al., 2019). The higher proportion of HgSe in muscle could also potentially explain why hooded seal
muscle present lower §?°?Hg values than hair, potentially supporting the occurrence of MMHg
demethylation in muscle of this species.

4.3. Mass-Dependent Fractionation of mercury isotopes does not reflects
sources and trophic transfer

52%2Hg are influenced not only by the metabolism but also by several environment processes, allowing
its use to trace Hg contamination sources. As an example, the A®*Hg/d?%?Hg ratio is commonly used
to trace Hg formation processes in the environment (Blum et al., 2014). Bergquist & Blum (2007)
found that progressive photochemical reduction of Hg?* from an aqueous solution in the presence of
terrestrial organic matter (OM) produced Hg® and residual Hg?* that fell along a A*°Hg/5?°?Hg line
with a slope of 1.15 + 0.07 (Mean + SE). Photochemical degradation of MeHg instead fell along a
A®°Hg/d%%?Hg line with a slope of 2.43 + 0.10 (Mean + SE) (Bergquist and Blum, 2007b; Blum et al.,
2014). However, since 3?°?Hg changes a lot as a consequence of in vivo processing, questions arise
about the use of A%°Hg/5%°?Hg as environmental tracer. In this study, A*°Hg/5?°?Hg ratios differ a lot
between hooded seal tissues and herring. The A®°Hg/32°?Hg ratios obtained for herring, hooded seal
muscle and hair are in the range of Hg?* aqueous photochemical reduction, while A**°Hg/3?%?Hg ratios
found in liver and kidney are much smaller (Table 4.2). Such findings confirm the impact of tissue
metabolism on Hg isotopic composition (Figure A4.1) and the limited use of A%°Hg/5%*?Hg as
tracer of Hg sources from the environment.

The great variability in Hg metabolism between hooded seal tissues might not only impact 5%°?Hg
values or A%°Hg/5%%?Hg ratios, but also the rates of isotopic assimilation between prey and predator
(Kwon et al., 2013). Even if the occurrence of Hg trophic MDF is still controversial, the consensus
today is that it might indeed happen between apex consumers and their prey (Tsui et al., 2019, 2018).
A significant positive MDF is observed between herring and hooded seal hair, while a significant
negative MDF is observed between herring and hooded seal kidney (Figure 4.2). This indicates that
Hg trophic MDF effectively occurs in hooded seal pups only in these 2 tissues. More importantly,
our findings indicate that the extent of Hg MDF between trophic levels varies depending on the
analyzed tissue.

Critical considerations about tissue selection in Hg stable isotopes studies are discussed in Annex to

Chapter 4 (81, Page 220).

92



4.4. Information about mercury sources is preserved from prey to predator

Conversely to Hg MDF, no correlation is observed between Hg odd and even MIF and fMMHg in all
of hooded seal tissues. Hg stable isotope odd MIF is caused by photochemical processes in the
environment and is not modified by in vivo metabolism (Gehrke and Blum, 2011; Tsui et al., 2019).

5%?Hg Hg MDF
Kidney (N =7)
sokok A]99Hg Hg
A2o1Hg Odd MIF
Liver (N = 8) APHg  Hg
A204Hg Even MIF
Muscle (N = 8)
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Figure 4.2. Trophic Enrichment Factors (TEFs) for Hg MDF (represented by 6§202Hg, in orange), Hg odd
MIF (represented by A1%°Hg and A20'Hg in a blue palette) and Hg even MIF (represented by A200Hg and
A204Hg in a purple palette). TEFs are calculated as the difference between Hg stable isotope values
measured in tissues of captive hooded seals C. cristata and the mean of those measured in muscle of their
diet (the herring, C. harengus). Bars represent mean with SD. Three asterisks = p < 0.0001, indicating a
significant difference in Hg isotopic composition between hooded seals and prey. The Kruskal-Wallis
significance was set at a = 0.05. Raw TEF values can be found in Annex to Chapter 4, Table A4.2.

As such, A®Hg values should not differ between tissues when animals are exposed to Hg originating
from a single source point (Pinzone et al., 2021a). Even MIF (A2°°Hg and A?°*Hg) has shown to occur
mostly in atmospheric samples (e.g. rain, snow, etc.) and is not believed to happen as a consequence
of biological processes (Cai and Chen, 2015). As such, A®*Hg, A?Hg, A?°'Hg and A?**Hg values
should not vary from 1 trophic level to the other (Blum, 2011). No significant difference was found
between herring and hooded seal A!®Hg, A?®Hg, A?!Hg and A2°“Hg values, resulting in very
negligible TEFs (Figure 4.2). Our findings confirm that no MIF occurs between the diet and hooded

seal tissues (Tsui et al., 2019).
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In the same way, A*°*Hg/A?°'Hg ratio is similar between all hooded seals’ tissues and herring, ranging
between 1.15 + 0.05 for kidney to 1.20 + 0.08 for herring (Figure A4.1). This is consistent with
AY°Hg/A?Hg ratios previously found in marine fish and consumers exploiting marine resources, and
indicates that Hg in herring and hooded seals originated from photo-degradation of MMHg (Li et al.,
2016a; Meng et al., 2020). This confirms the use of the A!°*Hg/A%!Hg ratio as tracer of Hg
environmental processing before accumulation by Arctic marine mammals (Blum et al., 2014).
The vast majority of samples analyzed in the literature 2®°Hg and 2°*Hg have been found to undergo
MDF (Blum et al., 2014). However, the occurrence of even MIF was only observed in atmospheric
samples until now (Cai and Chen, 2015). All A?®®Hg and A?°“Hg values obtained in this study are
within measuring uncertainty (< 0.2%o); this is not enough to confirm the occurrence of the presence
of even MIF. Anyway, the large variability in A?®°Hg and A?°“Hg raw values found in our samples
suggests that the great range of A?°Hg/5?°°Hg and A?°°Hg/A?°*Hg ratios is not a result of internal
metabolic MIF or MDF, but it might directly derive from the large environmental variability related with

the several processes occurring in the atmosphere and at seawater-air boundary (Sun et al., 2019).

4.5. Age influence mercury metabolism and TEF's

In the previous chapter we have shown how the fast metabolism of young hooded seals might result
in higher d*C-, 8'°*N- and 3%**S-TEFs with regards to other Phocidae. This was linked on one side to
the higher turnover rates of growing animals, and on the other to the extreme physiological
adaptations of the hooded seals (Chapter 3). To our knowledge, Hg-TEF values in tissues of marine
predators are not available yet in the literature. Few studies are available on Hg MDF and MIF in
marine mammals (Bolea-Fernandez et al., 2019; Li et al., 2020), allowing to compare Hg stable ratios
and concentrations measured in hooded seals with other species. Since no significant pattern was

found for Hg even and odd MIF, we will focus mostly on Hg MDF (52°°Hg values).

4.5.1. Liver and kidney

Captive hooded seal liver (L) and kidney (K) present higher 52°°Hg values than Baikal seals (L: -0.81
to -0.32%o; K: -0.82 to -0.26%o; Perrot et al., 2015), long-finned pilot whales (L: 1.23 to -0.23%o; K: -
1.10 to -0.33%o; Bolea-Fernandez et al., 2019) and ringed seals from Alaska (L: -0.47 to 0.19%o;
Masbou et al., 2015). This might be linked to the fact that the hooded seals sampled in this work were
all subadults (Chapter 2, Table 2.1). Demethylation of MMHg in liver and Hg complexation with thiol-
ligands in kidney are 2 detoxification mechanisms acquired with age as a consequence of the
increasing exposure to this pollutant (Dietz et al., 2013; Martinez-Lépez et al., 2019). Young marine

mammals do not reach a specific threshold of hepatic and renal MMHg concentrations as adults do
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(Bolea-Fernandez et al., 2019; Ewald et al., 2019). At young age, kidney seems to be as important
as liver in stocking dietary Hg (mostly in the form of iHg). With time and the development of the hepatic
cellular composition, a greater proportion of iHg accumulated in kidney is redistributed to liver, as a
result of the increasing MMHg demethylation capacity (Ewald et al., 2019). In the same way, the rates
of iHg complexation with thiol-ligands in kidney increases with life as an adaptation to prevent
nephrotoxicity (Dietz et al., 2013). This is confirmed by the similar proportion of iHg and MMHg
between liver and kidney of our hooded seals, young long-finned pilot whales and ringed seals (Bolea-
Fernandez et al., 2019; Li et al., 2020). Liver of adult marine mammals presents instead higher Hg
(all species) concentrations than kidney (Das et al., 2003). Lower rates of hepatic MMHg
demethylation and thiol-complexation could result in the higher §2°°Hg values observed in liver and
kidney of young hooded seals compared to adults. This suggests that Hg stable isotopes in tissues
of true seals are influenced by ontogenetic shifts in Hg detoxification capacity.

Even if these hypotheses explain the difference in Hg MDF between hooded seals subadults and
adult marine mammals, they do not justify why liver and kidney 82°?Hg values differ also between
hooded seals, young Baikal seals and pilot whales. Part of Hg MDF that cannot be explained by
metabolic activity, may relate to the difference in foraging habitat and diet. Our study is the first
assessing Hg isotopic composition in captive animals on a constant diet, while all the other studies
use samples of wild animals. Conversely to this study, Hg stable isotope ratios reported in these works
might be influenced by shifts in diet, distribution and behavior.

4.5.2. Muscle and hair

5?92Hg values in muscle of hooded seal subadults are similar to those measured in young long-finned
pilot whales (0.95 to 1.31%o), but higher than adult long-finned pilot whales. Lower §?°?Hg values in
muscle of adult whales are linked to the increased proportion of non-demethylated MMHg
redistributed from liver to muscle and transformed in HgSe (Bolea-Fernandez et al., 2019).
Ontogenetic shifts in Hg detoxification in muscle can then also explain the higher 5?°’Hg values
of hooded seal subadults compared to older pilot whales. However, no difference is found between
0?%2Hg values of hooded seal subadults and Baikal seals of all ages (1.34 to 2.1%.). We can
hypothesize that age-related shifts in Hg speciation could be different between cetaceans and
true seals. This would indicate that the comparison of Hg stable isotopes between true seals and
cetaceans should be taken with a lot of caution.

52%2Hg values of hooded seal hair are lower than those found in adult Baikal seals (2.22 to 2.56%o;
Perrot et al., 2015). As discussed earlier, molting leads to higher 8?°?Hg values in feathers and

potentially in hair (This chapter, 84.2). As for the other tissues, the efficiency of Hg detoxification
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through molting is believed to increase with time (Lyytikdinen et al., 2015). This would result in a

bigger enrichment in 2°2Hg in hair of adult Baikal seals, compared to hooded seal subadults.

5. CONCLUSIONS

The main goal of this chapter was to assess the dynamic of Hg mass-dependent and mass-
independent fractionation (MDF and MIF respectively) as a result of hooded seal species-specific

basal metabolism, without the influence of diet, distribution nor age. Our main findings were:

1. Hg speciation and MDF (3%°?Hg) reflect Hg distribution between the different tissues of hooded
seals, as well as Hg detoxification rates. Trophic Hg MDF occurs between certain tissues (mostly

hair) and their prey;

2. Hg odd and even MIF values (A%°Hg, A?°*Hg, and A2°°Hg, A?°*Hg), ratios and TEFs are preserved
from prey to consumer, validating their use as tracers of Hg sources in Arctic seals;

3. Age is the main driver of Hg internal metabolism and isotopic incorporation;

4. The interpretation of Hg isotopes depends on the analyzed tissue.

In the framework of this thesis we collected tissues from several years (1985 — 2019). Within each
year seals were harvested before and after molting season. Based on previous considerations we
have selected muscle as monitoring tissue of the following chapters. We consider it as the best
tissue to trace Hg sources in marine predators, because it avoids the bias that sampling time and
trophic transfer might bring in the interpretation of Hg isotope data in other tissues.
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Chapter 5

Terrestrial versus marine: discrimination of Hg
sources in Arctic true seals by a multi-isotopic
approach




ABSTRACT

Rationale: Intrinsic biogeochemical markers, such as stable isotope ratios of carbon (C), nitrogen
(N), sulphur (S) and mercury (Hg) are increasingly used to trace the effects of trophic ecology on Hg
accumulation in marine predators. However, they are often used separately. This leaves the
interpretation of the data at times incomplete. Using a multivariate approach could contend with the
complexity of the natural world and reveal patterns that would not be detectable by univariate
methods.

Main question: Are Arctic seals “what” or “where” they eat? Our main objective was to assess which
factor influences the most Hg sourcing in Arctic marine predators and evaluate the consequences
relative to the rates of exposure.

Methods: We measured THg levels, C, N, S and Hg stable isotopes in 3 true seal species living in
the Greenland Sea: the hooded seal Cystophora cristata, the harp seal Pagophilus groenlandicus and
the ringed seal Pusa hispida. They present distinct habitat use, diet and geographical distribution. We
integrated all the measured parameters into a multivariate analysis and quantify species multi-isotopic
niches (SEAs) with SIBER.

Results: The multi-isotopic niches of the 3 species resulted highly separated. Hooded seals
presented the largest multivariate SEA (Mode, 95 % CI: 0.93, 0.60 — 1.41), a result of its highly
distributed oceanic behavior. Harp seals presented the second largest SEA (Mode, 95 % CI: 0.31,
0.14 — 0.68), while ringed seals presented the smallest niche (Mode, 95 % CI: 0.22, 0.14 — 0.37) as
a result of its strong territoriality within the Scoresby Sound. Ringed seals presented the highest THg
levels (1190 + 488 ng g* dw), followed by hooded (881 + 942 ng g* dw) and harp seals (407 + 289
ng gt dw).

Conclusions: Our study showed how habitat use is the most important factor influencing Hg
accumulation in Arctic true seals. A species like the ringed seal, which lives in the fjords on land fast
ice, is more influenced by the enhanced MeHg production typical of these zones and accumulate

higher levels of Hg compared to offshore hooded and harp seals.

Keywords: Hg sources; Arctic true seals; habitat use; Hg stable isotopes; trophic tracers; sea-ice.
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1. INTRODUCTION

In the last 150 years a 10fold increase of total-mercury (THg) concentrations has been observed in
the tissues of Arctic wildlife (Braune et al., 2011). This mostly concerns marine tertiary to apex
predators like true seals, belugas and polar bears (Chapter 1, 82.3). The reason why Arctic marine
mammals seem to be more exposed to such increase with respect to other animals remains unclear.
The analysis of carbon (C), nitrogen (N) and sulphur (S) stable isotope ratios (expressed in & notation
in %o, as d'3C, 8N and 3*S) is a recognized valuable tool for the assessment of marine mammals’
ecology (Bowen and lverson, 2013; Dehn et al., 2006; Hiickstadt et al., 2012). At the same time, Hg
stable isotope ratios are efficient proxies of Hg sources in marine food webs (Bergquist and Blum,
2009; Kwon et al., 2013; Tsui et al., 2019). 8?°Hg, A%°Hg and A?*Hg values are often used to trace
trophic position and discriminate marine sources (Masbou et al., 2018; Renedo et al., 2018). A?°°Hg
and A?%“Hg values are increasingly being applied to trace atmospheric sources (Demers et al., 2013;
Goix et al., 2019).

The exponential increase of SIA-based scientific studies also led to the development of ecological
metrics and models to measure differences between individuals or groups (Cucherousset and
Villéger, 2015) and quantify the isotopic and trophic diversity of a species (Parnell et al., 2013). For
example, the Stable Isotopes Bayesian Ellipses model in R (SIBER) allows the use of stable
isotope ratios to build geometric spaces (or “isospaces”) that can be used as proxies of species'
or populations' ecological niches (Jackson et al., 2011). They are commonly referred to as
“isotopic niches” (Jackson et al., 2011; Newsome et al., 2007). To our knowledge the SIBER
package was considered only once in the literature to interpret Hg stable isotopes data (Cransveld et
al., 2017). When only 2 or 3 stable isotope ratios are considered in the quantification of isospaces,
the output might not reflect all the variables influencing the trophic ecology of a species (Cransveld et
al., 2017). Metal isotope fractionation of biological systems occurs as a result of several processes.
As such, it might result in a large variability of & values for each specific element and an overlap of
isotope signatures (Wiederhold, 2015). In organisms like marine mammals, where isotopic
fractionation is influenced by many metabolic processes, there is a higher risk of this occurring very
often, leading to uncomplete and speculative discussions (Newsome et al., 2010). Combining isotopic
values of individual elements in a multi-dimensional space, would allow to increase the resolution of

the isotopic signal and refine the interpretation of isotopic data (Boecklen et al., 2011).

In the literature, C, N, S and Hg stable isotopes are always used separately, either as tracers of
marine mammals’ trophic ecology (Blévin et al., 2020; Das et al., 2017; Matley et al., 2015; Pinzone
et al., 2019) or Hg sourcing (Masbou et al., 2018; Perrot et al., 2012). Using a multivariate approach

could contend with the complexity of simultaneously analyzing multiple variables (in this case C, N, S
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and Hg stable isotopes) (Ramette, 2007). Generally, multivariate approaches are favored to multiple
executions of univariate methods as they save time and conserve statistical power which is quickly
lost through multiple testing (Buttigieg and Ramette, 2014). Moreover, taking multiple variables into
account simultaneously may reveal patterns that would not be detectable by univariate methods. For
example, Hg sourcing and accumulation in marine mammals is known to depend on several factors
such as age, sex, nutritional status, key-period of life and geographical distribution (Das et al., 2004;
Habran et al., 2013; Savery et al., 2013). Testing their effect on Hg concentrations separately, might

mask synergetic effects given by the combination of two or more other factors.

The main objective of this chapter was to understand which factor influences the most Hg sources
and accumulation in Arctic marine mammals. Based on previous literature, our initial hypothesis was
that a larger species, feeding on higher trophic level prey like the hooded seal, could be at higher risk
of Hg exposure (Loseto et al., 2008a).

To test our analysis, we measured THg levels, C, N, S and Hg stable isotopes in muscle tissue of 3
species of true seals living and breeding in the Greenland Sea: the hooded seal Cystophora cristata,
the harp seal Pagophilus groenlandicus and the ringed seal Pusa hispida.

We wanted to answer two specific questions:

1. Which factor between age, nutritional status, sex, species, habitat use, sampling area and time
influences the most Hg sources to Greenland Sea seals?

2. Which are the consequences on the levels of Hg bioaccumulation in hooded, harp and ringed
seals?
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2. MATERIAL AND METHODS

Details about the sampling and analysis are given in chapter 2. Hereby, we will report only additional
information about the specific technics used in this study.

2.1. Sampling protocol

Samples of muscle tissue were collected from 52 hooded seals Cystophora cristata, 134 ringed seals
Pusa hispida and 42 harp seals Pagophilus groenlandicus harvested between 2008 and 2019 along
the East coast of Greenland (68°05'N/15°45’'W to 72°50'N/22°45’'W). Hooded and harp seals were
harvested offshore, on the drift ice of the Greenland Sea and Denmark Straight; while ringed seals
were harvested on land fast ice in the Scoresby Sound (Ittoggortoormiit or Kap Tobin, Figure 5.1).
Muscle samples from 2008 to 2015 were gathered from the tissue banks of the Institute of Marine
Research in Tromsg (Norway), the Arctic University of Norway UiT in Tromsg (Norway) and the

Bioscience Department of the University of Aarhus in Roskilde (Denmark).

+ Offshore pack-ice
« 170 to 500km from coast
+ Shelf edge

+ Depth: 500 - 1500m

« Offshore pack-ice
* 170km from coast

B + Continentalshelf
* Depth: 190m

Figure 5.1. Map of the 3 sampling zones of this work: the Scoresby Sound (Green), offshore West Ice (Blue)
and Denmark Strait (Red). Hooded seals were all sampled from the West Ice and are represented in blue.
The harp seals were sampled from the Denmark Strait and are represented in red. Ringed seals were all
sampled in the Scoresby Sound and are represented in green. The different habitat use are shown by
shapes: circle for offshore / bentho-pelagic; triangle for offshore / pelagic; square for coastal / sympagic.
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Muscle samples from 2015 to 2019 were collected from free-ranging animals during at-sea campaigns
on board of the RV Helmer Hansen, in collaboration with the Arctic University of Tromsg (more details
at 84.1). For tissue-bank individuals, age calculated by counting annual layering in the cementum of
the canine or premolar teeth (Dietz et al., 1991). For free-ranging seals, age was estimated using
animals’ pelage coloring (Chapter 2, 85).

2.2. Total-mercury and stable isotopes analysis

Around 5mg of powder samples were weighted (nearest 0.01 mg) and analyzed for Total Hg
concentration (THg, hereafter expressed as ng g! dry weight, dw) using atomic absorption
spectroscopy (AAS) on a Tri-cell Direct Mercury Analyzer 80 (DMA-80 evo, Milestone, Italy) (Chapter
2, 87.1).

Around 2.5mg of powder were weighted (nearest 0.001lmg) and analyzed for C, N and S stable
isotopes using an IRMS (IsoPrime 100, Isoprime, U.K.) coupled in continuous flow to an elemental
analyzer (EA, Vario MICRO cube, Elementar, Germany) (Chapter 2, 87.2). The isotopic ratios were
estimated relative to international references Vienna Pee Dee Belemnite (VPBD) for carbon,
Atmospheric Air for nitrogen and Vienna Canyon Diablo Troilite (VCDT) for S as in equation 1.3
(Chapter 1, 83.1). Following international recommendations, the isotopic ratios (R) of N, C and S are
expressed in delta (&) notation in parts per thousand (%) (Coplen, 2011). In order to correct for the
bias given by the strong *C depletion of lipids, we normalized &'3C values using the equation 2.3
(Chapter 2, 88.1).

Hg isotopic analyses were performed on 0.1 to 0.15 g of seal muscle in a Nu Plasma HR MC-ICPMS
(Nu Instruments, UK) using a continuous flow Cold Vapor Generation (CVG), after a 48h acid
predigesting with Hot block (HB) (Chapter 2, §7.4). Hg isotopic values were reported as delta (d)
notation values (in per mil, %o), calculated relative to the bracketing standard NIST SRM-3133 CRM
to allow inter-laboratory comparisons. Isotope 1%Hg was used as the reference for ratio determination
of all other Hg isotopes, using equation 1.4 (Chapter 1, 83.2). & represents mass dependent
fractionation (MDF) and A represents mass independent fractionation (MIF). Hg-MDF was calculated
with equation 1.5. Hg odd MIF was calculated with equation 1.6 and 1.8. Hg even-MIF was calculated
with equation 1.7 and 1.9 (Chapter 1, §83.2).

NIST SRM-997 thallium standard solution was used for the instrumental mass-bias correction using
the exponential law (details in Chapter 2, §7.4). Internal reproducibility of the analytical method was
performed on the medium and long-term through repetition of the measurement of CRMs (ERM-464-
1, Tuna fish muscle), the IRM NIST 8610 and selected seal samples. Uncertainty for delta values was
calculated using 2SD typical errors for each internal reference material. The long-term precision (2SD)

for Hg isotopic values was satisfactory for the most analyzed reference samples: UM-Almaden (0.14
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%o and 0.08 %o, N = 42) and ERM-464-1 (0.15 %0 and 0.13 %o, n = 13) for 5?°?Hg and A'**Hg values,

respectively.

2.3. Statistical analyses

In order to efficiently use multivariate analysis some assumptions must be met. Two of those are a
Gaussian distribution of the data and the absence of co-linearity (or co-dependency) between the
response variables (Buttigieg and Ramette, 2014). The ROUT method was used to identify outliers
(Figure 5.2), with a maximum False Discovery Rate (FDR) Q = 0.1 % (Motulsky and Brown, 2006).
Normality of our data was tested with the Shapiro-Wilk test. The skewness, kurtosis and difference
between resulting mean and median were additionally calculated in order to select which statistical
tests to use (parametric vs. non-parametric). Even if most of the data were not normal, the kurtosis
and skewness resulted <1 for most of data groups, indicating a symmetrical tendency of the curve
and proximity to the Gaussian distribution. Variance of Hg stables isotopes between seal species was
analyzed through a two-way ANOVA test, after normalization. Family-wise significance and
confidence level was set at a = 0.05 (95 % confidence interval) for all tests. The rest of covariance
and variance analysis were conducted with non-parametric tests.

Spearman correlation matrices were computed for each species separately, between all the response
variables considered in this study (Table A5.1). This allowed to screen for the presence of co-

dependency and select the variables to use in the exploratory multivariate analysis (Table 5.1).

Table 5.1. Selected input parameters for the multivariate model.

Model’s parameters Measured Variables

Response variables: 013C, 534S, 05N, A1%Hg, A?9°Hg, 52°?Hg and A2%“Hg
Explanatory numerical variables blubber thickness, standard length, sampling month, sampling
(or numerical factors): year

Explanatory nominal variables

- species, sampling zone, age group and sex
(or nominal factors): P pling ge group

Blubber thickness was used as a proxy of seal nutritional status (Derous et al., 2020; Kauhala et al.,
2019), while standard length as a proxy of seals age in addition to age groups (Chapter 2, 85) (Chabot
and Stenson, 2002; Wiig, 1985). The Redundancy Analysis (RDA) was conducted to test the
importance of both nominal and numerical factors at explaining our dataset (Ramette, 2007). The
RDA inertia was used as QA of our analysis. This value is calculated as the proportion of constrained

variables over the proportion of non-constrained ones.
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Numerical variables for all seals together
Standard length, Blubber thickness, THg, 6'3C, 62°N, 345, 62°%Hg, A'**Hg, A?®Hg, A% Hg, A*%Hg,
&J.BBHngZCQng ﬂ”BHgMzmHg, QE'S'Z’I-IgMZQ“Hg

Y

ROUT Qutliers method

20 data points eliminated

Spearman Correlation matrices for each seal separately
Spearman rho p — P value

MNumerical variables excluded
for PCA/RDA
THg, A**Hg /6% Hg,
QIEEHg;"'ﬂ::ng, .chHg,fﬂ:c’ng
(Figures 3 and 4)

Explanatory variables (Factors)
Standard length, Blubber thickness,
Sampling zone, Sampling Year,
Sampling Month, Sex, Species, Age

Response variables

513(:' 515Nr 534Sr 52{)2ng ﬂlBgHg, ﬂ2-3:)|.|g'
ﬂi-ﬁlngr &2'94Hg

group
Rversion4.0.5 —
|2, v
1r“‘—’d RDA
; PCAC{IZDA | PCA Which factor influences the
or Hooded seals h : most our variability?
(Figure AS.1) All species l
PCAscores [ Figure2
SIBER 2.1.5

Layman Metrics
Y range, X range, TA, CD,
MNND, SDNND

Multivariate niches (Figure 2)
SEA., SEAg, TA, Area comparison,
Overlap
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Figure 5.2. Schematics of the ensemble of descriptive and multivariate statistical analysis conducted for
this chapter. SIBER metrics: SEA = Standard Ellipse Area; TA = Total Area. Layman metrics: CD = Mean
distance to centroid; MNND = Mean nearest neighbor distance; SDNND = Standard Deviation of nearest
neighbor distance.



The proportion of constrained variables indicate the amount of response variables which are affected
by the selected factors. We validated our RDA analysis when the proportion of constrained variables
was 280 %.

The Principal Component Analysis was then used to summarize, in a low-dimensional space, the
multi-isotopic variance in our three species (Buttigieg and Ramette, 2014). Several PCA runs were
conducted in order to find the combination of factors and response variables that would explain most
of the variability of our dataset (Figure 5.2). The Broken Stick method was used to estimate the
number of informative PCs generated by the PCA (Buttigieg and Ramette, 2014).

The Stable Isotopes Bayesian Ellipses (SIBER) package (version 2.1.5) in R (version 4.0.5; R Core
Team 2017) was used to quantify the differences between the multi-isotopic spaces of harp, hooded
and ringed seals resulting from the PCA, through the generation of multivariate standard ellipses
(SEA) and Layman metrics (Jackson et al.,, 2011; Layman et al., 2007). These ellipses would
represent seals’ ecological niches. They will include all the information relative to species trophic
ecology and Hg sources given by the ensemble of C, N, S and Hg stable isotopes (Layman and
Allgeier, 2012). To limit calculation biases when comparing small and/or unbalanced samples,
standard ellipses areas were corrected for small sample size (SEAc) (Syvaranta et al., 2013). Niche
areas of each species were estimated via 10° Bayesian permutation runs (SEAg) (Layman et al.,
2012). Direct pairwise comparisons were performed and considered meaningful when probability of
occurrence (e.g. number of model solutions where a given situation was found) exceeded 95 %. The
geometric overlap among ellipses and differences between SEAc was also measured and compared
between species (Ryan et al., 2013).

Descriptive statistical analysis was conducted in GraphPad Prism version 8.4.2 for Windows
(GraphPad Software, San Diego, California USA, www.graphpad.com). Multivariate and SIBER

analysis was instead run in R version 4.0.5 (R Development Core Team, 2011).

2.4. Data interpretation

Each response variable was used to interpret all the different aspects of seals ecology and Hg
accumulation (Table 5.2). To interpret the PC ordination, we applied the type | scaling system
(Legendre and Legendre, 2012; ter Braak, 1994):

1. Distances between object points approximate the Euclidean distances between objects. Objects

ordinated closer together can be expected to have similar variable values;
2. The length of the arrow indicate the importance of the variable along a PC;

3. The angle of such arrow with PC1 and PC2 estimates the correlation of the variable to one PC or

the other (<90° = strong correlation);
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4. The distribution of each data point with respect to the arrow reflect the position of such point within
the measured range for that variables: points closer to the points would reflect higher values of
the variable than points close to the base of the arrow.

Table 5.2. Ecological Interpretation of response variables in hooded, harp and ringed seals.

Variables Interpretation Definition
THg Levels of Hg exposure THg concentrations
Habitat use:
O'3C and 5*'S Offshore vs. coastal _
Bentho/Pelagic vs. sympagic Trophic tracers
N Trophic position
Habitat use:

Offshore vs. coastal
Hg reservoirs:
Seawater vs. freshwater/ice

A®°Hg and 8?%?Hg Marine Hg tracers

Hg reservoirs:

200 204
LAl el A Precipitations vs. atmosphere

Atmospheric Hg tracers

Hg environmental formation and

pathways Hg sources

Hg isotope slopes

In this study, we interpreted and discussed Hg stable isotope data as (1) simple delta values, (2)
isotopic slopes and (3) extent of MDF and MIF. In the last case, the term “Hg MDF” will refer to
variation of 3?°?Hg values. “Hg odd MIF” will refer to variation of A*®*Hg and A?°*Hg values, while “Hg
even MIF” will refer to variation of A?°°Hg and A?**Hg values.

In this study we did not quantify Hg species. Therefore, in our discussion we refer to MeHg as the
ensemble of methylated Hg forms (monomethyl and dimethyl-Hg).
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3. RESULTS

3.1. Multivariate analysis

The RDA analysis and the ANOVA post-hoc permutation test showed that the selected input factors
explained around 60 % of the variability of our response variables (adjusted R? = 0.616, F = 3.69, p <
0.0001). RDA1 and RDA2 explained 83 % of the total variance of our dataset (Table A5.2). The
eigenvalue loadings showed that, along RDA1, &3S value was the variable influencing the most the
distribution of the data (score = -2.81). Along RDA2, most of the variability was explained by 63C and
0N values (score = -0.88 and -0.99; respectively). The most important factors explaining the
variability of our dataset were the sampling area (adjusted R? = 0.372, F = 14.81, p = 0.001) and the
species (adjusted R?= 0.363, F = 14.42, p = 0.001), explaining 37 % and 36 % of the total variance,
respectively (Table A5.3).

With regard to the PCA, PC1 and PC2 explained 58 % of all the analyzed variables (Table A5.3). The
eigenvalue loadings showed that along PC1 A?®°Hg explained most of the variability (score = -1.20),
followed by 3**S (score = -1.10), A?**Hg (score = 1.08) and A*°Hg values (score = 1.01). Along PC2
5'3C explained most of the variability (score = 0.98), followed by 3?°?Hg (score = 0.92) and 3N values
(score = 0.88) (Table A5.3).

3.2. SIBER

Hooded seals presented the largest SEAs (Mode, 95 % CI: 0.93, 0.60 — 1.41), followed by harp seals
(Mode, 95 % CI: 0.31, 0.14 — 0.68) and ringed seals (Mode, 95 % CI: 0.22, 0.14 — 0.37). Hooded seal
SEAg was larger than those of harp and ringed seals in 99 and 100 % of model’s runs. Harp seals’
SEAg was larger than that of ringed seals only in 81.2 % of model’s runs. Therefore, these two SEAs
were not considered significantly different. No overlap was found between hooded and ringed seals
multivariate niches. Only a small overlap resulted between harp and hooded seals, involving 7 % of
harp seals’ niche and 3 % of hooded seals’ niche. The measurement of Layman metrics did not add
any significant information to data interpretation, therefore we won’t discuss them further. All

measured values are summarized in Table A5.4.

3.3. Stable isotope ratios

O13C values differed significantly between species (KW = 97.1, p < 0.0001), with hooded seals being

the most enriched in 13C, followed by harp and ringed seals (Table 5.3). Hooded seal presented
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significantly higher &3S values than the other 2 species (KW = 50.1, p = 0.0003), which did not differ
between each other. No difference was found for °N between the 3 species (KW = 1.51, p = 0.469).
In hooded seals, 8'3C values differed only between adult males, and the other age groups (KW =
13.4, p = 0.004). Adult males and yearlings presented significantly higher 6N values than adult
females and subadults (KW = 33.8, p < 0.0001). No difference was found between the &S values of
all age groups (KW = 9.75, p = 0.02). In harp seals, no difference was found for 3'*C and &%*S values
(KW =5.62, p =0.13, KW = 6.32, p = 0.10; respectively). Conversely, yearlings resulted significantly
more enriched in N with respect to adult females (KW = 25.2, p < 0.0001). In ringed seals, no
difference was found between d'3C, 8'°N and &3S values of all age groups (KW =4.37, p = 0.22, KW
=5.75, p=0.12 and KW = 2.11, p = 0.55; respectively).

Hg stable isotope ratios differed significantly between species (2w-ANOVA F = 25.5, p <0.0001; Table
5.3). Hooded and harp seals presented significantly higher 32°?Hg values compared to ringed seals
(p < 0.0001 on both cases). Hooded seals presented also significantly higher A?®°Hg and A°'Hg
values than ringed seals (p = 0.001 and p = 0.003, respectively). No differences were found for A*°*Hg
and A%*Hg. The A®Hg/A?°*Hg slope ranged from 1.09 + 0.05 and 1.09 + 0.06 in harp and hooded
seals, to 1.25 + 0.06 in ringed seals. All slopes showed a significant correlation between the isotopes
(p < 0.0001, R? = 0.977, R? = 0.902 and R? = 0.947, respectively). The A*®*Hg/5?°?Hg slope ranged
from 0.6£0.09 and 0.91+0.07 in harp and hooded seals, to 1.41 £ 0.33 in ringed seals. All slopes
showed a significant correlation between the isotopes when fitted to zero (p < 0.0001, R? = 0.325, R?
= 0.380 and R? = 0.648, respectively). The A2®°Hg/A?**Hg slope ranged from -0.16 + 0.09 in hooded
seals, -0.10 £ 0.18 in harp seals to -0.06 £ 0.07 in ringed seals. None of these slopes were significant.
The A2°Hg/52°2Hg slope ranged from 0.00 + 0.01 in harp seals, 0.00 + 0.01 in ringed seals, to 0.03 +
0.005 in hooded seals. The slope showed a significant correlation only for hooded seals (p < 0.0001,
R? = 0.03). Because of the large variability in Hg even MIF values, the interpretation of A2°Hg/A?**Hg
and A?°°Hg/5%?°2Hg slopes might be misleading. As such, these slopes were not interpreted, but only

presented in Figure A5.1.

3.4. Mercury levels

THg concentrations differed significantly between species (KW = 90.1, p < 0.0001), with ringed seals
presenting the highest values, followed by hooded and harp seals (Figure 5.4). For hooded seals,
adult males were significantly more contaminated than subadults and yearlings (p = 0.0001 and p =
0.0009, respectively), but did not differ from adult females (Table 5.4). For harp seals, the only
difference was found between yearlings and all other age groups (KW = 14.9, p = 0.0008). For ringed

seals, no difference was observed between age groups (KW = 6.46, p = 0.09).
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Table 5.3. Carbon, nitrogen, sulphur and Hg stable isotope values measured in muscle tissue of hooded,
harp and ringed seals from the East coast of Greenland from 2008 and 2019. Data are expressed in delta
notation, in per mill (%o.). Mass-dependent fractionation (MDF) is shown as §, mass-independent
fractionation (MIF) is shown as A. Results are presented as Mean + SD, (Min — Max) n. Nt = Number or

analyzed seals.

Hooded seal Harp seal Ringed seal
Cystophora cristata Pagophilus groenlandicus Pusa hispida
Cc (Niot = 52) Pg (Niot = 42) Ph (Nt = 134)
513C -20.2£0.48 -20.8 £ 0.59 -21.3+£0.49
(-20.9t0 -18.9) 52 (-22.0t0 -19.3) 28 (-23.3t0-20.5) 116
515N 14.1 £0.99 13.9+1.0 14.2 +0.93
(12.3-16.6) 52 (11.6 - 15.9) 39 (11.7 - 15.9) 118
5% 18.8 + 2.47 17.1+0.97 16.5+1.25
(12.0-21.8) 51 (14.5-17.9) 39 (14.0 - 19.0) 117
52921 0.86 + 0.36 0.99 £ 0.37 0.21+0.31
9 (0.15-1.64) 35 (0.34-1.56) 12 (-0.44 10 1.32) 28
A9 0.91+0.18 0.74 £ 0.19 0.80+0.21
9 (0.36 - 1.22) 35 (0.51-1.16) 12 (0.43-1.43) 28
200 0.03+0.03 0.00 £ 0.03 -0.00 + 0.02
9 (-0.03 t0 0.09) 35 (-0.03t0 0.08) 12 (-0.04 to 0.05) 28
AL 0.75+0.15 0.60 £ 0.17 0.61+0.17
9 (0.29-1.03) 35 (0.45-0.99) 12 (0.34-1.10) 28
AP*Hg -0.03 £ 0.07 0.01 £ 0.05 0.00 £ 0.02

(-0.19 t0 0.10) 35

(-0.10 to 0.08) 12

(-0.16 t0 0.11) 28

Table 5.4. THg concentrations (as ng g'! dw) in the muscle of hooded, harp and ringed seals sampled
between 2008 and 2019 in along the East coast of Greenland. Data are presented by age group as Mean
(Median) + SD, (Min — Max). n: Number of analyzed samples. Nit = Number or analyzed seals.

Hooded seal Harp seal Ringed seal
Cystophora cristata Pagophilus groenlandicus Pusa hispida
Cc (Ntot = 52) Pg (Ntot = 42) Ph (Ntot = 134)
2237 (1489) + 1753 461 1219 (1237) + 447
Adult Males (613 - 4907) _ (249 - 2174)
. n:1 .
n:8 n: 35
773 (629) + 340 498 (413) + 297 1043 (905) + 442
Adult Females (365 - 1443) (256 - 1163) (381 - 2207)
n: 12 n: 15 n: 32
442 (402) + 228 720 (795) + 220 1265 (1251) + 530
Subadults (92 - 762) (472 - 892) (441 - 3508)
n: 20 n:3 n: 60
454 (410) + 233 283 (225) + 240 1048 (967) + 422
Yearlings (152 - 933) (55.5 - 1145) (602 - 1215)
n: 12 n: 19 n: 6
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4. DISCUSSION

4.1. Habitat use is the most important factor influencing the multi-isotopic
composition of Arctic trues seals

The RDA analysis shows that the most important factors to significantly explain the isotopic variance
of hooded, harp and ringed seals are the sampling location (37 % of variability) and the species (36
% of variability). However, in this particular case we should not consider these 2 factors as separated.
In this study, each species was sampled from a different sampling location: the hooded seal from the
“West ice” (offshore, open water, pack-ice), the harp seal from the “Denmark Strait” (offshore,
continental shelf, pack-ice) and the ringed seal from the Scoresby Sound (inshore, fjord, land fast ice)
(Figure 5.1). Since the sampling location and the species overlap, they should influence in the same
way the variability of our dataset. This is confirmed by the similar percentage of variability they explain
in the RDA. The hooded seal is an oceanic subarctic species, which uses the drifting pack-ice of the
Greenland Sea during winter for breeding and mating (Andersen et al., 2013). Afterwards, they
undertake long migrations all around the North Atlantic Ocean, from the southernmost coasts of
Europe to Svalbard (Bellido et al., 2009; Stenson, 2014). Hooded seals were never observed in
coastal waters of the Greenland Sea (Vacquie-Garcia et al., 2017). This species remains strongly
associated with the continental shelf edge and deep ocean (Tucker et al., 2009). The harp seal is also
an offshore species which relies on the drifting pack-ice for breeding and mating. However, this
species undergoes shorter annual migrations — often limited to the northern waters of the Atlantic
Ocean — and remains mostly associated with the continental shelf (Tucker et al., 2009). The eastern
Greenland subpopulation of ringed seal adventures only rarely offshore, remaining year-round along
the coast and within fjords (e.g. King Oscar Fjord, Scoresby Sound) (Born et al., 2004; Teilmann and
Kapel, 2014). Looking at the sampling map, we can also observe how the 3 sampling zones of this
study not only overlap with the 3 species, but also reflect the 3 different habitat uses. This first finding
indicates that the habitat use is the most important factor influencing the isotopic variability
of true seals in the Greenland Sea.

The RDA loadings show how, along both RDA1 and RDA2, most of the variability was expressed by
5*S > d1C >> BN (Table A5.3). This second finding indicates that hooded, harp and ringed seals
differ mostly in their C, N and S stable isotope ratios. While d'°N values are usually used a proxy of
species trophic position, d'°C and 5%!S values have been used to trace marine mammals’ habitat use
(coastal vs. offshore, benthic vs. pelagic) (Giménez et al., 2018). The fact that 8*3C and &**S are more
important than 8*°N in differentiating the 3 species, confirms again the importance of habitat use with
regards to seal isotopic separation.

Nevertheless, the ANOVA permutation test shows that these variables explain only 60 % of the total

variance between our species. This suggests that other variables (e.g. Hg stable isotopes) are
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contributing in differentiating the 3 species within the PC space, and explaining the 40 % of variance
not expressed by d'°N, d'3C and &%'S values. To test this hypothesis, we conducted a multivariate
PCA/SEA analysis combining all trophic and Hg isotopic tracers. The PCA assesses which isotopic
tracer is the most important variable to describe the variance between our 3 species. Then, the
calculation of species multivariate niches (SEAg) allows to quantitatively measure species-specific
differences.

Harp and ringed seals’ SEAs are homaogenously distributed on the central and right side of the graph
respectively (Figure 5.3). Hooded seals present the largest SEA, widely distributed over the left side
of PC1 and all along PC2. No significant overlap occurs between the multivariate niches of hooded,

harp and ringed seals (blue, red and green SEA, respectively).
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Figure 5.3. PCA scores biplot for hooded seals (Cc), harp seals (Pg) and ringed seals (Ph) sampled between
2008 and 2019 in the Greenland Sea. The response variables are shown as black arrows. species are shown
by colors as presented in the biplot. Multivariate niches are represented by the SIBER modelled SEAg (40
% of total data points of each species). The variance of response variables along PC1 and PC2 is shown in
the grey boxes. Orange arrows indicate an increase in the § (or A) value, green arrows indicate a decrease.
The ecological interpretation of the multivariate niches is shown in the . The percentage
explained by each PC is shown between brackets for each axis.
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The distribution of seals’ SEAs along PC1 reflect the 3 different habitats use: inshore, within the
Scoresby Sound for ringed seals, on the continental shelf of the Denmark Strait for harp seals and
the offshore west ice for hooded seals (Figure A5.2). This shows that habitat use is also the most
important factor to influence Hg isotopic composition of Arctic true seals. The PCA loadings
show that along PC1 the most important variables for species SEAs distribution are: A?°Hg > &3S >
A2*Hg > 522Hg > A*°Hg > dC (Table A5.2). This confirms that Hg stable isotopes are as important
as C, N and S ones in differentiating hooded, harp and ringed seals.

The distribution of SEAs along PC1 indicate that:

- Hooded seal niche is characterized by higher values of %S and 5°C, §%°?Hg and A'*°Hg, A?°Hg,

and negative values of A?*“Hg;

- Ringed seal niche is characterized by lower values of 534S and d'°C, 3?°?Hg and A*°*Hg, A?°Hg,

and positive values of A%“Hg;

- Harp seal niche is characterized by intermediate values of 534S and &'°C, ?°?Hg and A'*°Hg, but

presented values of A?2°°Hg and A?°“Hg similar to hooded seals.

As seen in previous literature, each of these variables can act as proxies of several aspects of the
trophic ecology of marine predators (Table 5.2) (Das et al., 2017; Li et al., 2020; Pinzone et al., 2019;
Renedo et al., 2018). In the case of Hg stable isotopes, they could additionally trace possible
difference in Hg sourcing as a consequence of seal habitat use (Cransveld et al., 2017; Le Croizier
et al., 2020; Pinzone et al., 2021a).

The PCA loadings show how the most important variables for species SEAs distribution along PC2
are: d'°N and d?°?Hg (Table A5.2). The analysis of data suggests that the large spread of hooded seal
SEA along PC2 could be linked with shifts in diet and habitat use between age groups. To study this
hypothesis, we conducted a second PCA and RDA for hooded seals only (Figure A5.3). Since the
main focus of this chapter are Hg sources, we do not discuss this part here. A more detailed

explication can be found in Annex to Chapter 5 (page 230).

4.2. Offshore versus coastal habitat use

5%4S values in marine biota respond to changes in the abundance and isotopic composition of sulfates
(SO4%) in the water column (Béttcher et al., 2007). Several factors may modify sulfate cycling such as
salinity gradients, concentration of organic matter (OM), proximity of freshwater inputs or, in coastal
areas, anoxic reactions in sea bottom sediments (Bottcher et al., 2000). The 3%*S of modern ocean
sulfate is spatially homogeneous (20.9 to 21.1 %o), reflecting the sources and sinks of sulfate to the
ocean (Tostevin et al., 2014). Marine biota living in coastal or freshwater ecosystems are usually

depleted in 34S (5%S from 5% to 15%0) as a result of the higher proportion of isotopically depleted
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sulfide relative to enriched aqueous sulfates typical of these zones, and the strong oxidation and
processing of riverine OM (Fry and Chumchal, 2011; Tostevin et al., 2014). For this reason stable S
isotopes can help defining the habitat use (e.g. hunting and distribution) of a species (Connolly et al.,
2004; Gomes and Hurtgen, 2013). Hooded seals present physiological adaptations (Geiseler et al.,
2013) that allow them to dive down to mesopelagic waters (>700m of depth since their first months of
life; Folkow et al., 2010) and hunt for a large variety of bentho-pelagic species such as cephalopods
(Gonatus fabiricii) and gadidae (Gadus morhua and Boreogauds saida) (Haug et al., 2004; Potelev et
al., 2014). Therefore, the higher &S values of hooded seals (19 to 21 %.) might reflect the
general deep oceanic hunting behavior of this species.

Harp and ringed seals present 5**S values ranging from 14 to 19 %.. Harp seals are generalist pelagic
hunters, remaining within the first 50m of the water column in most of their dives. Also, they are found
in strong association with pack-ice for the bigger part of the year (Folkow et al., 2004; Nordgy et al.,
2008). &°*'S values ranging from 16 to 18 %o agree with values found in sulfate from subsurface
offshore waters near pack-ice, where S cycling can be influenced by several processes (Tostevin et
al., 2014). Harp seal S values might be related to the higher reliance on 34S depleted sulfides
typical of S and OM processing under the ice (Carnat et al., 2018; Vancoppenolle et al., 2013).
The ringed seal is a very territorial species, relying on the fjords land fast and pack-ice all year round
(Born et al., 2004; Siegstad et al., 2014). 5*S values ranging from 14 to 17 %o are in agreement with
ice-S compounds and marine biota associated with Antarctic sea-ice (Carnat et al., 2018; Michel et
al., 2019), as well as anadromous fish living in coastal waters (Fry and Chumchal, 2011). Therefore,
ringed seal 8%S values could reflect their reliance on 34S depleted sulfides typical of S and OM
from sea-ice and terrestrial watersheds, typical of coastal zones like fjords.

Such interpretation is confirmed by the gradient of 83C values that are the highest in hooded seals,
followed by harp seals and ringed seals. Ringed seal low &'3C values are most likely related to the
influence of freshwater input in the Scoresby Sound from rivers and melting ice (Cottier et al., 2010;
de la Vega et al., 2019). In offshore water, increasing 5*3C values are found going from surface to
mesopelagic waters (Le Croizier et al., 2019; Pinzone et al., 2019; Tucker et al., 2013). This results
from the influence of organic C (OC) remineralization and processing in the anoxic deeper layers of
the water column (Coban-Yildiz et al., 2006; Woodland et al., 2012). Therefore, the higher &C
values of hooded seals compared to harp seals might reflect their difference in deep versus

shallow hunting behavior.

113



4.3. Habitat use influences mercury sources

4.3.1. Tracers of Hg atmospheric sources

A?°°Hg values have been used to describe Hg cycling in the atmospheric reservoir. The values found
in our species are in the range described for marine biota and for Arctic marine mammals (Demers et
al., 2013; Masbou et al., 2018). Masbou et al. (2018) hypothesized that the near-zero A?°°Hg of Arctic
Ocean biota is linked to the small size of the Arctic basin, strong continental influence via river runoff
and the presence of ice cover that limits atmospheric Hg wet deposition. The range of A?**Hg values
found in hooded, harp and ringed seals from Eastern Greenland was large and slightly overlapping
between species (Table 5.3). It shows the opposite pattern of A2°°Hg values. Higher and positive
A?Hg values (with negative A?°*Hg), as those showed by the offshore hooded and harp seals (on
average 0.03 %o and 0.00 %., respectively), are usually found in atmospheric Hg?* from wet and dry
precipitations (Lepak et al., 2015). On the other hand, small negative A?®°Hg values (with positive
A?*“Hg) like those found in the coastal ringed seal (on average -0.03 %o), are usually found in gaseous
Hg® in the atmosphere (Sun et al., 2019). Moreover, the negative A?°Hg found in ringed seals
resembles more closely the low values found in boreal soils (-0.02 £ 0.03 %.; Obrist et al., 2017) than
those found in Arctic Ocean sediments (0.00 + 0.03 %.; Gleason et al., 2017). This indicates that Hg
in muscle of ringed seal might derive from terrestrial atmospheric Hg inputs. On the other hand,
Hg in muscle of hooded and harp seals might derive from precipitation particulate-bound Hg
inputs through direct exchange between the atmosphere and sea surface (Chen et al., 2012; Gratz
et al., 2010).

4.3.2. Tracers of Hg marine sources

0?%2Hg and A'®Hg values found in our 3 species are in the range of previous reported data for
seabirds, ringed seals, polar bears and narwhals living in regions above the 70°N latitude (Masbou et
al., 2018, 2015a; Renedo et al., 2020). 8?*?Hg and A*°Hg values are the highest in hooded seals,
followed by harp seals and ringed seals (Table 5.3). Several studies have shown how the extent of
Hg MDF (mostly represented by 3?°?Hg) and Hg odd MIF (mostly represented by A*°Hg) increases
going from coastal to offshore ecosystems (Li et al., 2016a; Perrot et al., 2019). Indeed, negative and
near-zero MDF values of ringed seals were in accordance with values found in estuarine fish from the
Northeastern coast of the U.S. and the Gulf of Mexico (Kwon et al., 2014; Senn et al., 2010), denoting
a coastal habitat use. In these areas, the presence of more suspended particle loads and dissolve
OM (DOM) reduces light penetration, generally leading to lower rates of Hg MDF (Li et al., 2016b).
As such, MeHg bioaccumulated in coastal food webs is strongly depleted in 2°°Hg and presents low
0?%2Hg values (Le Croizier et al., 2020; Pinzone et al., 2021a). On the other hand, the more

oligotrophic character of marine offshore waters leads to deeper light influx in the water column on
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one side, and slower Hg redistribution between water layers on the other (Bowman et al., 2020). This
relates to longer photochemical MeHg processing, higher rates of Hg MDF and consequently higher
52%2Hg and values in pelagic food webs (Kwon et al., 2020). The same processes affect also odd MIF
values. Egg shelves AHg values of Arctic seabirds like murres, terns and gulls were found to
decrease with a more inshore distribution of nests, reflecting the higher input of Hg terrestrial geogenic
reservoirs (Day et al., 2012; Hebert, 2019).

Another aspect that might contribute to the lower §?°2Hg and A*°*Hg values in ringed seals, is their
reliance on sea-ice. Point et al. (2011) proposed that the presence of sea-ice might impart negative
Hg odd MIF in murre eggs. They discussed how higher concentrations of sea-ice could behave like a
barrier to Hg exchanges between the oceanic and atmospheric reservoirs and limit radiation fluxes
(Point et al., 2011). This would have a negative feedback on net photochemical degradation of MeHg
in surface waters and result in lower rates of Hg MDF and odd MIF, with respect to open offshore
waters (Point et al., 2011). These findings indicate that in ringed seals Hg originates mostly from
the marine coastal ecosystem, while in hooded and harp seals Hg originates mostly from the

marine offshore ecosystem.

4.4. Habitat use influences mercury pathways

Photochemical reactions such as Hg?" reduction to Hg® or MeHg photodegradation in the
environment, result in specific A°Hg/A?°!Hg and A®°Hg/5?°?Hg regression lines with a precise slope
value (Blum, 2011). The comparison between reference slopes and those found in biological samples
are used to identify the pathways of Hg processing in the environment (Bergquist and Blum, 2009).

Hg slopes differ a lot between offshore and coastal species (Figure 5.4). While hooded and harp seals
present a similar A'*°Hg/A?'Hg in the line of 1.09 + 0.05, ringed seals present a slope of 1.25 + 0.06
(Figure 5.4A). In the same way, while hooded and harp seals present A*°Hg/5?°?Hg slopes of 0.91 +
0.07 and 0.06 = 0.09 respectively, ringed seals fall in the line of 1.41 + 0.33 (Figure 5.4B). The
comparison of our findings with reference slopes shows how Hg accumulated in ringed seals seem
to derive from MeHg photochemical processes (Bergquist and Blum, 2007b), while Hg
accumulated in the other 2 species would originate from a mix of Hg?* photoreduction in both
show (slope value ~1.07) and seawater (slope value ~1.00) (Kwon et al., 2014; Sherman et al., 2010).

These slopes confirm our previous interpretation of Hg atmospheric tracers (84.3.1).
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Figure 5.4. A1%9Hg/A201Hg (A) and A19°Hg/5202Hg (B) slopes measured in hooded (Cc, blue line), harp (Pg,
red line) and ringed seals (Ph, green lines). MeHg photo-demethylation and Hg2* photo-reduction slopes
were extracted from (Blum et al., 2014). MeHg photo-demethylation and Hg2+ photo-reduction slopes in
Arctic snow were extracted from (Sherman et al., 2010). Slopes are represented as mean + SE (Standard
Error). In Figure B, the A199Hg/§202Hg slope for Arctic snow is not figured since is not representative of our
results.

4.5. Habitat use influences levels of mercury exposure

Our initial hypothesis was that preying on larger and higher trophic level bentho-pelagic prey, as in
the case of hooded seals, would determine higher rates of exposure to Hg and consequently higher
concentrations in seal tissues (Blévin et al., 2020; Bustamante et al., 2003; Cardona-Marek et al.,
2009; Mcmeans et al., 2014a; Peterson et al., 2015; Pinzone et al., 2019). This is not confirmed by
our results that instead suggest habitat use as the main driver of higher THg in muscle of Arctic seals.
THg concentrations differ significantly between species with ringed seals being the most
contaminated, followed by hooded and harp seals (Figure 5.5).

Previous studies demonstrated how based on the areas and food webs they exploit, marine predators
might be exposed to different sources or processing of Hg, or more specifically MeHg (Mieiro et al.,
2009; Pinzone et al., 2021a). The comparison of our isotopic data with THg concentrations confirms
that this might be valid also for Greenland Sea seals. The strong territoriality of ringed seal within
the Scoresby Sound arealeads to higher Hg exposure. This results in higher THg bioaccumulation
in this species compared to offshore pelagic and bentho-pelagic species like the harp and hooded
seals. Inland anthropogenic activities such as extensive agriculture and industrial production can be
important sources of Hg to the coastal marine environment, via their connection through rivers

(Monperrus et al., 2007; Soerensen et al., 2016b).

116



® Cc A Pg 4;“#»\\ W rh ‘
4000 :
7y
5 3000 i
S A
®
2 2000
t%
= 1000
0 | I

Cc Pg Ph

Figure 5.5. THg concentrations in muscle of hooded (Cc, blue), harp (Pg, red) and ringed seals (Ph, green)
sampled between 2008 and 2019 along the Eastern coast of Greenland. Data are represented as bars (mean
+ SD) and single data points. Habitat use is represented by shapes: circle for offshore/bentho-
pelagic/oceanic, triangle for offshore/pelagic, square for coastal/sympagic. Data are presented as ng g1 dw.

In the Scoresby Sound the only large human settlement is Ittoggortoormiit, with a population of 468
in 2017 (Crump et al., 2017). This is considered one of the most pristine and remote areas of the
Arctic. Therefore, higher THg concentrations in ringed seals are most likely related with the
pathways of Hg processing in the marine environment, rather than levels of anthropogenic
pollution.

One of the largest MeHg source in the oceans is believed to be production by heterotrophic bacteria
in oxic surface seawaters (Blum et al., 2013). Water-column methylation is amplified in stratified
waters, rich in nutrients and organic carbon (OC) like the river mouths and shallow coastal areas
(Schartup et al., 2015a, 2013).

Riverine run-offs is considered as a major source of MeHg into Arctic fjords and ocean basins
(Dastoor and Durnford, 2013; Schartup et al., 2015a). Arctic rivers are recognized as seasonal
carriers of terrestrial Hg and OM from vegetation, permafrost and glaciers during spring thawing
(Charette et al., 2020; Obrist et al., 2017; Seifert et al., 2019). Hg deposits onto the permafrost surface
from the atmosphere, where it bonds with organic matter in the active layer (Schuster et al., 2018).
Once frozen, microbial decay effectively ceases, blocking the reemission of Hg, which will be
permanently store in permafrost until the warmer period (Schuster et al., 2018; Smith-Downey et al.,
2010). This causes seasonal peaks of Hg export to rivers during permafrost thawing, enhancing Hg

methylation in estuarine areas (Lim et al., 2019).
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Increasing evidences are arising on the importance of marginal sea-ice as a zone of a substantial
production of MeHg in the Arctic (Heimbdrger et al., 2015; Soerensen et al., 2016a). Previous studies
on Antarctic land fast ice confirmed the simultaneous presence of microbial communities responsible
for both Hg?* methylation and reduction in polar sea-ice (Gionfriddo et al., 2016; Schartup et al., 2019).
In addition to the potential for in situ methylation, ice cover suppresses Hg° evasion from marine
surface waters, thereby increasing the pool of Hg?* available to methylating bacteria (DiMento et al.,
2019; Schartup et al., 2019). The mechanism of sea-ice production and melting creates a highly
stratified surface water column that has been proposed to enhance MeHg production (Baya et al.,
2015). Beattie et al. (2014) have also shown the occurrence of biologically mediated MeHg production
within the sea-ice itself, as well as at the ice-water interface. This was confirmed by other studies that
showed a positive correlation between chlorophyll a (a proxy for primary production) and MeHg
concentration in arctic and Antarctic sea ice (Cossa et al., 2011a). Arctic sea-ice algae and sub-ice
phytoplankton account for 57 % of the total annual primary production in the Arctic Ocean (Boetius
et al., 2013; Gosselin et al., 1997). Moreover, the rates of Hg uptake in marine organisms are the
highest at the base of the food web, where Hg concentrations increase between 10° and 10° times
during uptake by primary producers (Schartup et al., 2018; Zhang et al., 2019). This implies that MeHg
produced in sea-ice and bioaccumulated by sea ice algae may contribute disproportionally to Arctic
biota MeHg exposure (Schartup et al., 2020).

The A**Hg/A?°*Hg and A*°Hg/62?Hg slopes calculated in this study indicate that Hg accumulated by
ringed seals derives from MeHg processing rather than Hg?* photodegradation processes. Seemingly,
Hg stables isotope values support the importance of terrigenous Hg inputs.

Stomach content analysis have reported that the diet of ringed seals in the Scoresby Sound is mainly
composed by polar cod Boreogadus saida and Arctic cod Arctogadus glacialis, and invertebrates like
Parathemisto spp., Eusirus cuspidatus and Mysidae (Siegstad et al., 2014). These are believed to be
the key species of Arctic sympagic food webs (Kohlbach et al., 2019, 2017; Steiner et al., 2019).
These findings confirm that terrestrial, riverine and sea-ice inputs are all important sources of
Hg to ringed seals, whilst hooded and harp seals rely on offshore marine sources (Figure 5.6).
Hg cycling characteristic of polar coastal areas exposes ringed seals to higher levels of THg,

leading to large bioaccumulation in their muscle.
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Figure 5.6. Conceptual representation of the influence of habitat use on Hg stable isotopes of ringed seal Pusa hispida, hooded seal Cystophora cristata
and harp seal Pagophilus groenlandicus living in the Greenland Sea. Each isotope ratio is represented by a different color. |, indicates a dicrease in
delta values, 1 indicates an increase in delta values. Grey arrow indicate the direction of change. In black are represented the processing causing
changes in stable isotope values.
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5. CONCLUSIONS

In this chapter we applied a multi-isotopic approach to assess the main factor influencing the levels
of Hg exposure to Arctic seals living in the Greenland Sea. Our main conclusions can be

summarized as follow:

1. The application of C, N, S and Hg stable isotopes together was essential to differentiate seal multi-
isotopic niches;

2. Habitat use is the most important factor in determining the levels of Hg exposure to true seals in
the Greenland Sea;

3. Hg stable isotope ratios and slopes discriminated between marine versus terrestrial sources of
Hg pollution;

4. Ringed seals, which have a coastal and sympagic habitat use, are directly influenced by the higher
rates of MeHg production typical of estuarine and sea-ice ecosystems, and consequently

accumulate higher levels of Hg in their muscle with respect to offshore hooded and harp seals.

To our best knowledge this work represents the first assessment of Hg sources in Greenland Sea
seals. It shows that also at small scale, marine predators like seals might be exposed to different Hg
sources. This seems to be a more important driver of Hg bioaccumulation in Arctic marine predators
than the levels of Hg in the environment.

These findings raise attention about refocusing the directions of Arctic marine mammals’
conservation. For example, when considering the potential impacts of climate change on Hg
pollution, higher attention should be put on “where” marine mammals eat, rather than “what”

they eat.
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Chapter 6

Impact of environmental changes on Hg temporal
trends in Arctic true seals




ABSTRACT

Rationale: Several observations exist about the impact of climate change on the trophic ecology of
marine predators. As a consequence, exposure to pollutants like mercury (Hg) has changed in time,
with the greatest changes observed in Arctic marine mammals. The combination of C, N, S and Hg
stable isotope ratios with THg concentrations allowed in the previous chapter to trace Hg souces in
Greenland Sea seals, showing that sympagic species are potentially exposed to higher contamination
levels, with respect to offshore bentho-pelagic ones. No species-specific data are available yet about
the potential shift of Hg sources on a temporal scale, as a consequence of climate change.

Main question: Which are the main factors influencing trends of Hg sources and bioaccumulation in
Greenland Sea seals over time?

Methods: We measured C, N, S, Hg stable isotopes and total-Hg (THg) concentrations in muscle of
hooded seal Cystophora cristata and ringed seal Pusa hispida sampled in the Greenland Sea
between 1985 and 2019. We compiled a suite of weather and climate time series, as well as broad-
scale teleconnection indices such as the Arctic Oscillation (AO) and North Atlantic Oscillation (NAO).
We followed a step-by-step aaproach to constructed liner mixing models (LMMs), combing all
variables with THg concentrations, to identify possible key predictors and assess any main effects on
temporal contamination trends.

Results: For ringed seals, the top selected models indicated 6°N values as the best descriptor of
THg concentrations in time. Subsequent correlation of §°N with NAO, surface air temperature, sea-
ice, 8?°2Hg and A®°Hg values showed that in this species THg trends are mostly explained by shifts
in Hg sources, linked with general ecosystemic changes. For hooded seals, the top selected models
indicated §*C values, biomass of Atlantic cod and Greenland halibut as the best descriptors of THg
concentrations in time. In this species, THg trends showed a significant dicrease (1.5 % / year), mostly

linked to changes in prey availability.

Keywords: Hg sources, climate change, temporal trend, Hg stable isotopes, Arctic Atlantification
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1. INTRODUCTION

Until the 80s, Hg increase in Arctic biota was in line with the increase in the environment. In the last
3 decades however, scientists have observed a mismatch between concentrations in marine biota
and the atmosphere (UNEP, 2013). The worsening of climatic change in the Arctic Ocean is adding
up to this mismatch, complicating the comprehension of Hg temporal in Arctic marine biota (Chen et
al., 2018; Dietz et al., 2013).

While some species show no temporal shift (e.g. Arctic char, black guillemot) and others show a
decrease in THg concentrations since the past (e.g. Caribous and moose), marine mammals show
significant increasing trends (up to 5 % / year in narwhals from Baffin Bay) (Braune et al., 2011). Such
trends are not spatially consistent. In ringed seals, studies report increasing THg in Northwestern
Greenland and Hudson Strait and decreasing THg in Resolute Bay (Houde et al., 2020; Rigét et al.,
2011). In the same way, polar bears’ hepatic THg are increasing in Canada, but decreasing in Central
East Greenland (Routti et al., 2011; Yurkowski et al., 2020).

From the combination of several datasets and studies, a set of protocols was established in order to
conduct Hg temporal trend analysis in Arctic wildlife (Bignert et al., 2004; Braune et al., 2011). These
protocols foreseen the use of linear mixing models, where temporal trends in THg concentrations are
assessed in response of a series of descriptor (climatic or ecological) variables at the same time
(Foster et al., 2019a, 2019b). Since the last Hg assessment report (AMAP, 2011), there has been an
increasing interest in understanding Hg trends in Arctic wildlife. However, the high complexity of (1)
polar climatic processes, (2) Arctic Hg cycling and (3) trophic ecology of Arctic marine predators,
strongly limit the interpretation of the impact of climate change on temporal trends of pollution.

The Greenland Sea is one of the regions more impacted by climate change (Laidre et al., 2015). Yet,
because of its remoteness, it's one of the least studied areas. Indigenous people living in
Ittogqqortoormiit report important changes in the number and type of catches during traditional hunting
of polar bears and ice seals (Laidre et al., 2018). Additionally, strong shifts in cetaceans abundances
and distribution are recorded, as consequence of increased competition for resources and habitat
change (Moore et al., 2019). In chapter 5 we demonstrated how habitat use influence Hg sources and
levels in hooded, harp and ringed seals living in the Greenland Sea. Starting from these results,
guestions arise about the effect of environmental changes on Hg sources and seal trophic ecology
and the consequence it might bring about the rates of Hg bioaccumulation.

In chapter 5, we demonstrated how the combination of C, N, S and Hg stable isotopes is a powerful
tool for the discrimination of Arctic seals’ trophic ecology and Hg sources at spatial scale. More

specifically, we showed how:

OC and 5*'S are optimal tracers of seal habitat use (Chapter 5, §4.2);

- 0%2Hg and A'%°Hg are optimal tracers of marine Hg sources (Chapter 5, 84.3.2), and
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A*°Hg and A?°“Hg are optimal tracers of terrestrial Hg sources (Chapter 5, §4.3.1).

As such, they can be added to Hg temporal analysis of Arctic wildlife and refine the understanding of

shifts in Hg exposure as a consequence of Arctic climate change.

The main objective of this chapter is to assess temporal variation of Hg bioaccumulation ringed seal
Pusa hispida and the hooded seal Cystophora cristata, sampled in the Greenland Sea between 1985
and 2019.

Using muscle as monitoring tissue, we run multiple linear mixing models to integrate data of Hg stable
isotopes into the temporal analysis of THg concentrations, in combination with C, N and S stable
isotopes and climatic variables.

We did so to answer 3 specific questions:

1. Is Hg increasing or dicreasing in Greenland Sea marine mammals?
2. Which are the main factors explaining Hg trends among trophic ecology, climate change and Hg
sourcing?

3. Which species of marine mammal is the most affected by climate change?
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2. MATERIAL AND METHODS

2.1. Sampling

This study was conducted on muscle tissue of 155 hooded seal Cystophora cristata and 252 ringed
seal Pusa hispida, collected in the Greenland Sea from 1985 to 2019 (Figure 2.4, 82.2). Samples
derive from tissue banks and in-situ harvesting (Chapter 2, 84.1). Seals’ harvesting was conducted
after obtainment of permits for scientific hunting by the Govenrment of the Environment of Greenland,
Norway and Denarmsk, as explained in the ethical statement (Chapter 2, §83.2). For each animal
information about geographical coordinates of sampling, weight, standard length and sex was

recorded. Samples of muscle tissues were stored at -20°C in a three layer packeging.

2.2. Analysis

We measured THg levels (expressed in ng g dw), using atomic absorption spectroscopy (AAS) on
a Tri-cell Direct Mercury Analyzer 80 (DMA-80 evo, Milestone, Italy) (Chapter 2, §7.1). We measured
C, N and S and Hg stable isotopes (expressed in & notation, in per mill %.) using an IRMS (IsoPrime
100, Isoprime, U.K.) coupled in continuous flow to an elemental analyzer (EA, Vario MICRO cube,
Elementar, Germany) (Chapter 2, §7.2). THg concentrations, 3*C and &'°N values were measured
on the totality of samples. Hg stable isotopes (expressed in & notation, in per mill %.) were measured
in a subsample of individuals, due to time and budget constrains (Table A6.1 and Table A6.2). Hg
isotopic analyses were performed in a Nu Plasma HR MC-ICPMS (Nu Instruments, UK using a

continuous flow Cold Vapor Generation (CVG) after Hot block (HB) pre-digestion (Chapter 2, §7.4).

2.3. Correction of 613C values

Enhanced atmospheric CO; since the industrial period is causing an increase in **C-depleted
anthropogenic CO; transfer into the oceans. This has resulted in a decline in the 3*C values of
Dissolved Inorganic Carbon (8*3C-DIC), known as the Suess effect (-0.017%. per year, globally)
(Tagliabue and Bopp, 2008). A recent work calculated for the Arctic region a decline in 8*C-DIC
values of -0.011 + 0.001%o per year, from 1977 to 2014 (de la Vega et al., 2019). In order to eliminate
the confounding effect of the CO.-related temporal trend, we corrected '3C values measured in

muscle of hooded and ringed seals, using the Suess effect value measured specifically for the Arctic.
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2.4. Extraction of biological and climatic variables

Satellite-based and model-based climatic, biological and nutrient data from 1978 to 2019 was
compiled for two locations (Northeast Atlantic and Scoresby Sound) to enable comparisons with THg
tissue concentrations (Table 6.1). Scoresby Sound was bounded by coordinates 68°N/30°W to
73°N/20°W, but for the Northeast Atlantic, data was collected from two areas (71°N/28°W to
86°N/30°E for the first polygon and 60°N/44°W to 70.99°N/15°E for the second polygon) before being
averaged. Greenland Sea and Arctic sea-ice extent were used as regional and large scale climate
indices respectively. Ice extent is calculated as the surface of each pixel with >15 % of ice cover.
Monthly values from each year were averaged to obtain an annual ice area index. The number of
sea-ice free days was calculated considering days with less than 50 % of sea-ice coverage. For the
data extracted from the GIOVANNI database, land data was excluded. Ice extent for the Northeast
Atlantic was represented by the Greenland Sea dataset from the Arctic ROOS website. The data of
Halibut Reinhardtius hippoglossoides, Atlantic Cod Gadus morhua and Polar Cod Boreogadus saida
biomas were acquired from the ICES library and the Demersal Fish Institute of Marine Research in
Norway. We used the AOI (Atlantic Oscillation Index) as a large-scale climate index and calculated
an AO winter index as the monthly means of November—May prior to the collection of samples.

2.5. Statistics analysis

We used multi-variate linear mixed-effect models (LMMs) to investigate the influence of biological,
ecological and environmental drivers on THg concentrations, as previously published (Dietz et al.,
2021a). Following well established protocols we logio-transformed THg concentrations and standard
lenght data (Braune et al., 2011). We selected time series for which most of the sampling years (1985
to 2019) were available. THg trends were found to lag with weather/climate by at least 3 years owing
to trophic exchange of THg from prey to predator alone (Foster et al., 2019b). For this reason,
correlation matrices between SL-corrected THg concentration residuals and weather/climate/diet
variables lagged -1, 0, 3, 5, 7 and 10 years were constructed for both hooded and ringed seals. For
each weather/climate variable, the time lag that yielded the maximum correlation (r, Pearson
correlation of pairwise comparisons) was identified. Optimal time lagged variables were selected
specifically for each species and used in the construction of the subsequent LMMs.

Because of the restriced number of Hg stable isotope analysis, we could not run LMMs, which are
sensible to small n size. Thus, we studied temporal trends and variance of these variables separately,
using simple linear regressions. Hg stable isotope values presented a normal distribution in both
species. We used 1way-ANOVA for multi-year analysis of variance and Pearson correlation for

temporal trend analysis.
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Table 6.1. Time series data for atmospheric teleconnections, climate and fish catches collected for the Northeast Atlantic and the Scoresby Sound. Time
periods differ between variables due to availability of data.

Category Variable Abbreviation Unit Time Period Data Type and Treatment* Source
. NOAA, National Centers for Environmental
Teleconnections Nort_h A_tlantlc NAO Index 1975-2019 Annual means computed from the Informations.
Oscillation (NAO) monthly NAO index data. . )
https://www.ncdc.noaa.gov/teleconnections/nao/
Winter Atlantic Annual means computed from the NOAA National Weather Service, Climate prediction
I AOw Index 1975-2019 ) center.
Oscillation (AO) monthly AO index data. . .
https://www.cpc.ncep.noaa.gov/products/precip/
Number of sea- Annual means calculated from GIOVANNI. Online environment for the display and
Climatic ice free davs SIFD Days 1981-2021 percentage of sea-ice cover (<50 % analysis of geophysical parameters (NASA).
Y considered sea-ice free) https://giovanni.gsfc.nasa.gov/giovanni/
Greenland Sea s , 676.2015 Annual means computed from gRCTIC ROOS. Arctic Regional Ocean Observing
Sea-Ice Extent * IE Km 1978-201 NERSC satellite monthly means ystem
https://arctic:roos.org/node/99
NOAA, National Centers for Environmental
Arctic Sea-Ice 2 Annuals means computed from Informations. Data provided by the National Snow and
extent ASIE Km 1975-2019 satellite monthly means Ice Data Center.
https://www.ncdc.noaa.gov/snow:and:ice/extent/
NOAA, National Centers for Environmental
Summer Arctic 2 } Mean of pan-Arctic sea-ice extent Informations. Data provided by the National Snow and
Sea-Ice Extent SASIE Km 1975-2019 for the month of September Ice Data Center.
https://www.ncdc.noaa.gov/snow:and:ice/extent/
Surface Air Annual means computed from GIOVANNI. Online environment for the display and
Temperature SAT °C 1985-2019 MERRA-2 Model monthly means analysis of geophysical parameters (NASA).
P with 4 km resolution https://giovanni.gsfc.nasa.gov/giovanni/
Greenland Rh Annual means acquired from ICES ICES. Advice on fishing opportunities, catch, and effort
Biological Halibut Biomass (from Reinhardtius Tonnes 1995-2019 database. Data for Stocks and (2019). https://www.ices.dk/publications/library/Pages/
hippoglossoides) Fishing Pressures default.aspx#k=Reinhardtius%20hippoglossoides
. . ICES. Advice on fishing opportunities, catch, and effort
Atlantic Cod Gm Annual means acquired from ICES i . L .
Biomass (from Gadus morhua) Tonnes 1995-2019 database (2019). https.//w.|ces.dk/publ|cat|ons/llbrarv/Paqes/
default.aspx#k=Gadus%20morhua
Data accessed from the environmental Monitoring of
Barent Sea . Svalbard and Jan Mayen (MOSJ) webpage:
Capelin (from Mallcl\)/:zs villosus) Tonnes 1973 - 2019 Qgtr;%aalsngeans acquired from MOSJ https://www.mosj.no/en/fauna/marine/capelin.html.
Biomass Data provided by the Insititute of Marine Research
(IMR, www.imr.no).
. Personal communication by Harald Gjgsaeter from the
Polar Cod Bs Annual means acqplred from the Demersal Fish Institute of Marine Research (Norway)
) . Tonnes 1986-2019 Demersal Fish Institute of Marine . . . .
Biomass (from Boreogadus saida) included in the integrated assessment in the Barent

Research in Norway

Sea (2019)

* No specific ice extent data available for the Scoresby Sound
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https://www.ncdc.noaa.gov/teleconnections/nao/
https://www.cpc.ncep.noaa.gov/products/precip/CWlink
https://giovanni.gsfc.nasa.gov/giovanni/
https://arctic-roos.org/node/99
https://www.ncdc.noaa.gov/snow-and-ice/extent/
https://www.ncdc.noaa.gov/snow-and-ice/extent/
https://giovanni.gsfc.nasa.gov/giovanni/
https://www.ices.dk/publications/library/Pages/default.aspx#k=Reinhardtius%20hippoglossoides
https://www.ices.dk/publications/library/Pages/default.aspx#k=Reinhardtius%20hippoglossoides
https://www.ices.dk/publications/library/Pages/default.aspx#k=Gadus%20morhua
https://www.ices.dk/publications/library/Pages/default.aspx#k=Gadus%20morhua
https://www.mosj.no/en/fauna/marine/capelin.html
http://www.imr.no/

We followed a step-by-step established protocol to generate an a priori list of candidate models
containing all appropriate iterations of predictor variables (including a null model with intercept only)
(Foster et al., 2019a). We used an information-theoretic approach based on Akaike’s information
criterion corrected for small sample size (AlCc) for the selection of most parsimonious models (Table
A6.3 and Table A6.4). We started with a list of base models (as detailed afterwards) and then added

to the best (most parismonious) resulting model other variables:

1. Base models: including predictor variables such as year and d'°N values, to test the effect of Hg

historical production and trophic level (inferred by 3*°N) on THg accumulation;

2. Ecological models: including 3*3C and %S values, to test the influence of seal habitat use;

3. Teleconnection models: including optimally time-lagged indices of atmospheric weather patterns
like the North Atlantic Oscillation (NAO) and winter Arctic Oscillation (AO);

4. Climatic models: including optimally time-lagged climatic variables like sea-ice extent (at regional

and panarctic scale), surface air temperature and so on;

5. Diet models: including optimally time-lagged data of fish spawning stock biomass (in tonnes). The

most parsimonious of these models was selected as the final LMM to be interpreted (Table A6.5).

All predictor variables were centered and scaled to further reduce collinearity (i.e., VIFs), especially
among interaction terms, and facilitate comparison of effect sizes (Dietz et al., 2021a). The final
selected model set was chosen conservatively by including all models within DAICc < 10.
Conditional model averaging using the final top-selected models was conducted to generate averaged
regression coefficient estimates for all predictors, weighted by AIC weight. Calculated 85 %
confidence intervals (Cl) for averaged parameter estimates were used to determine meaningful
predictor variables, assuming that variables with 85 % Cls that do not overlap zero significantly affect
the response variable (Dietz et al., 2021a). Model assumptions were verified by plotting residuals
versus fitted values, residuals versus each covariate in the model, and normal quantile-quantile plots
for residual normality.

LMMs were run with the ‘stats’ package, model selection and condition averaging were performed

using the ‘MuMIn’ package, in the software R version 4.0.5 (R Development Core Team, 2011).
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3. RESULTS

3.1. Linear Mixing Models (LMMs)

For both hooded and ringed seals, logie-transformed THg correlated positively with logie-transformed
standard length (r = 0.26, p = 0.0001, adjusted R? = 0.06 and r = 0.43, p < 0.0001, adjusted R? =0.18,
respectively). We extracted the residuals from this model to correct for the effect of age. SL-corrected
THg residuals were moderately correlated with year for hooded seals (r = -0.26, p = 0.0001, adjusted
R? = 0.10), going from 1388 ng g* in 1985 to 644 ng gin 2019 (1.5 % decrease / year). For ringed
seals, SL-corrected THg residuals increased from 1987 to 2000 and started decreasing thereafter.
No significant temporal trend was observed in this species (r =-0.76, p = 0.663, adjusted R? =-0.003).
Because of the correlation with hooded seal THg, time was viewed as a confounding factor and
included as a predictor variable in the following LMM models (Foster et al., 2019a). This was done for
both species.

SL-corrected THg residuals correlated with candidate predictor variables at different time lags. In
general, teleconnection data moderately correlated at time lags of :1-Oyr (e.g. for 1yr-lagged NAO, r
= 0.22), while fish catches and climatic variables strongly correlated at the time lag of 5yr (e.g. for Syr-
lagged Atlantic cod, r = 2.45; for 5y-lagged Arctic sea-ice extent, r = 3.28).

Model-averaged regression estimates from top selected LMMs indicated &'°N, year, NAO, 8'*Ccor,
catches of Atlantic cod, polar cod and surface air temperature as predictors of THg trends in ringed
seals (Table 6.2). 3N, polar cod and NAO contributed positively to THg levels, while all other
variables contributed negatively. 5'°N resulted as the only significant predictor (p < 0.0001).
Model-averaged regression estimates from top selected LMMs indicated 3N, year, 3*Ccor, Winter
AO, Greenland Sea sea-ice extent, surface air temperature and catches of Greenland halibut and
Atlantic cod as predictors of THg trends in hooded seals (Table 6.3). 8'°N, 3%C.or, surface air
temperature and halibut biomass contributed positively to THg levels, while Greenland Sea sea-ice
extent year and winter AO contributed negatively. 8%Ccorr, Greenland halibut and Atlantic cod

biomasses resulted as significant predictors (p < 0.0001, p = 0.01 and p = 0.003, respectively).

3.2.Hg stable isotopes’ trends

For hooded seals, 62°?Hg differed between years (F = 2.66, p = 0.04), as well as A®°*Hg (F = 2.93, p
=0.03). A?®°Hg values did not vary in time (F = 0.47, p = 0.79). For ringed seals, §2°?Hg varied between
years (F = 3.20, p = 0.03) as well as AHg (F = 5.96, p = 0.002) and A?°Hg values (F = 6.78, p =
0.001). A negative correlation was found between ringed seal A?**°Hg values and sampling year (r = -
0.94, R? =0.89, p = 0.02). No other correlation were found.
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Table 6.2. Estimated regression parameters, adjusted standard errors (SE), z-values and p-values for the linear mixed:effect models (LMM) predicting ringed
seals THg concentrations in time. Presented are conditional model averaged estimates for the top selected models based on AAICc < 10. All parameters were
centered and scaled prior to LMM, thus estimates are also scaled.

Estimate adjusted SE z p value
Intercept 0.00 0.06 0.00 1.00
Year -0.16 0.19 0.84 0.40
O°N 0.42 0.07 5.79 <0.0001
O3Ceorr -0.10 0.13 0.82 0.41
NAO 0.15 0.10 1.58 0.12
Surface Air Temperature -0.10 0.10 0.99 0.32
Atlantic cod -0.19 0.12 1.55 0.12
Polar cod 0.09 0.09 1.04 0.30

* NAO = 1yr lag; Surface Air Temperature = 1yr lag; Fish catches = 5yr lag.

Table 6.3. Estimated regression parameters, adjusted standard errors (SE), z-values and p-values for the linear mixed:effect models (LMM) predicting hooded
seals THg concentrations. Presented are conditional model averaged estimates for the top selected models based on AAICc < 10. All parameters were centered
and scaled prior to LMM, thus estimates are also scaled.

Estimate adjusted SE z p value
Intercept -0.02 0.08 0.26 0.80
Year -0.68 0.35 1.97 0.05
ON 0.14 0.12 1.17 0.24
O3Ceor 0.50 0.15 3.34 0.001
Winter AO -0.14 0.15 0.98 0.33
Greenland Sea sea-ice extent -0.33 0.34 0.99 0.32
Surface air temperature 0.06 0.12 0.47 0.64
Greenland Halibut 0.37 0.15 2.56 0.01
Atlantic cod -0.55 0.19 2.93 0.003

* Winter AO = 1yr lag; Surface Air Temperature = 1yr lag; Greenland Sea-Ice extent = 5yr lag; Fish catches = 5yr lag.
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4. DISCUSSION

4.1. Mercury trends in ringed seals

For ringed seals, model-averaged regression estimates from top selected LMMs indicated that 3'°N
was the strongest predictor, showing a positive correlation with THg concentrations. This means that,
in time, when 8N increases, also THg concetrations does (Figure 6.1A). THg temporal trend
show an increase from 1990 until 2000, followed by a dicrease until 2010 and a plateau thereafter.
0N temporal trend show an increase until 2000, a dicrease between 2000 and 2010, and a steep

increase thereafter (Figure 6.1B).
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Figure 6.1. (A) Time trend of THg concentrations (ng g'! dw) measured in muscle of ringed seals sampled
from 1987 and 2018. (B) Time trend of the §'5N values (per mill, %o), indicated by the conditional averaging
as the strongest indicator of ringed seal THg concentrations. Indicated are the raw values (black dots). A
smoothed conditional mean curve (and 85 % C.I.) is fitted using loess functions (green line).

These trends might result from:

- achange in trophic position of ringed seal prey (Dietz et al., 2021a);

- ashift in habitat use by ringed seals (Houde et al., 2020); or

- ashiftin 3N at the base of the marine food web (Woodland et al., 2012).

However, the sole interpretation of 3N and THg values do not allow to go further in discussing
contamination trends in ringed seals. Model-averaged regression estimates from top selected LMMs
indicated &N as the only factor to significantly explain THg trends. However, looking separately into

the trends of other variables like fish biomass or climatic variables, we observe clear correlations with
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THg concentrations over time. The strong codependency between &'°N and THg might mask the
influence of these other variables as a consequence of LMMs limitations (Annex to chapter 6, 81). As
such, we do not valid the results of model-averaging in ringed seals and discuss also other variables
indicated by the most parsimonious model which we believe are important drivers of THg
concentrations (Table 6.2).

4.1.1. The Atlantification of the Arctic as mercury and 6N descriptor

After 5°N, the top selected models indicate biomass of the Atlantic cod as second best THg predictor
in ringed seals (Figure 6.2). If the trophic position of prey species was the best predictor of ringed seal
THg levels, we would expect a positive correlation between Atlantic cod biomass and THg
concentrations. Instead, the averaging analysis indicate that the biomass of Atlantic cod influenced
negatively THg concentrations (Table 6.2).

The spawning stock biomass of the Atlantic cod strongly decrease after 1990 reaching a minimun
between 1995 to 2005 (Figure 6.2A). After 2005 a steep increase is observed. When cod biomass is
the highest, THg and 5N values are the lowest. This suggests that other factors (beside prey trophic

position) influence ringed seal THg between 1990 and 2005.
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Figure 6.2. Time trend of Atlantic cod Gadus morhua (A) and Greenland halibut Reinhardtius
hippoglossoides (B) spawning stock biomass (in tonnes or Mg). Annual means are represented by the black
dots. A smoothed conditional mean curve (and 85 % C.I.) is fitted using loess functions (gray line).

Since 1990, the Arctic Ocean has been subjected to a period of great environmental change,
commonly known as “Borealization” (Krause-Jensen et al., 2020). In the Eurasian sector of the Arctic,
such process is mostly linked with an increasing inflow of North Atlantic waters into the Arctic, referred

to as “Atlantification” (Polyakov et al., 2017). One of the main concequences is the Northward shift
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of Atlantic species (e.g. Atlantic cod or mackerel), while species like polar cod have become rare
(Kovacs et al., 2011). This has caused an increase in pelagic biomass in Arctic waters (6 to 30 million)
in the last 3 decades (Laidre et al., 2015; Moore et al., 2019) and transformed the Arctic from a system
dominated by ice-associated and benthic fish, to a more pelagic-fish dominated one (“pelagification”
of the Arctic; Krause-Jensen et al., 2020).

Pelagic food webs are characterized by lower THg concentrations and d'°N values than sympagic
and benthic and sympagic ones (Chapter 5, 84.3 and 84.5) (Sgreide et al., 2006; Yunda-Guarin et
al., 2020). As a consequence of the pelagification, the entire Greenland Sea marine food web would
acquire a more “pelagic” behavior with regards to the rates of uptake by primary producers of N and
C isotopes, as well as environmental Hg recycling between water layers (Ceia et al., 2018; Perry et
al., 1999). This would result in lower 3N, d'C and THg values in consumers for all trophic levels
(Blévin et al., 2020).

An increase of boreal species like the Atlantic cod at the expense of Arctic species in conjunction with
decreasing 8'°N, 8'3C and THg trends were already observed in the diet of ringed seals from the
Canadian and Norwegian Arctic (Bengtsson et al., 2020; Houde et al., 2020; Lowther et al., 2017).
However, the questions remain about wheater this shift in diet occured through a shift in predators’
habitat use (especially hunting behaviour) from sympagic to pelagic, or to a shift in the composition
and structure of the food web they rely on.

In the previous chapter, we observed how %S values are perfect tracers of Arctic seals’ habitat use.
They indeed separated the sympagic ringed seal (~15 — 17 %.) from the offshore bentho-pelagic
hooded seal (~19 — 21 %o.) (Chapter 5, 84.2). The LMMs analysis conducted in this chapter shows
how &3!S values of ringed seals do not change in time and do not correlate with 8*°N, 8'3C and THg
trends. This confirms that habitat use of ringed seals did not change in time. Our findings suggest
that THg trends of ringed seals have been affected by a bottom-up shift of the entire food web (Ceia
et al., 2018), rather than a change in prey trophic position.

4.1.2. Climatic variables as mercury descriptors

Although climatic variables like NAO and surface air temperature are not considered as significant
predictors by the LMMs analysis, their temporal trends strongly associate with ringed seal THg. The
top selected models indicate how surface air temperature influences negatively ringed seal THg
concentrations, while NAO influences them positvely (Table 6.2). This means that during periods of
low surface air temperature, THg concetrations in ringed seals increase. Viceversa during periods of
high surface air temperature. During periods of positive NAO, THg concentrations in ringed seals

increase. Viceversa during periods of negative NAO.
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The opposite correlation between THg, surface air temperature and NAO fits well with the current
understanding of weather and climate effects on Hg cycling in the Arctic (Macdonald et al., 2005). A
positive NAO circulation is associated with increased atmospheric advection into Arctic regions from
Europe, Asia and eastern North America (Ma et al., 2016; Macdonald et al., 2005) and strong cyclonic
wind fields over the Arctic, which transport more ice through Fram Strait (Chapter 1, Figure 1.7)
(Mckinney et al., 2013). This results in lower temperatures and increased sea-ice extent. Opposite
patterns are seen during negative NAO periods, characterized by elevated temperatures and lower
sea-ice extent.

Warmer spring temperatures and reduced sea-ice cover are associated with increased THg
concentrations in the atmosphere, but decreased THg concentrations in oceanic surface water (Chen
et al., 2015; Fisher et al., 2013).
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Figure 6.3. Time trend of the NAO (North Atlantic Oscillation) (A), Greenland Sea sea surface air
temperature (B), Greenland Sea sea ice extent (C) and Arctic sea ice extent (D). Annual means are
represented by the black dots. A smoothed conditional mean curve (and 85 % C.I.) is fitted using loess
functions (gray line). Sea ice extent data are represented in 106 km?2 while surface air temperature in
degrees Celsius (°C). Data were extracted as explained in Table 6.1. Greenland Sea sea ice extent from
ARCTIC ROOS (Arctic Regional Ocean Observing System); Arctic sea ice extent and NAO from NASA :
National Snow and Ice Data Center; Surface Air temperature from NASA — GIOVANNI,Online
environment for the display and analysis of geophysical parameters.
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Hg stable isotopes analysis showed how the higher influx of light into surface waters in ice-free areas
enhance MeHg photodegradation, potentially reducing its bioavailability to marine food webs (Point
et al., 2011). Additionally, higher wind speeds are thought to increase Hg deposition to sea-ice versus
surface oceanic waters (Fisher et al., 2013). Therefore, the dicrease in ringed seal THg concentrations
observed between 2000 and 2010 might relate with the strong negative NAO characteristic of that
decade (Figure 6.3A).

4.2.Mercury trends in hooded seals

Model-averaged regression estimates from top selected LMMs indicate that 8**C (corrected for the
Suess effect: -0.01%. / year, Figure 6.4), Atlantic cod and Greenland halibut biomass are the strongest
predictors of hooded seal THg concentrations (Figure 6.2). 8**C and Greenland halibut correlate
positively with hooded seal THg concentrations, while Atlantic cod correlate negatively (Table 6.3).
Age-corrected THg concentrations in Greenland Sea hooded seals show a continuous decreasing
trend (1.5 % / year), resulting in modern levels being nearly the half (on average) of those measured
in 1985 (Figure 6.4A). This is in accordance with the declining Hg trends observed in the Arctic
ecosystem (Chen et al., 2015).
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Figure 6.4. (A) Time trend of THg concentrations (ng g'! dw) measured in muscle of hooded seals sampled
from 1985 and 2019. (B) Time trend of the §'3C values (per mill, %), indicated by the conditional averaging
as the strongest indicators of hooded seals’ THg concentrations. Raw values are indicated by black dots. A
smoothed conditional mean curve (and 85 % C.1.) is fitted using loess functions (blue line).
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4.2.1. Prey choice as descriptor of mercury and 613C values

Hooded seal THg negative trend strongly associates with 83C change in time. Hooded seal d'3C
values (corrected for the Suess effect) dicrease at a rate of -0.07 £ 0.005 %., between 1985 and 2019
(Figure 6.4B). This is in the same range of previous observations on bowhead whales from the Pacific
Arctic and other marine mammals (de la Vega et al.,, 2019). These findings suggest that other
processes, in addition to the global changes in CO; cycling, might be affecting 3'3C of subarctic seal
species.

The consequences brought by the Atlantification are vast across the Eurasian Arctic (Laidre et al.,

2015). In the Greenland Sea, scientists observe:

1. 10 - 12 days longer sea-ice free season;
2. A seaice edge retreat of 250 — 375km;
3. A 15 % dicrease in the net primary production (Moore et al., 2019).

In addition, we observe in this work around 30 % decrease of mean annual extent of the Greenland
Sea sea-ice between 1985 and 2019 (Figure 6.3C). The combined effect of sea-ice loss with
increased energy demand from higher temperatures lead to lower biomass of benthic and demersal
fish species (Petrik et al., 2020). Hooded seal THg and 3'3C values strongly correlate with the increase
of Atlantic cod biomass and the drastic dicrease of the Greenland halibut stock (Figure 6.3). This
supports the idea that the THg dicrease observed in hooded seals is related to a change in
hooded seals’ prey: from benthic Arctic species like the Greenland halibut, to pelagic species like
the Atlantic cod.

As for ringed seals, no difference is found in 'S values values between 1985 and 2019, confirming
that habitat use of hooded seals did not change in time. The temporal decrease in hooded seal THg
concentrations, associated with an increasing biomass of pelagic versus benthic prey confirm that
shifting to a pelagic-dominated diet as a consequence of climate change is leading to lower

Hg accumulation in large subarctic predators.

4.3. Temporal trends of mercury sources

4.3.1. 6202Hg traces the higher abundance of subarctic versus arctic prey

52%2Hg values of hooded seals increase constantly in time, with 32°2Hg values significantly higher in
2019 than 1985 (Figure 6.5). In chapter 5, we observed lower 3?°?Hg values for sympagic species
with respect to pelagic ones. This was consistent with the difference in prey biodiversity and Hg cycling
between marine food webs (Chapter 5, 84.3). Moreover, 5°°°Hg values were found to dicrease with

increasing latitude (Chapter 5, Figure 5.6). Thus, the increase of 82°°Hg values of hooded seals is
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consistent with the shift in diet from the Arctic and benthic Greenland halibut to subarctic and
pelagic Atlantic cod.

5292Hg values of ringed seals significantly decrease from the 80s to 2008, to increase again thereafter.
No difference is found between the 80s and today. This pattern strongly associates with 3'°N trends
and only partly with THg concentrations. This suggests that several factors are affecting Hg sourcing
in this species year by year, resulting in no clear temporal trend. This confirms our hypothesis that
ringed seal THg concentrations are directy linked with climate-driven baseline changes, rather
then prey trophic position (This chapter, 84.1.2).

4.3.2. A¥9Hg traces higher competition between ringed and hooded seals

A°Hg of ringed seals are significantly higher in the 80s than today, while for hooded seals A*°Hg
dicreases significantly only in the recent years (Figure 6.5). Inter-annual differences in A*°Hg of both
species are much weaker and difficult to interpret. However, what can be underlined is that in recent
years, A®°*Hg values of hooded and ringed seals overlap much more than in the past. This could well
be a result of the increasing overlap of ringed and hooded seals hunting strategies and

competition for the same resource (e.g. Atlantic cod).

4.3.3. A?20Hg traces higher input of low-latitude Hg in the Arctic ringed
seals

For ringed seals, A?*Hg values decrease significantly between 1987 and 2018 (Figure 6.5).
Conversely, no differences are found for hooded seals. As shown in chapter 5 (84.3), A?®°Hg is an
efficient tracer of Hg origin in Arctic marine predators at both local and global scale (Masbou et al.,
2018). Hooded seals present a large distribution, ranging from the Fram Strait and Svalbard down to
the European coastline, with exceptional sightings in the Mediterranean Sea (Bellido et al., 2009).
The absence of A?°Hg temporal change in this species is expected, since they reflect the
homogenization of Hg sources all across hooded seal hunting range.

On the other hand, the important A?*®Hg decrease observed in ringed seals most probably
reflect a change in Hg sources. A?°Hg shows a positive Southward gradient, resulting in polar
ecosystem being depleted in 2°Hg compared to lower latitudes (Masbou et al., 2018). At the same
time, coastal Arctic seal species demonstrate to have lower A?°°Hg values than offshore ones, as a
result of the higher importance of terrestrial Hg reservoirs (e.qg. rivers, land fast ice, atmospheric Hg°)

as sources of Hg to sympagic food webs (chapter 5, 84.4 and §4.5).
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Figure 6.5. §202Hg, A19Hg and A20Hg values in muscle of hooded seal C. cristata (blue dots) and ringed
seals P. hispida, sampled in the Greenland Sea between 1985 and 2019. Data are shown as average + SD.
Significant temporal linear regression of ringed seals’ A200Hg values in time is shown by a straight green
line. Asterisks represent significant variance between groups (1-way ANOVA test, a = 0.05).
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Therefore, the decreasing trends of Greenland Sea ringed seal A?®°Hg observed in this study might

reflect two processes:
1. THg transport from lower latitudes to the Greenland Sea is decreasing in time.

Around 30 % of Hg accumulated in the Arctic Ocean originates from anthropogenic activities at lower
latitudes (=15 % East Asia, ~3 % Europe, ~2 % North America) (UNEP, 2018). A?®°Hg decreasing
trends in Greenland Sea ringed seals might reflect the decreasing inputs of Hg from other countries.
This is supported by the decrease in atmospheric THg concentrations measured in the Arctic Ocean
(Chen et al., 2015).

2. THg inputs from terrestrial reservoirs are increasing in time.

Recent studies, as well as results presented in chapter 5, have shown how Arctic terrestrial
reservoirs of Hg (e.g. permafrost, tundra and glaciers) are important sources of Hg to marine food
webs, as a consequence of climate change (French et al., 2014; Obrist et al., 2017; Schuster et al.,
2018). Boreal soils and vegetations are characterized by negative A?®°Hg values compared to Arctic
Ocean sediments (Chapter 5, 84.5). Therefore, the decrease in ringed seal A?°°Hg values over time
might represent a larger importance of terrestrial Hg sources in Hg bioaccumulation today with respect
to the past. This hypothesis is further supported by the divergence of THg and d'°N trends we observe
in ringed seals after 2010 (Figure 6.1). While THg seems to reach a plateau, 8'°N values start to
strongly increase again (Figure 6.1). The seasonal fluctuation of freshwater run-offs results in
seasonal shifts in Arctic biota 6'°N. For example, body feathers (representing the summer period) of
little auks from Kap Haeg present higher 8°N values compared to head feathers (representing the
winter period; Renedo 2020).

In polar ecosystems, N is sequestered in different forms into sea-ice from air and surface waters. With
time, the effect of nitrate consumption leads to an *N enrichment of the N pool in sea-ice (Fripiat et
al., 2014). In spring, during ice melting in terrestrial and marine ecosystems, this results in seasonal
peaks of high-3'°N particulate N inputs into the marine ecosystem, which become available for
processing by the base of the food web (Fripiat et al., 2014; Tuerena et al., 2020). In addition, thawing
of permafrost and tundra enrich rivers in organic matter (OM) and nutrients, leading to spring
freshwater run-offs, which have higher d'°N than marine ecosystems (Yunda-Guarin et al., 2020).
The year 2010 is considered as a tipping point for the Arctic Ocean, after which irreversibile
environmental changes started to occur (Figure 6.3) (Krause-Jensen et al., 2020). Starting from that

year, we observe:

- a 1.5°C increase in the last 10 years of the annual mean of surface air temperature of the
Greenland Sea region (-4°C in 2010 and -2.5°C in 2019) (Figure 6.3B);
- higher terrestrial inputs during meltig seasons (Fortier et al., 2015; McClelland et al., 2012).

- an irreversible dicreasing trend of sea-ice loss on a panarctic scale (Figure 6.3).
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Even if Arctic sea-ice extent does not correlate with THg concentrations, its trend is strongly
associated with 8'°N values (r = -0.27, p < 0.0001, adjusted R? = 0.08; Figure 6.3D). Therefore, the
higher rates of sea-ice, permafrost and glaciers’ loss observed since 2010, might be leading
to higher uptake of **N enriched OM by sympagic primary producers.

The concurrent increase in 8N values and decrease in A?°°Hg is observed in ringed seals but not
hooded seals. This strongly supports the hypothesis that climate change has been affecting more

directly coastal marine food webs than offshore ones (Figure 6.6).
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Figure 6.6. Conceptual summary of the main oceanographic and biological processes governing temporal
trends of THg concentrations in muscle of hooded seal Cystophora cristata (Cc, blue) and ringed seal Pusa
hispida (Ph, green) from the Greenland Sea.
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5. CONCLUSIONS

The main objective of this chapter was to assess the main factors influencing temporal trends of THg
concentrations and sources (inferred by Hg stable isotopes) in ringed seal Pusa hispida and hooded

seal Cystophora cristata from the Greenland Sea.

Our main findings can be summarized as follows:

1. Although in different ways, both species of true seals show decreasing trends of THg
concentrations between the 80s and today;

2. In ringed seals, THg trends result from a complex interplay of environmental and climatic
processes like the Atlantification of Arctic marine food webs, and reflect a shift of the entire
ecosystem;

3. In hooded seals, THg trends are related to a shift between benthic-dominated versus pelagic-
dominated diet, as a result of the pelagification of Arctic marine food webs;

4. Hg stable isotopes trends show a shift in Hg sourcing to Arctic marine predators, as a result
of: (1) Increased abundance of North Atlantic pelagic prey; (2) increased competition of exploitable
resources; (3) dicreased Hg atmospheric influx from northern midlatitudes; and (4) increase

importance of Hg terrestrial reservoirs to Hg sourcing in sympagic foodwebs.
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Chapter 7
General Discussion




1. THE ARCTIC: A HOTSPOT FOR HG POLLUTION STUDIES

Over the past 30 years, the Arctic has been warming faster than any other region on Earth (Post,
2013). This process is commonly referred to as Arctic amplification (Stjern et al., 2019). Sea-ice
loss and surface warming are believed to be 2 of the main mechanisms exacerbating such process
(Dai et al., 2019). A long series of climatic, physio-chemical and biological consequences are
observed (Chapter 1, 82.4). Snow cover over land in the Arctic is decreasing, notably in spring, and
glaciers are retreating across all regions (AMAP, 2017). In addition, Arctic permafrost is warming up,
thawing and releasing gasses (e.g. methane) and pollutants (e.g. Hg?*) accumulated in the past
(Schaefer et al., 2020; Stjern et al., 2019). Scientists first started to see evidence of changes in Arctic
climate in the 1980s (Krause-Jensen et al., 2020). Since then, the changes have become much more
pronounced.

Understanding the consequences that environmental changes have on Hg pollution is more
urgent in the Arctic than any other regions of the world. The Arctic region acts as both sink and source
of the global Hg cycle (Chapter 1, 82). Several evidences about the influence of climate-driven
environmental changes on Hg bioaccumulation in marine biota have been published (Sundseth et al.,
2015; Yurkowski et al., 2020). However, no clear causality has been established yet, especially at
the higher trophic levels of the food web. Marine predators like Arctic true seals present complex
physiologies and ecologies, leading to difficult tracing of bottom-up processes (Leroux and Loreau,
2015; Macdonald et al., 2005). Due to differences in demographic pressure, scientific efforts
concentrated only on few regions of the Arctic (e.g. Canadian Arctic, Northwestern Greenland) (Dietz
et al., 2019). The remote position of the Greenland Sea and scattered human settlements along
the Eastern coast of Greenland, brought to much less scientific attention in this area. THg temporal
and spatial trends in marine and terrestrial predators living in the Greenland Sea are wildly missing.
Few exceptions are seabirds (Fort et al., Pers. Comm.), ringed seals (Rigét et al., 2011) and polar
bears (Routti et al., 2011).

Species like the hooded seal Cystophora cristata, harp seal Pagophilus groenlandicus and the ringed
seal Pusa hispida are the most common marine mammals inhabiting the eastern coast of Greenland
(Rosing-Asvid, 2010). As such, they represent the main food source of local apex predators like polar
bears and humans. The consumption of traditional food varies a lot between regions, based on the
proximity to international imports (Deutch et al., 2007). Total energy intake from traditional food
amounts to 12 to 15 % in South Greenland, and around 26 % in North Greenland (Qaanaaq) (Rigét
et al.,, 2019). Within the Arctic, Canadian and Greenland Inuit populations present blood Hg
concentrations 5 to 50 times higher than in other regions (Adlard et al., 2021), exceeding suggested
thresholds of weekly THg intakes (4 pg kg body mass, WHO 2011) (Abass et al., 2016; AMAP,
2015). More effective hunting methods are being implemented, including larger and faster boats and

fishing vessels, riffles and gillnets (Sonne et al., 2017). This, in addition to potential shifts in hunting
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procedures related to climate change (Huntington et al., 2017, 2016; Laidre et al., 2018; Lovvorn et
al., 2018), might lead to higher Hg exposure and dietary intake in hunting communities. Forecast of
future Hg trends in the Greenland Sea, is therefore necessary not only to manage the general health
of seals populations, but also that of local human communities (AMAP, 2021a; Sonne et al., 2017).

2. SPATIAL HG TRENDS IN ARCTIC SEALS: WHAT ARE WE
MISSING?

THg concentrations of muscle of hooded, harp and ringed seals from the Greenland seals are in the
same range as in previous studies (Table 7.1). The highest concentrations are found in the Canadian
Arctic, followed by western Greenland and North Atlantic. The lowest concentrations are found in
Greenland Sea subpopulations. This finding is in accordance with spatial trends observed also in
other predators from the Arctic and North Atlantic Ocean (Dietz et al., 2021b, 2000; Renedo et al.,
2020; Rouitti et al., 2011). Geographical patterns of THg concentrations of Arctic marine biota
were related to several factors:

- Trophic level (Lehnherr, 2014);

- Food web structure (Braune et al., 2014; Horton et al., 2009; Mcmeans et al., 2014b; Young et al.,
2010);

- Physiological changes during nursing periods (Habran et al., 2019);

- Habitat use and feeding behavior (Loseto et al., 2008a, 2008b; Renedo et al., 2020);

- Levels of environmental Hg pollution (Amos et al., 2013; Brown et al., 2017);

- Type of Hg sources (Jonsson et al., 2014a).

Until now, the sole measurement of THg (and rarely methylated-Hg, MeHg), failed to concretely
connect the complex interplay between these factors, Hg bioaccumulation and climate
change. The recent boom in Hg stable isotopes studies shows that the importance of Hg sources to
marine biota has been underestimated (Puc¢ko et al., 2014). As we will discuss later on, such works
focus on primary producers and consumers, suggesting that the dynamic of Hg sourcing might differ

in higher trophic level predators (Lavoie et al., 2013).

To overcome the limitations given by the analysis of one (or few) parameters (e.g. THg levels, 5'3C
or 5°N), we developed in this thesis multivariate models that integrate ecological, environmental

and contamination variables to:

1. Study the influence of seal metabolism (Chapter 3 and 4), trophic ecology (Chapter 5) and

environmental change (Chapter 6) on levels of Hg bioaccumulation, and

2. Assess Hg sources in Arctic true seals living in the Greenland Sea (This chapter).
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Table 7.1. THg concnetrations measured in muscle of hooded seal C. Cristata, harp seal P. Groenlandicus
and ringed seal P. Hispida from several areas of the Arctic. Concnetrations are presented as pg.g'l dw.
Literature concentrations that were expressed in ww, were transformed using the ww/dw ratio calculated
in our samples: 3.4+0.5 for hooded seal (2= 135), 3.1 + 0.5 for ringed seals (2 = 125) and 3.6 + 0.2 for harp
seals (12 = 23) (Table A2.1). When possible, data are presented as Average + Standard Deviation, (Min —
Max), n. NA = Data not available for this area. Out of range = area outside the distribution range of the
species.

Arctic seal species

Sampling

Area A Year Reference
site etk Harp seal Ringed seal
seal
0.68 0.86 0.71
Upernavik 1973-1976 (0.54-0.82) (0.40-0.82) (0.15-1.58) (Johansen et al., 1980)
Western 10 11 10
Greenland 0.72
Umanak 1973-1976 Outofrange  (0.40-0.94) Out of range (Johansen et al., 1980)
12
Greenland (0.14-0.95) (0.29-1.91) (Julshamn and Grahl-
Sea 1985 22 29 NA Nielsen, 2000)
Greenland 0.54 £0.20 0.50 £ 0.29
Eastern 1999 (0.27-1.05) (0.14-1.12) NA (Brunborg et al., 2006)
Greenland Sea o5 o5
0.32+0.40 0.12 +0.08 0.40+0.21
Gregg;a“d 1985-2019 (0.05-3.93) (0.17-0.43)  (0.06 - 1.68) This study
155 61 235
Norway Svalbard 1996 NA NA 371 (Fant et al., 2001)
North Baffin 0.96 £ 0.25 (Smith and Armstrong,
Island 1976 Out of range  Out of range 36 1978)
Beaufort Sea 2017 Out of range  Out of range 0'711150'37 (Houde et al., 2020)
Western Resolute 1.58 + 0.59
Canadian Bay 2017 Out of range  Out of range 1‘0 (Houde et al., 2020)
Arctic
West 1987 - 1993 Out of range  Out of range 1.27 £0.90 (Wagemann et al., 1996)
East 1989 - 1993 Outofrange Out of range 1.21 +0.53 (Wagemann et al., 1996)
Eureka 1994 Out of range  Out of range 2.05+1.30 (Wagemann et al., 1996)
Hudson Bay 1999 - 2006  Out of range  Out of range 0.68 £0.22 (Young et al., 2010)
Hudson Bay
Arviat, 2003 -2015 Outofrange Out of range (0.8-6.9) (Yurkowski et al., 2020)
Nunavut
Eastern 0.65 £ 3.07
Canadian Hudson Bay 2017 Out ofrange  Out of range g (Houde et al., 2020)
Arctic
Ungaya/Nun 2017 Out of range  Out of range 05+046 (Houde et al., 2020)
atsiavut 17
Eastern 0.77+£0.34
Baffin Island 2011 Out of range  Out of range 14 (Houde et al., 2020)
Southeast
Canada Gulf St. Outt of 1.32+0.81
(North Atlantic Lawrence 1984 range 20 Outt of range  (Wagemann et al., 1988)
Ocean)
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3. TROPHIC LEVEL, METABOLISM OR HABITAT USE?

3.1. Higher trophic level does not mean higher mercury

THg levels were found to increase with trophic level in marine food webs at global scale
(“biomagnification”) (Lavoie et al., 2013). Prey species and trophic position were considered as the
main factors governing the rates of THg biomagnification (Dehn et al., 2006). As such, our initial
hypothesis was that a seal species feeding on large and high trophic level prey, like the hooded seal,
would be exposed to higher levels of THg than the harp and the ringed seals, feeding mostly on
shoaling fish. 8?°?Hg and &N values are commonly used to trace Hg trophic transfer and trophic
position in marine predators, because of the many biotic processes N and Hg undergo during
assimilation from prey to predator (Cantalapiedra-Hijar et al., 2015; Tsui et al., 2019). As for N, several
studies have shown how consumers’ tissues are enriched in 2°?Hg compared to their prey, as a
conseqguence of Hg metabolisation throughout the food web (Meng et al., 2020; Perrot et al., 2012).
This hypothesis was confirmed in some high trophic level animals like marine mammals but rejected
in others (Kwon et al., 2012).

The calculation of trophic enrichment factors (TEFs) conducted in chapter 4 showed how there was
no significant difference between 52°?Hg of hooded seal muscle and their prey, the herring (Chapter
4, 84.3). A positive signifcant TEF was observed only for hair (Chapter 4, 84.3). This suggests that
0?92Hg trophic enrichment is influenced by metabolic processes that are tissue-specific. Thus,
depending on the selected tissue, 5?°Hg might reflects trophic enrichment or not at all. Since we
measured Hg stable isotopes in seal muscle, we should interpret the 5?°?Hg range of Greenland Sea
seals more as a result of environmental Hg processing, before uptake into the animal (Chapter 4,
84.3). This is supported by the PCA results obtained in chapter 5 which showed that, among all tested
factors, trophic position (represented by 32°?Hg and &*°*N) was the least important at explaining the
isotopic variability of Greenland Sea seals (Chapter 5, §4.2). This explains why ringed seals present
higher THg concentrations than hooded seals, even with similar trophic position (Chapter 5,
83.4 and §4.5).

This confirm that, in the Greenland Sea, the trophic position of seals and ther prey does not govern

the levels of Hg bioaccumulation.

3.2. Specialized nursing does not put seals at risk

Arctic true seals have developed several physiological adaptations to increase the chance of
survival of newborns in the cold and unstable Arctic environment (Blix, 2016). These adaptations

regard mostly key-periods of life like gestation, lactation and postweaning fast (Lydersen et al., 1997,
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Tucker et al., 2013). Our initial hypothesis was that such specialized nursing strategies might
exacerbate Hg processing within the organisms and make Arctic marine mammals more sensitive to
Hg bioaccumulation.

The hooded seal is one of the most specialized species of Arctic true seals, presenting the
shortest period of lactation among all mammals (Lydersen et al., 1997). During 3 to 4 days, both
hooded seal mothers and pups undergo extreme metabolic changes (Chapter 2, §1.1). Mothers lose
half of their biomass, while pups reach almost the double of their weight at birth. After weaning,
hooded seals pups will need only 2 weeks to be able to hunt (Chapter 2, 81.1). This is much shorter
than for other species like the harp seal (4 weeks) and ringed seals (5 to 6 weeks) (Chapter 2, Table
2.1). We expected that the intense growing rates of hooded seals pups could make this species more
sensitive to changes in Hg exposure as a consequence of global change, in comparison to other
species. The analysis conducted in chapter 3 and 4 showed that the patterns of C, N, S, and Hg
isotopy observed in hooded seals are more related with ontogenetic shifts in seals’ metabolism,

rather than specific physiological adaptations.

This confirms that species-specific differences in nursing strategies do not govern Hg
bioaccumulation. As such, we should not expect highly specialized species like the hooded

seal to be more impacted by shifts in Hg exposure caused by climate change.

3.3. Different habitat use, different mercury sources

Our multi-isotopic analysis indicated habitat use as the strongest driver of both THg
concentrations and sources in Greenland Sea true seals (Chapter 5, 84.1). A coastal and sympagic
behavior determines in ringed seal higher THg concentrations than the offshore pelagic harp and
hooded seals (Chapter 5 and 6). These findings disagree with global trends where Hg
bioaccumulation (mostly as MeHg) is typically higher in meso- and oligotrophic offshore ecosystems
compared to eutrophic coastal ones (Wu et al., 2019).

Marine phytoplankton is the entrance door of Hg to marine food webs. Previous measurements
suggest that seawater concentrations of MeHg, cell size and diversity are the main drivers of
phytoplankton MeHg uptake rates across ecosystems (Schartup et al., 2018). When ecosystems are
less productive (e.g. open ocean), smaller phytoplankton with greater surface area-to-volume ratios
are more abundant to maximize nutrient uptake efficiency, which effectively increases MeHg uptake
(Schartup et al., 2018). Conversely, higher nutrient status in coastal areas can lead to a greater
abundance of larger cells, reducing nutrient uptake at the base of the food web and potentially also
MeHg uptake (Wang, 2002). This process is called Hg biodilution (Driscoll et al., 2012). The type

and amount of natural organic matter (OM) adds up to these processes, acting as a competitor in
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scavenging seawater Hg and reducing its uptake by primary producers (Graham et al., 2012).
Accordingly, in the OM-poor waters of the Northwest Atlantic margin and shelves, phytoplankton
MeHg concentrations are found to be 4 times higher than OM-rich estuarine locations (Schartup et
al., 2018).

If Hg biodilution and OM availability were the only factors affecting Hg levels in marine food webs, we
should observe the same patterns also at higher trophic levels. This should be especially true in Arctic
coastal areas, where the seasonal shifts in nutrients and Hg load from terrestrial systems are very
strong (Carmack et al., 2015; Soerensen et al., 2017). However, recent evidences point out that Hg
bioaccumulation in marine predators does not depend exclusively on baseline Hg levels and primary
producers’ activity (Jonsson et al., 2017; Thingstad et al., 2008). Scientists observed that the most

critical drivers of Hg reactivity and bioavailability are:

- The source and form of OM present in the water (Schartup et al., 2018, 2015b);
- The diversity of Hg pools (Jonsson et al., 2014b); and

- The composition of food web (Jonsson et al., 2017).

Schartup et al. (2015) found that in northern coastal and estuarine ecosystems, the majority of
dissolved OM in seawater was of terrestrial origin. Successive studies confirmed how an higher
proportion of terrestrial versus marine OM, enhances MeHg production and bioaccumulation
(Soerensen et al., 2017, 2016b). The large abundance of terrigenous OM heavily reduces light
penetration, enhancing heterotrophic versus photosynthetic primary production in terrestrial run-offs.
Bacterial activity is more efficient in producing MeHg than phytoplankton (Fisher et al., 2012). Most of
the terrigenous MeHg is absorbed by pelagic zooplankton once reached the marine environment.
Benthic invertebrates instead accumulate mostly marine MeHg, produced in-situ by bacteria in the
bottom sediments (Jonsson et al., 2017). This results in the same pattern we observe in hooded, harp
and ringed seals: biota exposed to terrigenous sources presents higher THg concentrations than
organisms exposed to MeHg from bottom sediments (Jonsson et al., 2017).

On the other hand, on the Northwest Atlantic shelf and margin, scientists found that dissolved OM
in seawater is predominantly of marine origin (Schartup et al., 2015b). Here, higher levels of marine
dissolved OM are found to lower MeHg production and uptake, following the global trends (Lavoie et
al., 2013; Schartup et al., 2015b).

These findings demonstrate that:

1. Itis not the abundance of Hg and nutrients in the environment per se to dictate uptake rates

in coastal versus offshore marine food webs; rather

2. The source of Hg and nutrients is the dominant driver of transformation pathways in the

environment and ultimately rates of Hg bioaccumulation in Arctic marine predators.
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4. HG SOURCES IN SEALS FROM THE GREENLAND SEA

The comparison of THg levels in hard tissues of humans and marine mammals between the pre-
industrial era and modern days shows that around 92 % of the present-day Hg in Arctic wildlife is of
man-made origin (Dietz et al., 2009). Despite the absence of major Hg point sources in the region,

anthropogenic Hg enters the Arctic marine environment through:

- Long-range inputs: atmospheric and water masses circulations from midlatitudes;

- Local inputs: local marine production and terrestrial run-offs (e.g. glaciers, rivers).

The Arctic Ocean surface water has a residence time of about 10 years (Brown et al., 2017).
Moreover, using stable Hg isotopes, Lehnherr et al. (2011) showed that reactions producing or
demethylating MeHg are rapid, which implies that MeHg cannot be transported over long distances
in the water (Lehnherr et al., 2011; Wang et al., 2012). On the other hand, the latest estimates propose
that 118 + 20 Mg of Hg emitted yearly in the atmosphere is transported to the Arctic. Circa 65 +
20 Mg year* are deposited in surface Arctic waters (AMAP, 2021b). Based on these data, it could be
easily proposed that Hg bioaccumulation in Arctic marine predators results from differences in the
past and modern history of Hg production by northern midlatitude countries. In this regard, the higher
biotic Hg concentrations in the western Canadian Arctic could be related to the elevated atmospheric
deposition of anthropogenic Hg from Asian sources (Brown et al., 2018). However, recent Hg budgets
show how emissions of Hg in the atmosphere are decreasing globally (AMAP, 2021b; Chen et al.,
2015).

If long-range atmospheric inputs were the only factor controlling THg trends in Arctic biota, we should
not observe large spatial differences (Table 7.1), but a steady decrease across all regions of the
Arctic. In chapter 6 we saw how this is not occurring, as different species of true seals can show
opposite temporal trends even at the small scale of the Greenland Sea (Chapter 6, §4).

Many hypotheses propose local sources as strong controllers of marine biotic Hg concentrations in

the Arctic ocean (Soerensen et al., 2016a):

- Rivers contribute disproportionately to Hg input and biological uptake in marine food webs at a
panarctic scale (Fisher et al., 2013; Soerensen et al., 2016a). Thus, the higher concentrations of
Hg in the Canadian Arctic might relate to the larger freshwater input in the area, through the
Mackenzie River (Roultti et al., 2011).

- The Western Arctic Ocean presents naturally high geological background of Hg, constituing an
important reservoir of legacy Hg which supplies almost all of the ocean water transiting its
passages (Brown et al., 2017).

- The longitudinal biotic THg gradient reflects the THg gradient measured in the oceanic water

masses: North Pacific > Arctic > North Atlantic Ocean (Brown et al., 2017).
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These studies base their interpretation solely on THg levels, while it is MeHg which is readily
bioaccumulated by marine food webs. Wang et al. (2018) recently linked the distribution of the
subsurface MeHg peak to the spatial variability in biotic uptake. They showed that in the Western
Arctic Ocean the MeHg maximum occurs at shallower depths than the eastern part, just below the
surface productive layer (Wang et al., 2018). As such, in this area MeHg availability to organisms at

the base of the marine food webs is enhanced (Wang et al., 2018).
These first considerations suggest that:

1. Athough generally relevant, long-range Hg sources might not be the main drivers of THg in

Arctic marine biota;

2. Local Hg sources primarily govern Hg bioaccumulation in Arctic marine food webs. This
would explain why we observe a large spatial and temporal variability of Hg trends even at small
scale, namely in true seals from the Greenland Sea (Chapter 5 and 6).

However, no direct evidence exists yet validating all these hypotheses in marine mammals.

4.1. Local or global?

Hg stable isotopes can be used to trace Hg sources in marine wildlife (Tsui et al., 2019). As such they
can help answer the question about the origin of Hg bioaccumulated in Arctic marine predators at

local and global scale.

4.1.1. Arctic or non Arctic?

Hg even MIF (here represented by A?°°Hg) has been increasingly used as tracer of Hg atmospheric
reservoirs (Chapter 5, 84.3; Cai and Chen, 2015). When compared to the literature, A?®°Hg values
show a remarkable latitudinal gradient (Figure 7.1). A*®°Hg are the highest in sharks from the Indian
Ocean, followed by fish from the Pacific Ocean, ringed seals from the Baikal Lake, human hair from
the Faroe Islands, pilot whales from the North Atlantic Ocean, marine mammals and seabirds from
Alaska, and finally Greenland Sea seals and seabirds (Figure 7.1). The near-zero A?*°Hg of >60°N
latitudes was previously linked to the small size of the Arctic basin, strong continental influence via
river runoff, and the limited Hg® uptake by the Arctic Ocean because of ice cover and saturation of
surface waters in dissolved Hg (Masbou et al., 2018; Renedo et al., 2020).

At first sight, A?®Hg in muscle of Greenland Sea seals seems to confirm that the bioaccumulated Hg

by hooded, harp and ringed seals is locally assimilated.
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Figure 7.1. A200Hg range in marine, freshwater and terrestrial ecosystems, with special attention to the
Arctic region. Each point represents an individual data, the black vertical line represents the mean. Data
are represented in 6 notation as %o.. Animals’ A200Hg values derive from a variety of tissues. Measurements
on muscle were favored. When not possible, other tissues were used. Number 1 = blood, 2= eggs, 3= liver,
4=hair, 5=head feathers. Letters refer to the different papers we extracted the data from. (a) (Obrist et al.,
2017); (b) (Enrico et al., 2016); (c) (Sherman et al., 2012); (d) (Gratz et al., 2010); (e) (Demers et al., 2013);
(f) (Wang et al., 2015); (g) (Jiskra et al., 2017); (h) (Gleason et al., 2017); (i) (Day et al., 2012); () (Blum et
al., 2013); (m) (Point et al., 2011); (n) (Masbou et al., 2015a); (o) (Li et al., 2014); (p) (Masbou et al., 2018);
(@) (Li et al., 2020); (r) This study; (s) (Renedo et al., 2020); (t) (Le Croizier et al., 2020). Greenland Sea true
seals are represented like previous chapters: hooded seals as blue dots, ringed seals as green triangles,

harp seals as red squares.
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A second look at A?°Hg values of other marine mammals and of wet and dry precipitation, shows a
finer pattern (Figure 7.1). Ringed seals from Greenland Sea and Alaska, as well as polar bears and
beluga from Alaska show A?°Hg values closer to those found in Arctic tundra and soils. On the other
hand, A?°Hg of hooded and harp seals and North Atlantic pilot whales show intermediate values

between Arctic Ocean sediments and rainfall from lower latitudes (e.g. China). This suggests that:

In the Greenland Sea, Hg accumulated by sympagic, coastal marine mammals derive from local
Hg sources (mostly terrigenous), while offshore pelagic marine mammals are exposed to a mix

of local Hg marine reservoirs and long-range atmospheric sources (chapter 5, 84.2 and §4.3).

4.1.2. Near but far: Greenland Sea seals are exposed to different mercury
sources

Once determined Hg sources at large scale, 3%°?Hg and A'®°Hg values can help refine local Hg
sourcing in Greenland Sea seals. The range of §2°2Hg values measured in muscle of hooded, harp
and ringed seals form the Greenland Sea is quite wide, in accordance with previous literature in
marine wildlife (Figure 7.2). Hg MDF (represented by §?°2Hg) varies between latitudes in consequence
of different biotic and abiotic processes (Tsui et al., 2019). For example, §?°?Hg values of beluga livers
were previously found to show a latitudinal southward gradient going from the Beaufort Sea to the
Bering Sea (Masbou et al., 2018). However, when comparing with the literature, 5?°°Hg of Greenland
seals, as well as other organisms, does not seem to vary with latitude or longitude (Figure 7.2).
0?%2Hg of hooded and harp seals from the Greenland Sea resemble those of pelagic fish from the
Pacific Ocean, the Gulf of Mexico, the bull and tiger sharks from La Réunion Island and pilot whales
from the North Atlantic Ocean (Figure 7.2). 8*°?Hg of ringed seals from the Greenland seals are
instead closer to coastal fish from North America and Europe, as well as to Arctic marine mammals
strongly associated to land fast ice and coastal food webs like the polar bear, beluga and ringed
seals from Alaska (Figure 7.2).

A¥™Hg range of Greenland Sea hooded, harp and ringed seals is much smaller than 3%°?Hg (Figure
7.3). This in accordance with the absence of Hg MIF by organism’s metabolism, as already published
(Kwon et al., 2012; Tsui et al., 2019) and observed in chapter 4 (84.3). A®°Hg values of Greenland
Sea seals resemble little auks from Greenland (East and West) and Svalbard (Renedo et al., 2020).

Near-zero A®°Hg are common of polar regions like the Arctic and are mostly related to:

- The limited or absent iHg or methylated Hg (MeHg) photochemistry in sea ice covered areas
(Point et al., 2011; Renedo et al., 2020);

- The seasonal influence of extreme negative AMDES (< -5%.) (Sherman et al., 2010).
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However, when compared with the literature, A®°*Hg values follow only weakly a latitudinal gradient.
The higher values are found in seabirds from Antarctic, followed by fish from the Pacific Ocean, sharks
from the Indian Ocean and biota from North america and Europe (Figure 7.3).

If latitude was the only factor influencing A'*°Hg values, Greenland seals would present A°Hg values
closer to Baikal ringed seals than to Pacific or Indian fish (Figure 7.3). Instead, ringed seals from Lake
Baikal have very distinct A®°Hg values with respect to all other regions. In the same way, Greenland
Sea seals and seabirds present A*°Hg ranges identic to seabass from European estuaries
(Cransveld et al., 2017; Renedo et al., 2020).

Researchers suggest that the variation of °°?Hg and A*°Hg values among marine food webs is
mostly led by animal habitat use (Gantner et al., 2009; Masbou et al., 2015a). This is also confirmed
by our findings in chapter 5 (84.3). The extent of Hg MDF depends on Hg processing at the base of
marine food webs (Chapter 5, §4.5). At the same time, odd MIF is determined by photochemical Hg?*
photoreduction and MeHg breakdown (Zheng and Hintelmann, 2009). As such, a decreasing
offshore — inshore pattern of 8?°?Hg and A'°Hg is commonly observed in Arctic animals (as
explained in chapter 5; 84.5). This is linked to:

Upstream: higher concentrations of OM (particulate or dissolved), nutrients, and MeHg
(Soerensen et al., 2017, 2016b);

- Estuary: shallower MeHg subsurface maximum, enhanced Hg scavening by sinking OM,
enhanced primary production (Li et al., 2016a; Schartup et al., 2013);

- Sea ice: surface-snow aging (bacteria or light induced), ice particles fallout, sea ice algae and

pelagic algae blooms (Heimbiirger et al., 2015, 2010; Schartup et al., 2020);
- Air: Spring AMDESs (Sherman et al., 2012, 2010).

This results in lower light penetration, slower Hg processing in the environment and lower rates of Hg
MDF and MIF (Chapter 5, 84.5). Consequently, coastal nutrient-rich ecosystems are

characterized by lower 5?°°Hg and A*°Hg values than offshore oligotrophic ones.

To our best knowledge, these findings represent the first assessment of Hg sources in Greenland

seals. The application of Hg stable isotopes confirms that:

1. Even at a small spatial scale (e.g. hundreds of km in the Greenland Sea), true seals are
subjected to different sources of Hg in the marine environment, as a conseguence of their

different habitat use;

2. At local scale, exposure and bioaccumulation of Hg in Greenland Sea seals is strongly

dependent on local marine sourcing and processing related to sea-ice and freshwater run-offs.
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Figure 7.2. 622Hg range in marine, freshwater and terrestrial ecosystems, with special attention to the
Arectic region. Each point represents an individual data, the black vertical line represents the mean. Data
are represented in § notation as %o. Animals’ 6202Hg values derive from a variety of tissues. Measurements
on muscle were favoured. When not possible other tissues were used. Number 1 = blood, 2= eggs, 3= liver,
4=hair, 5=head feathers. Letters refer to the different papers we extracted the data from. (a) (Blum et al.,
2013); (b) (Senn et al., 2010); (c) (Gehrke and Blum, 2011); (d) (Kwon et al., 2014); (e) (Cransveld et al.,
2017); () (Perrot et al., 2012); (g) (Renedo et al., 2018); (h) (Li et al., 2020); (i) (Masbou et al., 2015a); (1)
(Masbou et al., 2018); (m) This study; (n) (Sherman et al., 2012); (o) (Obrist et al., 2017); (p) (Enrico et al.,
2016); (o) (Gratz et al., 2010); (r) (Demers et al., 2013); (s) (Wang et al., 2015); (t) (Le Croizier et al., 2020).
Greenland Sea true seals are represented like previous chapters: hooded seals as blue dots, ringed seals
as green triangles, harp seals as red squares.
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Figure 7.3. A1%9Hg range in marine, freshwater and terrestrial ecosystems, with special attention to the
Arectic region. Each point represents an individual data, the black vertical line represents the mean. Data
are represented in 6 notation as %o. Animals’ A1%Hg values derive from a variety of tissues. Measurements
on muscle were favoured. When not possible other tissues were used. Number 1 = blood, 2= eggs, 3= liver,
4=hair, 5=head feathers. Letters refer to the different papers we extracted the data from. (a) (Blum et al.,
2013); (b) (Senn et al., 2010); (c) (Gehrke and Blum, 2011); (d) (Kwon et al., 2014); (e) (Cransveld et al.,
2017); () (Perrot et al., 2012); (g) (Renedo et al., 2018); (h) (Li et al., 2020); (i) (Masbou et al., 2015a); (1)
(Masbou et al., 2018); (m) This study; (n) (Sherman et al., 2012); (o) (Obrist et al., 2017); (p) (Enrico et al.,
2016); () (Gratz et al., 2010); (r) (Demers et al., 2013); (s) (Wang et al., 2015); (t) (Le Croizier et al., 2020).
Greenland Sea true seals are represented like previous chapters: hooded seals as blue dots, ringed seals
as green triangles, harp seals as red squares.
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5. PRESENT AND FUTURE DYNAMIC OF MERCURY IN
GREENLAND SEA MARINE PREDATORS

5.1. A changing Arctic

The largest change observed in sea-ice is in its summer extent (September). 2012 (Figure 7.4, red
dotted line) consists in the lower record for Arctic sea-ice cover, with only 3.4 million km? of extent
compared to the 6.3 million km? median for the 1981-2010 period (Figure 7.4, grey line). 2020
represents the second lowest minimum of summer sea ice extent: 3.8 million km? (Figure 7.4, green
line). Sea-ice cover and structure are instrumental for both coastal and offshore marine food webs,
governing food web complexity, energy transfer, and biomagnification of pollutants like Hg (Post,
2013). A decrease in sea-ice cover was linked to higher rates of MeHg breakdown and consequently
declining THg trends in marine biota (Point et al., 2011). A decrease in sea-ice cover was linked to
higher rates of MeHg breakdown and consequently declining THg trends in marine biota (Point et al.,
2011).
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Figure 7.4. Annual variation of sea ice extent (in millions of square kilometers) in the Northern
Hemisphere for the time period analyzed in this thesis: 1985 - 2021. The grey line represents the median
for the 1981-2010 period. This graph was made with ChArctic v3.3.8, and extracted from National Snow
and Ice Data Center (accessed on: 12/07/2021).
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However, Schartup et al. (2020) found significantly higher concentrations of MeHg in FY1 than in MYI,
and suggested that the temporal shift in sea-ice age might enhance Hg exposure to marine biota
(Schartup et al., 2020).

The Arctic has lost more than 50 % of its oldest multiyear ice (MY1) and is undergoing a regime shift
from a system dominated by MYI (until 2011) to a system dominated by seasonal ice (FYI) (Miles
et al., 2020). In March 1985, 4 years old sea-ice constituted 33 % of the sea-ice in the Arctic Ocean
(Figure 7.5). In March 2019, 4 years old sea-ice made up 1.2 % of the pack (Perovich et al. 2019). In
Eastern Greenland a decrease in sea-ice age was observed for both land fast and pack-ice. This
might constitute a significant changing driver of Hg bioaccumulation in both offshore and coastal
marine food webs.

Land fast ice forms along the coast from water or by accumulation of floating ice of any age and can
extend from a few meters to several hundred kilometers from the coast (Trishchenko and Luo, 2021).
Land fast ice consists in 12 % of the total sea-ice presents in the Northern hemisphere (Mahoney et
al., 2014).

SIGNIFICANT LOSS OF OLDER ICE OVER PAST 20 YEARS
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Figure 7.5. Temporal change in Arctic sea ice age: (A) distribution and (B) extent (in 106 km2). (A) The age
of sea ice in the Arctic at winter maximum in 2000 (left, week of March 18) and 2020 (right, week of March
21). Maps reporduced from NOAA Climate.gov, based on data from the National Snow and Ice Data Center.
(B) Graph reproduced by Tschudi et al. 2019, from National Snow and Ice Data Center (accessed on:
12/07/2021).
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In the Scoresby Sound, land fast ice provides an important substrate for the sustenance of humans
and sympagic coastal food web (Post, 2013). Ringed seals depend on it for breeding, feeding and
hiding from predators (Chapter 2, §1.3). A decrease of -0.53 % per decade (1976 — 2007) of land fast
ice was observed In the Greenland Sea area (Yu et al., 2014).

Pack-ice (or drift ice) forms offshore after a characteristic formation processes including grease and
pancakes, at seawater temperature of -1.8°C (Werner, 2005). It is not attached to the shoreline and
drifts in response to winds and currents. At its maximum extent pack-ice can cover an area comprising
13 % of the Earth’s surface, making it a biome that compares with those of the tundra and deserts
(Mahoney et al., 2014). In offshore areas, pack-ice is the main driver of photosynthetic primary
production and act as physical substrate for pagophilic pelagic seals like harp seals (Chapter 1, §2.2).
The oceanic hooded seals instead depend on pack-ice mostly for breeding (Chapter 5, §4.2).
Knowing that (1) local Hg sources are the main drivers of THg bioaccumulation in Arctic seals
(Chapter 5), that (2) different trophic behaviors lead to different Hg sources and bioaccumulation in
Greenland seals (Chapter 6) and that (3) sea-ice and freshwater inputs influence Hg cycling in fjordic

marine food webs (This chapter, 84.1), raises the following questions:

1. Can climate change significantly alter Hg cycling in response to sea-ice loss and increased

freshwater run-off?

2. Do seal species respond similarly?

In the next paragraphs we integrate the major outcomes of this work to depict Hg dynamic in marine

predators in a context of present and future Arctic climate change.

5.2. Offshore foodwebs

The decrease in pack-ice extent along the Eastern coast of Greenland ranges between -0.1 to -0.5 %
per decade in the Fram Strait, to -15 to -5 % per decade in the Greenland Sea (Dai et al., 2019). The

decrease of sea-ice cover in offshore environment is believed to lead to:
- Higher light penetration, bringing to higher rates of MeHg breakdown (Point et al., 2011);

- Higher influx of warm North Atlantic waters, disrupting water stratification, enhancing Hg
remobilization within the water column and lowering a build-up of MeHg concentrations in surface

water layers (Bowman et al., 2020; Polyakov et al., 2017);

- A shiftin food web structure, leading to higher reliance on pelagic prey versus sympagic ones

by species like the harp seal and lower MeHg dietary intake (Petrik et al., 2020), and
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- Increased intensity and area of algal blooms (Leu et al., 2015; Tedesco et al., 2019).

During spring of 2019, a ~1500 km long region along the edge of the Greenland Sea pack-ice showed
on average ~18 times higher chlorophyll-a concentrations than during the same month of the previous
years on record (2003-18; Frey et al., 2019; Tremblay et al., 2015). In this area, positive trends in
primary productivity have been observed since 2003 (~20.5 % increase) (Barber et al., 2015; Leu et
al., 2015). The increase in pelagic photosyntetic biomass along the Greenland Sea pack-ice margin
could then be responsible for an increase of Hg biodilution. All of these factors might contribute to the
decreasing trends in THg concentrations observed in marine predators like hooded seals as well as
in their prey.

As discussed before, hooded seals are exposed to a mixture of Hg produced in the oceanic water
column and long-range atmospheric inputs (via wet and dry deposition) (This chapter, 84.1.1). As
such, hooded seal THg trends reflect emissions at global scale and inputs to the North Atlantic
Oceans (Ceia et al., 2018). Because of their specialized hunting on demersal Greenland halibut and
squids from the Gonatus genus, the hooded seal might be more impacted by bottom-up shifts of
food web structure compared to more generalist species, namely the shift from a Greenland halibut
dominated-diet to an Atlantic cod dominated-diet (Chapter 6, 84.2).

The combination of environmental changes expected for offshore food webs with the trophic behavior
of oceanic seals suggests that a decrease in THg concentrations is expected in Greenland Sea
oceanic predators like the hooded and harp seals (Figure 7.6). Accordingly, hooded seals present
dicreasing THg concentrations (1.5 % / year) (Chapter 6, §4.2), in agreement with dicreasing THg
levels observed in the Atlantic cod between the 70s and the 2000s in Norway, the Faroe Islands and

Iceland (-0.8 / year, -2.4 / year and -4.9 to -7.4 / year respectively) (Braune et al., 2011).

5.3. Coastal food webs

Together with the loss of land fast ice, the latest climatic studies foreseen that the main change in

Arctic coastal marine ecosystems will be:

- Anincrease of terrestrial runf-off ranging between 15 and 50 % depending on the region of the
Arctic (Oppenheimer et al., 2019). This would comprise higher coastal erosion, larger losses of
Greenland ice sheet mass (-263 + 21 Gt yr) as well as coastal glaciers across all Arctic regions
(-212 £ 29 Gt yr?) (Meredith et al., 2019).

Jonsson et al. (2017) predicted concentration of MeHg in zooplankton in the Bothnian Sea coastal
areas to increase as much as a factor of 3 to 6, following the ecological and biogeochemical impacts
of a 30 % increase in terrestrial runoff. This would occur as a consequence of increased bacterial

respiration, eutrophication and hypoxia, shifting primary production from autotrophic
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(phytoplankton) to heterotrophic (Jonsson et al., 2017). The microbial loop would become the most

important driver of primary production and Hg uptake in the baseline.

- Freshening of surface marine layers, believed to enhance water stratification at local scale.
The lastest IPCC reports show a ~2.18 to 2.42 % increase of the upper 200m stratification in Arctic
waters from 1970 and 2017 (Meredith et al., 2019).

Enhanced stratification has several potential serious consequences:

- Disruption of sinking and redistribution of both OM and nutrients like nitrate (Oppenheimer et
al., 2019).

- Reduction of phytoplankton size (Li et al., 2009). Small-sized phytoplankton is known to play a
key role in marine MeHg dynamics, because it sinks slower and boosts remineralization and MeHg
production in the pycnocline waters (Heimburger et al., 2010). In parallel, small-sized plankton
blooms occur deeper in the photic zone, closer to the MeHg maximum, which may further enhance

biological uptake of MeHg (Heimbdrger et al., 2015).

- Disruption of the bentho-pelagic coupling characteristic of polar coastal areas. In winter, when
light is limited by the thick sea-ice cover, the resuspension of sediments and lateral advenction of
bio-material from bottom sediments and freshwater run-offs are the main food sources of pelagic

organisms. limiting energy flow and Hg transfer in the food web.

Coastal species like the ringed seal, are exposed to several sources of Hg: terrestrial freshwater
runoff, sea-ice and local atmospheric inputs, and in situ production via bacterial activity in the
sediments (This chapter, 84). As such, ringed seals’ THg trends reflect mostly the complex
interplay of changes in the environment they live in (Loseto et al., 2008b; Pinzone et al., 2021a).
This determines a larger variability in Hg sources in time and consequently lead to the nonlinear THg
accumulation trends observed in ringed seals (This chapter, Figure 7.7; Chapter 6, 84.1). This also
supports the inconsistency of THg trends found in ringed seals from different areas of the Arctic:
increasing THg trends in Northwestern Greenland, no trend in Western Canada and decreasing
trends (-2.5 % / year) in Resolute (Houde et al., 2020; Rigét et al., 2012; Yurkowski et al., 2020), as
well as in others Greenland Sea coastal predators, like the glaucous gull (Fort J., pers. comm.), the

polar bear and the black guillemot (Braune et al., 2011).

These findings demonstrate that:

1. Species response to climate change is governed by changes in Hg sources rather than Hg

levels;

2. Coastal species are at higher risk of increasing Hg exposure in the future, compared to offshore

species.
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Take home message

To our best knowledge, this thesis represents the first attempt at linking Hg sources in Greenland
Sea true seals with climate change, using Hg stable isotopes. Our findings add an important

additional piece to the immense puzzle of Hg dynamics in Arctic marine food webs.

The major outcome is that Hg accumulation in Arctic marine predators is strongly species-
specific and depend on their habitat use. This explains why responses to climate change have
been vast and inconsistent not only between species, but also within the same species from different
regions of the Arctic. While Hg exposure to oceanic specialized species will be affected by
global-scale ecological changes, Hg exposure to coastal generalist species will depend on

specific bio-chemical processes at local scale.

A recent paper demonstrated how the Greenland ice sheet is responsible for the influx of 521 to 3
300 mmol km™ of Hg per year during melting. These quantities are 2 orders of magnitude higher than
what was measured for Arctic rivers (4 to 20 mmol km™2 year™?) (Hawkings et al., 2021). These recent
discoveries stress the importance of pursuing research about the impact of terrestrial Hg reservoirs

on Arctic coastal marine ecosystems.

Our finding complicates further mitigation of Hg pollution in the Arctic region, pushing future scientific

and management efforts to incorporate a species-specific focus at both local and global scale.
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1. BIOTIC DEMETHYLATION PROCESSES

Reductive demethylation is carried out by bacteria possessing the mer operon, occurring mostly in
the aerobic zone (Boyd and Barkay, 2012; Du et al., 2019). It seems to be a direct method for Hg
detoxification. The mer operon includes genes that encode several proteins responsive to Hg?* or
MMHg: (1) an activator/repressor (MerR), (2) a periplasmic scavenging protein (MerP) responsive to
Hg?*, (3) transport proteins to shuttle Hg?* (MerT, MerC, MerF, MerG) or (4) MMHg (MerE) into
bacterial cytoplasm, (5) mercuric reductase (MerA) to reduce Hg?* to Hg®, and (6) organomercury-
lyase (MerB) to de-methylate MMHg to Hg?* (Brown et al. 2003; Busenlehner et al. 2003; Boyd and
Barkay 2012). Briefly, this process consists on a first demethylation of MeHg by an enzyme (merB,
organomercurial lyase) resulting in Hg?* that is then degraded inside the bacterial cell by another
enzyme (merA) and then evacuated from the cell as Hg® (Boyd and Barkay, 2012). The ensemble of

the mer system is represented in Figure Al.1.

D (merC ) merA  (ImerG))( merB ) ([iGIDY)( merE ')

Hg-O-CO-CH,

Figure A1.1. The mer system. (A) A generic mer operon with genes. Parentheses depict genes that are only
rarely present in operons. (B) The cellular mer-encoded mercury detoxification mechanism. The outer cell wall
is depicted by a broken line illustrating that not all microbes have an outer membrane; broken line arrows depict
diffusion; solid line arrows indicate transport or transformations; L = ligand with subscripts denoting the ligand
type. The colors of various Mer proteins correspond with the colors of the genes that encode for these proteins
in (A). Reproduced from (Boyd and Barkay, 2012).

Oxidative demethylation instead is mostly operated by anaerobic bacteria in anoxic conditions (Lu et
al., 2016). This process is still poorly understood but it possibly occurs as a by-product of bacterial
metabolism (Marvin-Dipasquale et al., 2000). In methanogens Hg demethylation supposedly occurs

during consumption of monomethylamines:
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4CH3Hg" + 2H,0 + 4H" — 3CH4 + CO;, + 4Hg?" + 4H;

Whereas in SRB, MMHg is degraded by pathways related to acetate oxidation:
S04% + CH3Hg" + 3H* — H,S + CO2 + Hg?* + H,0

In contrast to reductive demethylation, catalyzed by the enzymatic system encoded by the operon
mer, the oxidative demethylation does not appear to be a process for MeHg detoxification (Marvin-
Dipasquale et al., 2000). Experimental studies have indicated that most part of methylating SRB are
also capable of demethylating MeHg, however not all the bacteria that demethylate do necessarily
methylate (Bridou et al., 2011). As well as for methylation, demethylation rates appear to be largely
influenced by environmental parameters such as pH, redox conditions and salinity. However, while
biological methylation is supposedly controlled by the bioavailability of Hg?*, demethylation seems to
not depend on environmental pollution levels (Bridou et al., 2011).
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TABLES

Table A2.1. Dry weight / Wet Weight (DW / WW) ratio and water content percentage (%) for hooded, harp and ringed seals from the Greenland Sea.
Values are represented as mean + standard deviation (1) and were used to transform THg concentrations from dw to ww for those animals whose water
content was not possible to measure.

: Species
Tissue )
Hooded seal Harp seal Ringed seal
DW/WW Ratio Water content (%) | DW /WW Ratio Water content (%) | DW /WW Ratio Water content (%)

Muscle 3.4 +£0.5(135) 70.5 + 2.9 (135) 3.6 0.2 (23) 71.9+£2.0(23) 3.1+0.5(123) 67.8 + 6.7 (123)
Liver 3.2+0.4 (125) 68.1 + 4.0 (125) 3.4+0.2(23) 70.6 + 2.2 (23) 3.2+1.8(123) 66.7 + 4.3 (123)
Hair Only DW Only DW Only DW Only DW Only DW Only DW
Kidney 4.4 +£0.3(14) 77.1+£1.7 (14) 4.5+ 0.2 (23) 77.9+2.1(23) - -

whole blood 3.6+0.3(12) 72.2+2.0(12) 4.2 £ 0.4 (23) 75.8 + 2.3 (23) - -

Red Blood Cells 3.0+ 0.1 (6) 67.0+ 1.7 (6) 3.4+0.6 (14) 70.3+ 3.8 (14) - -

Heart 4.4+0.2(12) 77.1+1.1(12) 4.7 £ 0.3 (23) 78.6 + 2.4 (23) - -

Lung 4.4 +0.5 (14) 77.1+2.5 (14) 4.7 +0.5 (23) 78.6 + 2.4 (23) - -

Brain 49+0.6 (12) 79.3+2.4(12) 4.9+0.7 (21) 79.1+3.2(21) - -
Spleen 4.2+0.2(12) 76.2+1.0(12) 4.1+£0.3(23) 75.7 £ 2.5 (23) - -
Mammalian Gland 25+£0.1(3) 59.9+1.6 (3) 2.8+£0.5(8) 62.3+ 1.0 (8) - -
Umbilical cord 5.2+0.7 (3) 80.6 £ 2.8 (3) 4.2+ 1.3(5) 74.3+7.6 (5) - -
Gonads 4.7 +0.4 (4) 78.7+1.7 (4) 6.3+1.0 (7 83.6 + 27 (7) - -

Milk Only WW Only WW Only WW Only WW Only WW Only WW
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Table A2.2. Measured 613C, 615N, 634¢S and C/N ratio of the primary and secondary standards
analysed in this work. As = sulfanilic acid, Repl = seabass muscle, C6 = IAEA-C6, N1 = IAEA-N1,
S1=TAEA-S1. AVG = Average, SD = Standard Deviation.

Batch name and content CIN 515N 513C 534S

As AVG 4.92 As AVG -0.26 As AVG -25.42 As AVG 6.19
As SD 0.09 As SD 0.49 As SD 0.06 As SD 0.16

Liz 1 Repl AVG 3.18 N1 AVG 0.40 C6 AVG -10.45 S1 AVG

Muscle Repl SD 0.00 N1 SD 0.26 C6 SD 0.00 S1SD
Repl AVG 13.98 Repl AVG -19.13 Repl AVG 12.57
Repl SD 0.27 Repl SD 0.06 Repl SD 0.15
AS AVG 5.09 AS AVG -0.26 AS AVG -25.91 AS AVG 6.70
AS SD 0.11 AS SD 0.19 AS SD 0.04 AS SD 0.34
Liz 2 Repl AVG 3.19 Repl AVG  13.87 ReplAVG  -19.44 ReplAVG  13.89
Muscle Repl SD 0.01 Repl SD 0.04 Repl SD 0.06 Repl SD 0.38
N1 AVG 0.39 C6 AVG -10.91 S1 AVG -0.11
N1 SD 0.02 C6 SD 0.15 S1SD 0.19
AS AVG 4.95 AS AVG -0.36 AS AVG -26.03 AS AVG 6.61
AS SD 0.14 AS SD 0.17 AS SD 0.04 AS SD 0.00
Liz 3 Repl AVG 3.18 Repl AVG 1381 Repl AVG  -19.58 Repl AVG  14.04
Muscle Repl SD 0.00 ReplSD  0.14  Repl SD 0.09 Repl SD  0.47
N1 AVG 0.40 C6 AVG -10.94 S1AVG -0.05
N1 SD 0.00 C6 SD 0.04 S1SD 0.19
AS AVG 5.02 AS AVG -0.17 AS AVG -25.93 AS AVG 6.35
AS SD 0.12 AS SD 0.28 AS SD 0.04 AS SD 0.10
Liz 4 Repl AVG 3.19 Repl AVG  14.08 Repl AVG  -19.52 Repl AVG  13.85
Hair Repl SD 0.01 Repl SD 0.08 Repl SD 0.02 Repl SD 0.18
N1 AVG 0.47 C6 AVG -10.85 S1 AVG -0.30
N1 SD 0.10 C6 SD 0.01 S1SD 0.00
AS AVG 5.09 AS AVG -0.36 AS AVG -26.05 AS AVG 5.92
AS SD 0.07 AS SD 0.23 AS SD 0.07 AS SD 0.13
Liz5 Repl AVG 3.21 Repl AVG  13.72 Repl AVG  -19.66 Repl AVG  13.43
Hair Repl SD 0.00 Repl SD 0.02 Repl SD 0.02 Repl SD 0.23
N1 AVG C6 AVG -11.01 S1AVG -0.81
N1 SD 0.08 C6 SD 0.07 S1SD 0.33
AS AVG 4.97 AS AVG -0.12 AS AVG -25.88 AS AVG 6.45
AS SD 0.09 AS SD 0.17 AS SD 0.04 AS SD 0.09
Liz 6 Repl AVG 3.19 Repl AVG  13.85 ReplAVG  -19.48 Repl AVG  13.88
Muscle Repl SD 0.01 Repl SD 0.08 Repl SD 0.05 Repl SD 0.20
N1 AVG 0.43 C6 AVG -10.76 S1 AVG -0.41
N1 SD 0.02 C6 SD 0.04 S1SD 0.19
AS AVG 5.05 AS AVG -0.25 AS AVG -25.98 AS AVG 6.77
AS SD 0.16 AS SD 0.30 AS SD 0.04 AS SD 0.10
Liz 7 Repl AVG 3.19 Repl AVG 13.89 Repl AVG -19.58 Repl AVG 13.89
Hair Repl SD 0.00 Repl AS 0.06 Repl SD 0.04 Repl SD 0.27
N1 AVG 0.30 C6 AVG -10.83 S1 AVG -0.27
N1 SD 0.14 C6 SD 0.02 S1SD 0.14
Liz8 AS AVG 5.09 ASAVG 015 ASAVG -2586 ASAVG  6.76
Muscle AS SD 0.10 AS SD 0.44 AS SD 0.11 AS SD 0.05
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Liz9
Muscle
Hair

Alexis 1
Muscle

Alexis 2
Muscle

Alexis 3
Muscle

Alexis 4
Hair

Alexis 5
Hair

Alexis 6
Hair

Repl AVG
Repl SD

AS AVG
AS SD
Repl AVG
Repl Sd

AS AVG
AS SD
Repl AVG
Repl SD

AS AVG
AS SD
Repl AVG
Repl Sd

AS AVG
AS SD
Repl AVG
Repl SD

AS AVG
AS SD
Repl AVG
Repl Sd

AS AVG
AS SD
Repl AVG
Repl SD

AS AVG
AS SD
Repl AVG
Repl Sd

AS AVG

3.19
0.00

4.99
0.09
3.18
0.02

5.00
0.14
3.64
0.01

5.06
0.11
3.32
0.01

4.53
0.07
3.40
0.01

5.04
0.10
3.17
0.01

NA
NA
NA
NA

NA
NA
NA
NA

5.18

Repl AVG
Repl SD
N1 AVG

N1 SD

AS AVG
AS SD

Repl AVG
Repl SD
N1 AVG

N1 SD

AS AVG
AS SD

Repl AVG
Repl SD
N1 AVG

N1 SD

AS AVG
AS SD

Repl AVG
Repl SD
N1 AVG

N1 SD

AS AVG
AS SD

Repl AVG
Repl SD
N1 AVG

N1 SD

AS AVG
AS SD

Repl AVG
Repl SD
N1 AVG

N1 SD

AS AVG
AS SD
Repl AVG
Repl SD
N1 AVG
N1 SD
AS AVG
AS SD
Repl AVG
Repl SD
N1 AVG
N1 SD
AS AVG
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12.77
0.09
0.40
0.00
-0.82
0.25
13.39
0.12
0.49
0.12
-0.71
1.47
15.67

0.40

-0.90
0.96
13.56
0.13
0.32
0.11
-1.78
0.43
12.45
0.15
0.33
0.09
-1.23
0.56
14.64
0.04
0.49

0.12

-0.62
0.11
14.38
0.20
0.40
0.00
-0.59
0.31
14.22
0.10
0.40
0.01
-0.49

Repl AVG
Repl SD
C6 AVG

C6 SD
AS AVG
AS SD

Repl AVG
Repl SD
C6 AVG

C6 SD
AS AVG
AS SD

Repl AVG
Repl SD
C6 AVG

C6 SD
AS AVG
AS SD

Repl AVG
Repl SD
C6 AVG

C6 SD
AS AVG
AS SD

Repl AVG
Repl SD
C6 AVG

C6 SD
AS AVG
AS SD

Repl AVG
Repl SD
C6 AVG

C6 SD

AS AVG
AS SD
Repl AVG
Repl SD
C6 AVG
C6 SD
AS AVG
AS SD
Repl AVG
Repl SD
C6 AVG
C6 SD
AS AVG

-19.52
0.08
-10.83
0.04
-28.35
0.08
-19.37
0.07
-10.73
0.05
-25.67
0.26
-19.95
0.12
-10.55
0.36
-25.70
0.22
-20.73
0.08
-10.85
0.06
-25.77
0.12
-20.07
0.07
-10.76
0.05
-25.75
0.14
-19.77
0.07
-10.81

0.02

-25.56
0.17

-10.86
0.09
-25.70
0.07
-19.79
0.21
-10.78
0.04
-25.96

Repl AVG
Repl SD
S1AVG

S1SD

AS AVG
AS SD

Repl AVG
Repl SD
S1 AVG

S1SD

AS AVG
AS SD

Repl AVG
Repl SD
S1 AVG

S1SD

AS AVG
AS SD

Repl AVG
Repl SD
S1 AVG

S1SD

AS AVG
AS SD

Repl AVG
Repl SD
S1AVG

S1SD

AS AVG
AS SD

Repl AVG
Repl SD
S1AVG

S1SD

AS AVG
AS SD
Repl AVG
Repl SD
S1 AVG
S1SD
AS AVG
AS SD
Repl AVG
Repl SD
S1AVG
S1SD
AS AVG

13.79
0.41
0.11
0.27

-1.34
0.16

12.69
0.98

-0.16
0.24
5.85
0.39

18.28
0.69
0.84
0.06
4.51
0.33

19.37
0.52

-0.27
0.16
5.00
0.35

18.77
0.72

-0.38
0.10
5.75
0.52

13.84
0.34
1.10

0.21

5.19
0.40
13.51
0.42
-0.40
0.17

13.57
1.30
-0.35
0.11
5.36



AS SD 0.13 AS SD 0.25 AS SD 0.21 AS SD 0.36
ReplAVG 318  ReplAVG 1378 ReplAVG -19.70 ReplAVG  13.03
A'ﬁ’;iif 7 Repl SD 0.01 ReplSD  0.10  Repl SD 0.14 ReplSD  0.41
NLAVG 029 C6AVG -10.72 S1AVG  -0.31
N1 SD 0.16 C6 SD 0.11 S1SD 0.03
AS AVG 5.22 ASAVG  -053 ASAVG 2535 ASAVG  5.62
AS SD 0.14 AS SD 0.30 AS SD 0.39 AS SD 0.41
M'\/lljé;rclle ReplAVG 325  ReplAVG 1384 ReplAVG -19.56 Repl AVG  12.97
RBC Repl Sd 0.01 ReplSD 017  ReplSD  0.08 Repl SD  0.23
NLAVG 040 C6AVG -10.80 S1AVG  -0.75
N1 SD NA C6 SD NA S1SD 0.29
AS AVG 4.86 ASAVG  -028 ASAVG -2578 ASAVG 584
AS SD 0.08 AS SD 0.38 AS SD 0.13 AS SD 0.12
'\éaBrCz ReplAVG 317  ReplAVG 1420 ReplAVG -19.77 ReplAVG  13.65
Wh(i'ﬁnbgljood Repl SD 0.01 ReplSD  0.07 Repl SD 0.04 ReplSD  0.96
NLAVG 048 CBAVG  -10.80 S1AVG 041
N1SD 0.11 C6 SD NA S1SD 1.02
AS AVG 5.13 ASAVG 062 ASAVG 2569 ASAVG  6.01
AS SD 0.16 AS SD 0.23 AS SD 0.18 AS SD 0.38
'\L/Ijrr]g ReplAVG 318  ReplAVG 1401 ReplAVG -19.64 ReplAVG 13.74
Kidney Repl Sd 0.01 ReplSD 009  ReplSD 0.2 ReplSD  0.14
NLAVG 039 CBAVG  -10.69 SLAVG
N1 SD 0.02 C6 SD 0.16 S1SD
AS AVG 5.07 ASAVG 045 ASAVG 2581 ASAVG 5096
AS SD 0.06 AS SD 0.15 AS SD 0.09 AS SD 0.18
K'\i/lc?rr] :y ReplAVG 319  ReplAVG 14.07 ReplAVG -19.41 ReplAVG  13.59
Liver Repl SD 0.00 ReplSD 006  ReplSD 035 Repl SD  0.32
NLAVG 037 C6AVG -10.76 SLAVG  0.27
N1 SD 0.05 C6 SD 0.05 S1SD 0.24
AS AVG 5.12 ASAVG 031 ASAVG 2581 ASAVG 5091
AS SD 0.12 AS SD 0.31 AS SD 0.11 AS SD 0.25
LZI:[: g50 ReplAVG 319  ReplAVG 1422 ReplAVG -19.63 ReplAVG 13.58
Hair Repl Sd 0.01 Repl SD 0.06 Repl SD 0.28 Repl SD 0.51
NLAVG 047 C6AVG -10.81 S1AVG
N1 SD 0.10 C6 SD 0.01 S1SD
CIN 515N 513C 534S
AS AVG 5.02 ASAVG 052 ASAVG 2578 ASAVG  5.93
AS SD 0.15 AS SD 0.42 AS SD 0.19 AS SD
All Repl AVG 323  Repl AVG 1390 Repl AVG -19.56 Repl AVG  13.53
Repl SD 0.02 ReplSD 040 RepISD 017  ReplSD  0.43
STD AVG - STDAVG 039 STDAVG -10.78 STDAVG  -0.09
STD SD - STDSD 007  STDSD 0.12 STDSD 051
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ANNEX to Chapter 4




1. SELECTION OF THE BEST TISSUE FOR HG STABLE
ISOTOPES ANALYSIS

As we observed in chapter 4, true seals tissues exhibit specific concentrations and proportions of Hg
species (Mieiro et al., 2011; Pentreath, 1976), depending on several factors: tissue composition
(proteins, lipids, carbohydrates), turnover rate, and food regime (Jardine et al., 2006; Maury-Brachet
et al., 2006; Perga and Gerdeaux, 2005; Wang and Wong, 2003). Our findings confirm that in hooded
seals this is equally valid for the analysis of Hg stable isotopes. For this reason, a multi-tissue
approach might be the necessary approach in the assessment of Hg stable isotopes in a single
organism, in order to get at the same time the information about Hg sources (Jardine et al., 2006;
Tsui et al., 2019), internal processing (Kwon et al., 2016, 2012) and animal trophic ecology (Pinzone
et al., 2021a). When such approach is not possible, few points should be considered for the selection

of the right tissue to use.

1.1.Short-term versuslong-term exposure studies

Because of their role in Hg internal metabolism, tissues like kidney and liver should be selected to
study Hg accumulation rates and potential health effect. However, they might not be appropriate if we

want to integrate a trophic analysis, for 2 reasons:

1. Hg speciation. In liver of ringed seals for example, MMHg and Hg?* concentrations reach
equilibrium sooner than HgSe because of their faster kinetics (Ewald et al., 2019). Despite
constant internal demethylation rates, slow HgSe kinetics can result in highly variable Hg species
composition. This reflects the comparatively short liver half-lives of Hg?* (20 days) and MMHg (50
days) relative to HgSe (500 days) (Ewald et al., 2019). The larg variability in Hg species profile in
these tissues, could result in high heterogeneity of the isotopic results, complicating the
interpretation of the data.

2. Tissue turnover. Since muscle and liver have different turnover rates, they integrate difference
time period of Hg exposure and uptake by the organism of marine predators (Dietz et al., 2000;
Lehnert et al., 2018). Specifically, liver represents Hg exposure throughout the life of an animal.
Muscle on the other hand, has a turnover rate of few months (Ewald et al., 2019). In chapter 5,
THg levels in muscle of true seals show that on the short-term, reliance on sympagic food webs
in coastal areas might lead to higher Hg accumulation (Chapter 5, 84.3). The same measurement
in another tissue could bring to another conclusion (Chapter 3). However, previous measurements
of THg levels in livers of the same animals reported the highest concentrations in hooded seals
compared to ringed seals (Pinzone et al., not published data; Dietz et al., 2019; Julshamn and
Grahl-Nielsen, 2000; Rigét et al., 2011; Sonne et al., 2009b). This means that, if in the short-term
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habitat use is the most important factor for Hg accumulation, on the long-term the situation might

be different and the prey choice might represent the main route of entry of Hg in marine mammals.

1.2.Temporal studies

Nowadays, numerous temporal trend analyses are being conducted to study the impact of climate
change on Hg sourcing and accumulation in Arctic predators (Dietz et al., 2021a; Mckinney et al.,
2013; Rigét et al., 2011; Routti et al., 2019). In this regard, Hg concentrations and stable isotopes are
compared from 1 year to the other over a series of 20 to 30 years (Bignert et al., 2004). Tissues with
a higher fraction of iHg might integrate information of Hg accumulation over more than 1 year and
could potentially mask the inter-annual variability in Hg levels in response of environmental changes.
On the opposite side, a tissue like hair, presents a turnover so fast - two to three weeks during molting
period - that integrate a very short period of time (Aubail et al., 2011). This could bring to a wrong
interpretation of the intra-annual variability, when seals from the same year have been sampled before
and after molting period (Peterson et al., 2016b).

In this situation, using a tissue less involved in the metabolization of Hg and with more homogenous
iHg and MMHg concentrations, could be a better choice than kidney, liver or hair. The A**Hg/5??Hg
ratios measured in captive hooded seals showed that the metabolization of Hg in liver, kidney and
hair strongly modifies the information about Hg pathways in the environment, while in muscle it is
conserved from diet to consumer (Chapter 4, Table 4.3). This indicates that measuring Hg stable
isotopes in muscle could be more appropriate to trace Hg sources and trophic transfer within a single
food web (e.g. secondary vs. tertiary consumer) or between different food webs (e.g. pelagic vs.

coastal).
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Figure A4.1. A199Hg/5202Hg, A199Hg/A201Hg, A200Hg/§202Hg and A204Hg/A200Hg slopes in hair (grey square), muscle (blue square), liver (orange triangle),
kidney (green down-triangle) of hooded seals C. cristata and their prey, the herring C. Harengus (purple open square). Data are shown in per mill %o.
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TABLES

Table A4.1. Raw values of Hg stable isotopes MDF (expressed as 8 and MIF (expressed as A) for each analyzed sample. Letter a, b and ¢ represents the
replicates of a specific sample selected for internal calibration. Data are expressed in per mill %o.

Organism tissue Sample §20“Hg §202Hg 521Hg 5%%Hg 8%°Hg A?%“Hg A?CHg A%Hg A%1Hg
L1 0.83 0.58 1.46 0.31 1.30 -0.03 0.02 1.15 1.02
L2a 0.82 0.61 1.48 0.34 1.39 -0.09 0.03 1.23 1.02
L2b 0.89 0.62 1.48 0.35 1.35 -0.04 0.04 1.19 1.02
Liver L2¢ 0.77 0.50 1.35 0.27 1.20 0.03 0.02 1.08 0.98
L3 1.41 0.91 1.72 0.53 1.36 0.05 0.07 1.13 1.03
L4 1.17 0.90 1.59 0.42 1.33 -0.16 -0.03 1.11 0.91
L5 1.35 0.97 1.65 0.46 1.34 -0.09 -0.02 1.10 0.92
L6 0.97 0.63 1.47 0.33 1.24 0.02 0.01 1.08 0.99
K1 0.30 0.24 1.13 0.09 1.14 -0.05 -0.03 1.08 0.95
K2 0.45 0.28 1.12 0.13 1.15 0.04 -0.01 1.07 0.91
. K4 0.70 0.47 1.28 0.25 1.21 -0.01 0.02 1.09 0.93
Kidney K5 0.12 0.15 1.02 0.07 1.12 -0.11 -0.01 1.08 0.90
Kéa 0.15 0.17 1.08 0.08 1.11 -0.10 -0.01 1.07 0.96
Hooded seal K6b 0.21 0.14 1.03 0.08 112 0.01 0.01 1.09 0.92
Kéc 0.15 0.09 0.98 0.03 1.08 0.02 -0.02 1.06 0.92
M1 2.00 1.40 2.08 0.78 1.51 -0.10 0.07 1.16 1.02
M2 2.58 1.74 2.24 0.93 1.56 -0.02 0.06 1.12 0.93
M3 1.60 1.14 1.80 0.61 1.43 -0.10 0.04 1.15 0.95
Muscle M4 2.45 1.53 2.35 0.94 1.69 0.16 0.17 1.30 1.19
M5a 1.21 0.83 1.61 0.49 1.35 -0.03 0.07 1.14 0.98
M5b 1.14 0.75 1.55 0.39 1.33 0.02 0.01 1.14 0.99
M5c 1.17 0.79 1.56 0.43 1.32 -0.01 0.03 1.12 0.96
M6 2.10 1.41 2.05 0.76 1.50 -0.01 0.05 1.15 0.99
H1-5-6Pool 2.33 1.63 2.23 0.82 1.56 011 0.00 1.14 1.00
Hair H2 2.35 1.62 2.18 0.82 1.51 -0.07 0.01 1.11 0.97
H3 3.11 2.11 2.60 1.09 1.68 -0.04 0.03 1.15 1.01
H4 2.61 1.80 2.32 0.95 1.55 -0.08 0.04 1.10 0.96
c1 1.15 0.93 1.29 0.47 0.84 -0.24 0.00 0.60 0.59
c2 1.35 0.87 1.59 0.47 1.36 0.06 0.03 1.14 0.94
c3 1.25 0.85 1.71 0.45 1.47 -0.02 0.02 1.25 1.07
cs 1.52 1.10 1.53 0.50 1.12 -0.13 -0.05 0.84 0.70
c6 1.54 1.06 1.82 0.58 1.39 -0.05 0.04 1.12 1.02
c7 1.58 1.05 1.50 0.56 1.16 0.01 0.03 0.90 0.71
cs 1.74 1.14 1.59 0.63 1.14 0.03 0.05 0.85 0.73
Herring 2018 Muscle C9a 1.13 0.79 1.35 0.40 1.09 -0.05 0.01 0.89 0.75
cob 1.12 0.80 1.36 0.49 1.12 -0.07 0.09 0.91 0.75
coc 1.14 0.81 1.37 0.45 1.07 -0.07 0.05 0.87 0.76
c10 1.33 0.88 1.72 0.46 1.46 0.03 0.02 1.24 1.06
c11 2.13 1.46 1.79 0.78 1.33 -0.04 0.05 0.96 0.70
c12 1.33 0.91 1.44 0.54 1.21 -0.03 0.08 0.98 0.75
c13 1.39 0.91 1.42 0.45 1.12 0.03 -0.01 0.89 0.73
c14 1.98 1.38 1.72 0.73 1.21 -0.09 0.03 0.86 0.68
c15 1.50 1.00 1.41 0.46 1.10 0.00 -0.05 0.85 0.66
Herring 2012 - 2014  Muscle CPooll 1.55 1.07 1.87 0.59 1.48 -0.05 0.05 1.21 1.07
CPool2 1.14 0.90 1.63 0.48 1.38 -0.20 0.03 1.15 0.95
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Table A4.2. A199Hg/A201Hg, A199Hg/6202Hg, A200Hg/6202Hg and A200Hg/A204Hg ratios, and 6202Hg-TEF, A199Hg-TEF, A201Hg-TEF, A204Hg-TEF and A200Hg-
TEF in tissues of hooded seal C. cristata and herring C. harengus. TEF (Trophic enrichment factor) values are calculated as the isotopic value (§ or A)
measured in the tissue of the hooded seal minus the average of isotopic values (6 or A) found in herring (C1 to c¢15, plus Cpooll and Cpool2).

Organism tissue Sample A¥Hg/A?'Hg  A™Hg/5??Hg A°Hg/5°?Hg  A?®Hg/A**Hg &%?Hg-TEF AHg-TEF A?!Hg-TEF A“Hg-TEF  A%Hg-TEF
L1 1.13 0.50 0.04 -0.85 -0.42 0.18 0.21 0.02 0.00
L2a 1.20 0.50 0.05 -0.31 -0.38 0.26 0.21 -0.05 0.00
L2b 1.17 0.52 0.07 -1.02 -0.37 0.22 0.21 0.01 0.01
Liver L2c 1.10 0.46 0.04 0.71 -0.50 0.10 0.17 0.08 0.00
L3 1.10 0.80 0.08 1.42 -0.09 0.16 0.22 0.10 0.05
L4 1.21 0.81 -0.03 0.16 -0.10 0.13 0.10 -0.11 -0.05
L5 1.19 0.88 -0.02 0.26 -0.03 0.13 0.11 -0.04 -0.05
L6 1.09 0.58 0.02 0.51 -0.37 0.11 0.18 0.07 -0.01
K1 1.14 0.22 0.12 0.56 -0.76 0.11 0.14 0.00 -0.05
K2 1.18 0.26 -0.04 -0.34 -0.72 0.10 0.10 0.08 -0.04
. K4 1.17 0.43 0.03 -1.59 -0.52 0.12 0.12 0.04 -0.01
Kidney K5 1.19 0.14 -0.05 0.07 -0.84 0.11 0.09 -0.06 -0.03
K6a 1.12 0.16 -0.04 0.07 -0.83 0.10 0.14 -0.05 -0.03
Hooded seal Keb 1.18 0.12 0.07 1.48 -0.86 0.12 0.11 0.06 -0.02
K6c 1.15 0.08 -0.17 -0.69 -0.91 0.08 0.11 0.07 -0.04
M1 1.13 1.21 0.05 -0.76 0.41 0.18 0.21 -0.05 0.05
M2 1.20 1.55 0.03 -3.40 0.74 0.15 0.12 0.03 0.03
M3 1.21 0.99 0.03 -0.39 0.14 0.17 0.14 -0.05 0.01
Muscle M4 1.09 1.18 0.11 1.05 0.54 0.33 0.38 0.21 0.14
M5a 1.16 0.73 0.08 -2.07 -0.16 0.17 0.17 0.02 0.04
M5b 1.16 0.66 0.02 0.57 -0.24 0.17 0.17 0.07 -0.01
M5c 1.17 0.70 0.04 -4.10 -0.21 0.15 0.15 0.04 0.01
M6 1.16 1.23 0.03 -3.70 0.42 0.17 0.17 0.04 0.02
H1-5-6Pool 1.14 1.43 0.00 0.01 0.64 0.17 0.19 -0.06 -0.03
Hair H2 1.15 1.46 0.00 -0.09 0.62 0.13 0.15 -0.02 -0.02
H3 1.13 1.84 0.01 -0.70 1.11 0.17 0.20 0.01 0.00
H4 1.14 1.64 0.02 -0.56 0.81 0.12 0.15 -0.03 0.02
c1 1.02 1.54 0.00 -0.02 - - - - -
c2 1.22 0.76 0.04 0.60 - - - - -
c3 1.17 0.68 0.03 -1.16 - - - - -
c5 1.21 1.31 -0.05 0.40 - - - - -
c6 1.10 0.95 0.04 -0.98 - - - - -
c7 1.26 1.17 0.03 235 - - - - -
cs 1.17 1.34 0.05 1.55 - - - - -
Herring 2018 Muscle C9a 1.18 0.89 0.01 -0.16 - - - - -
C9b 1.21 0.87 0.11 -1.19 - - - - -
c9c 1.14 0.93 0.06 -0.68 - - - - -
c10 1.17 0.71 0.03 0.89 - - - - -
c11 1.38 1.52 0.03 -1.15 - - - - -
c12 1.30 0.93 0.09 -2.24 - - - - -
c13 1.22 1.02 -0.01 -0.42 - - - - -
c14 1.26 1.60 0.03 -0.39 - - - - -
ci15 1.29 1.18 -0.05 - - - - - -
Herring 2014 Muscle CPooll 1.13 0.89 0.04 -1.02 - - - - -
CPool2 1.21 0.79 0.03 -0.13 - - - - -
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Table A4.3. THg, iHg and MMHg concentrations (in pug kg! dw) and THg, iHg and MMHg.
Measures were conducted for liver (L), muscle (M), kidney (K) and Hair (H) of hooded seals (C.
cristata) and muscle (M) of their diet: the herring (C) fished in 2018. For each sample the number
indicate the capital letter indicate the analyzed tissue, the number the analyzed seal and the

letters a, b and c the replicate.

Organism Tissue Sample THg iHg MMHg
Lla 12624 9902 869

L1b - 9835 888

Lic - 10340 913

L2a 10911 9024 852

L2b - 9054 882

L2c - 9681 880

L3a 7708 8413 685

L3b - 8571 690

Liver L3c - 9355 646
L4a 6345 5543 566

L4b - 5567 562

L4c - 5527 562

L5a 2674 2019 948

L5b - 1971 905

L5c - 1910 1014

L6a 6989 4832 930

L6b - 4832 911

L6c - 4829 940

Kla 554 138 423

K2b - 133 412

K3c - 140 427

K2a 348 74 270

K2b - 74 270

K2c - 77 272

K3a 594 51 530

K3b - 63 526

Kidney K3c - 62 564
K4a 480 107 362

K4b - 105 383

Hooded seal Kac - 104 366
ooded sea K5a 640 127 522
K5b - 119 550

K5c - 119 555

K6a 627 101 588

K6b - 97 566

K6c - 94 570

Mla 3634 3066 528

M2b - 3176 526

M3c - 3156 496

M2a 5717 5068 566

M2b - 5354 552

M2c - 5389 530

M3a 3531 2974 446

M3b - 3108 447

Muscle M3c - 3080 472
M4a 7794 7360 389

M4b - 7363 383

M4c - 7206 354

M5a 2427 1877 643

M5b - 1750 621

M5c - 1941 665

M6a 9152 6024 652

M6b - 6015 707

M6c - 6271 693

Hila 1257 145 1105

H2b - 139 1162

Hair H3c - 147 1104
H2a 982 112 839

H2b - 117 858

H2c - 113 826
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H3a 1130 78 1072
H3b - 80 1108
H3c - 74 1083
H4a 622 93 531
H4b - 84 556
H4c - 95 541
H5a 1592 138 1484
H5b - 134 1451
H5c - 135 1457
Hb6a 1444 124 1351
H6b - 120 1365
H6C - 116 1358
Cla 158 22 78
Clb - 22 78
Clc - 23 76
C2a 116 14 105
C2b - 12 107
C2c - 13 103
C3a 117 6 108
C3b - 9 121
C3c - 6 121
Cda 119 4 44
C4b - 5 44
C4c - 4 41
C5a 50 2 46
C5b - 3 51
C5c - 3 47
C6a 171 16 159
Céb - 13 158
Céc - 14 160
C7a 71 4 59
C7b - 4 64
C7c - 4 60
C8a 62 6 56
Herring 2018 Herring C8b - 5 60
C8c - 5 60
C9a 192 24 184
Cob - 16 182
C9c - 21 187
Cl0a 166 11 157
C10b - 15 175
C10c - 13 154
Clla 66 11 53
Clib - 11 56
Clic - 9 56
Cl2a 188 17 169
C12b - 17 175
Cl2c - 17 171
Cl3a 48 3 47
C13b - 4 49
C13c - 3 48
Cl4a 87 6 74
Cl4b - 6 73
Cl4c - 6 74
Clb5a 67 5 60
C15b - 5 64
Cl5c - 5 65
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AN  AND A22HG INFER INTRA-SPECIFIC NICHE
PARTITIONING IN HOODED SEALS

O'°N values are strongly influenced by animals’ metabolism and are found to increase from one trophic
level to the next (Cantalapiedra-Hijar et al., 2015). Thus, they can be used as tracer of trophic position
in addition to habitat use (McMahon et al., 2013b; Newsome et al., 2010). Contrasting literature exists
on the occurrence of 32°?Hg trophic enrichment, reporting that it might happen exclusively only among
top predators (Tsui et al., 2019). Moreover, we have previously shown that the extent of the 3°?Hg
trophic enrichment might depend on the measured tissue as a result of the different spectrum of
metabolic isotopic turnovers in an organism (Chapter 4, 84.2). What it is however certain, is that both
0N and 5%°2Hg vary with the age of animals as a result of an ontogenetic shift in prey choice, habitat
use and growth rates (Chapter 3 and 4; Bolea:Fernandez et al., 2019; Young et al., 2010). Therefore,
the large spread of hooded seals’ SEA along PC2 might be linked with shifts in diet and habitat use
between age groups.

A second PCA and RDA were conducted for hooded seals only (Figure A5.2). The PCA
loadings confirmed that circa 40 % of hooded seals variance was given by 3°N and &%*S values and
circa 23 % by &% ?Hg. The RDA showed that sex was the primary factor explaining the isotopic
variability, followed weakly by age group. Satellite tracking studies have demonstrated how yearlings
and subadult hooded seals tend to remain in strong association with the drift-ice of the Greenland
Sea year-round, following its downward migration to the South of Greenland (Biuw et al., 2018; Folkow
et al., 2010). Adult males and females instead, are believed to move northward after breeding, around
the Fram Strait or Svalbard (Andersen et al., 2009; Folkow et al., 1996; Vacquie-Garcia et al., 2017).
Our results show that adult females of hooded seals are characterized by isotopic values more similar
to subadults. Specifically, adult females and subadults were characterized by higher values of 5*S
than adult males. The latter instead presented significantly higher 6°N and §2°?Hg values. This
suggests that the trophic ecology of adult females of hooded seals resemble more that of
subadults, rather than adult males.

The hooded seal exhibits great sexual size dimorphism, with adult males being much bigger than
females (Chapter 2, Table 2.1, 81). Therefore, a difference in habitat use and hunting strategies might
occur. Sex differences in foraging behavior and diet are assumed to reflect differences in sex-specific
costs of reproduction, or in the case of size dimorphism, effects of larger body size and intraspecific
competition (Tucker et al., 2009). Even if telemetry data did not show any clear difference in
movements between male and females hooded seals (Folkow and Blix, 1999); some indication of
different mean dive depths in the post-breeding period exist (Andersen et al., 2013; Bajzak et al.,
2009). Stomach content analysis showed some dietary differences with age but never between sexes
(Haug et al., 2004; Potelev et al., 2014). However, this type of analysis allows only to study snapshots

of the diet of an animal, because it is limited to prey ingested just before sampling (Matley et al.,
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2015). Using another approach, Tucker and colleagues observed differences between male and
female hooded seals’ fatty acids (FA) profiles. Because FAs are deposited in predator adipose tissue
in a predictable manner and there are limits on FA biosynthesis in higher order consumers, many FAs
found in pinniped blubber can be attributed to dietary sources (Tucker et al., 2013). Their results
strongly supported a diet segregation linked with sex in this species, confirming our results. The lower
5*S and 8?°?Hg values of hooded females and subadults might therefore indicate reliance on coastal
and shallower food webs with respect to adult males. The higher §°N values found in adult hooded
seal males could indicate reliance on deeper and higher trophic level prey such as the Greenland

halibut or Atlantic cod.
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Figure A5.1. Hg even MIF biplots representing A200Hg/A20¢Hg (A) and A200Hg/5202Hg (B) slopes for hooded (Cc), harp (Pg) and ringed seals (Ph) sampled between
2008 and 2019 along the Eastern coast of Greenland. Colors and shapes represent the species: blue circle = Cc, red triangle = Pg and green square = Ph. Dotted
line represent not a significant linear regression fit, while straight lines represent a significant linear regression fit. The A200Hg/5202Hg line of Cc was the only
significant one, with a slope of 0.03+0.005.
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Figure A5.2. PCA scores biplot for hooded (Cc), harp (Pg) and ringed (Ph) seals multi‘isotopic variance as explained by species (left) and sampling site (right).
In the left figure the colors represent the species = blue: C), red: Pg, green: Ph. In the right figure the blue palette represents the sampling sites = West Ice:
darkest blue, Ittoqqortoormiit: medium-blue, Denmark Strait: lightest blue. In both figures shapes indicate the species = Circle: Cc, triangles: Pg, square: Ph.
As it can be observed the “West ice” points in the right figure overlap all (with the exception of one point) with the blue circles of the left figures (Cc). the same

is observed for the “Ittogqortoormiit” points on the right which overlap with all green squares (Ph) of the left figure.
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Figure A5.3. PCA scores biplot for hooded seal (Cc) exclusively. As showed by the legend the dimension of the shape indicates the standard length (SL) of the
individual, the shape indicates the age group = circle: Adult, triangle: Subadult and square: Yearlings. All females are shown in pink, all males are shown in
blue. The black arrows indicate the response variables that contribute the most to the variability along PC1 (§34S score = -1.09; §15N = 1.05) and PC2 (§202Hg =
1.14). Sex resulted the most important factor influencing hooded seals variance (adjusted R2 = 0.35, F = 6.95, p = 0.001), followed by SL (adjusted R2 =0.23, F =

7.66, p = 0.004).
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TABLES

Table A5.1. Spearman correlation matrices for all response variables measured in muscle tissue of hooded, harp and ringed seals from the East coast of
Greenland from 2008 and 2019. Pairwise correlations are presented as Spearman rho values. Significant correlation is shown in yellow. Bold letters indicate a
significance of p < 0.0001. Letters in italic indicate a significance of p < 0.01.

Ringed seal
613(: 202, 204 201 200 199 199 201, 199 202 200 202
o dN (%) d¥S (%9 THg (ng g-‘dw) ] . Hg A . Hg A . Hg A . Hg A . Hg APHg/IA“*H A°Hg/d A*°Hg/&5°*°H APOHG/AMHg
(%0) (%) (%) (%) (%o) (%) g Hg g
51 Coor.(%0) 1 -0.19 -0.41 0.11 0.28 0.14 -0.06 0.17 -0.09 -0.06 0.08 0.02 0.22
AN (%o) -0.19 1 0.02 0.60 0.07 -0.19 -0.04 -0.11 -0.02 0.24 0.17 0.09 0.06
A4S (%o) -0.41 0.02 1 0.02 -0.23 0.07 -0.20 -0.14 -0.13 0.25 0.23 -0.20 0.03
THg
(ng.g'idw) 0.11 0.60 0.02 1 0.02 0.10 0.20 -0.14 0.31 0.28 -0.23 -0.33 0.27
5292Hg (%o) 0.28 0.07 -0.23 0.02 1 -0.10 0.05 -0.15 0.04 -0.05 -0.39 0.12 0.13
A2%4Hg(%o) 0.14 -0.19 0.07 0.10 -0.10 1 0.10 0.00 0.03 -0.35 -0.31 0.16 -0.04
AZO1Hg(%o) -0.06 -0.04 -0.20 0.20 0.05 0.10 1 0.47 0.94 -0.03 0.06 0.47 0.11
A29OHg (%) 0.17 -0.11 -0.14 -0.14 -0.15 0.00 0.47 1 0.50 0.12 0.13 0.66 0.02
A9%Hg (%) -0.09 -0.02 -0.13 0.31 0.04 0.03 0.94 0.50 1 0.25 0.00 0.38 0.09
AI9Hg/AIHg -0.06 0.24 0.25 0.28 -0.05 -0.35 -0.03 0.12 0.25 1 0.10 -0.25 0.01
A1Hg/5202Hg 0.08 0.17 0.23 -0.23 -0.39 -0.31 0.06 0.13 0.00 0.10 1 0.14 -0.16
APOHg/522Hg 0.02 0.09 -0.20 -0.33 0.12 0.16 0.47 0.66 0.38 -0.25 0.14 1 -0.25
AZOHgIAZAHg 0.22 0.06 0.03 0.27 0.13 -0.04 0.11 0.02 0.09 0.01 -0.16 -0.25 1
Harp seal
d13C

corr-post 015N (%)  d%*S (%o) THg (ng g-dw) 5202Hg (%o)  A2Hg(%o)  APHg(%e)  A2OHg(%o)  A%%Hg (%e)  ASHg/A®IHg  A®Hg/5202Hg  AHg/522Hg  A200Hg/A2%4Hg
eial.(%n)

5Coorr (%e) 1 -0.47 0.09 0.08 -0.43 -0.44 0.16 -0.20 0.16 0.14 0.41 -0.30 0.10
15N (%) -0.47 1 0.08 -0.33 -0.20 -0.17 -0.08 0.30 -0.03 -0.26 0.21 0.04 -0.40
A4S (%) 0.09 0.08 1 -0.24 -0.01 -0.81 0.14 0.16 0.10 0.11 0.05 0.01 -0.42

THg
(ng.g'idw) 0.08 -0:33 -0.24 1 -0.02 0.29 -0.30 -0.40 -0.29 0.40 -0.01 -0.18 0.21
-0.43 -0.20 -0.01 -0.02 1 -0.05 0.16 0.23 0.24 0.21 -0.99 0.61 0.53

5292Hg (%o)
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A2%%Hg(%o) -0.44 -0.17 -0.81 0.29 -0.05 1 -0.29 -0.30 -0.30 -0.26 0.04 -0.11 0.13

A291Hg (%) 0.16 -0.08 0.14 -0.30 0.16 -0.29 1 0.63 0.98 -0.29 -0.20 0.42 0.06

A20Hg(%o) -0.20 0.30 0.16 -0.40 0.23 -0.30 0.63 1 0.58 -0.43 -0.31 0.96 0.09

A1%Hg (%o) 0.16 -0.03 0.10 -0.29 0.24 -0.30 0.98 0.58 1 -0.16 -0.26 0.40 0.12

nHgiAziHg 014 -0.26 0.11 0.40 0.21 -0.26 -0.29 -0.43 -0.16 1 -0.14 -0.15 0.12
A*Hg/522Hg 0.41 0.21 0.05 -0.01 -0.99 0.04 -0.20 -0.31 -0.26 -0.14 1 -0.70 -0.60
AoHgiszHg  0-30 0.04 0.01 -0.18 0.61 -0.11 0.42 0.96 0.40 -0.15 -0.70 1 0.47
A2OHg/A%Hg 0.10 -0.40 -0.42 0.21 0.53 0.13 0.06 0.09 0.12 0.12 -0.60 0.47 1
Hooded seal

315C

cor-post 01N (%a)  d®S (%)  THg (ng gdw) 5202Hg (%)  AHg(%o)  APIHg(%e)  A®Hg(%e)  A®Hg (%)  A®Hg/A%IHg  A1®Hg[62?Hg  A®Hg/3%2Hg  A20Hg/A20*Hg

eﬁal.(%n)

B5Caon (o) 1 0.7 -0.1 0.4 -0.1 0.0 0.0 0.1 0.1 0.2 -0.2 0.1 -0.1
15N (%) 0.7 1 -0.2 0.2 -0.1 0.1 -0.1 -0.2 0.1 0.2 -0.2 -0.1 0.1
458 (o) -0.1 -0.2 1 -0.1 -0.2 -0.4 0.1 0.0 0.2 0.1 0.3 0.1 -0.2

THg

(ng g-idw) 0.4 0.2 -0.1 1 0.2 -0.2 -0.2 0.1 -0.2 0.1 -0.2 0.1 0.1

52%2Hg (%s) -0.1 -0.1 -0.2 0.2 1 -0.1 0.3 0.4 0.1 -0.2 -0.7 0.1 0.0

A294Hg (%) 0.0 0.1 -0.4 -0.2 -0.1 1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 0.3

A21Hg(%0) 0.0 -0.1 0.1 -0.2 0.3 -0.1 1 0.4 0.9 -0.5 0.2 0.3 0.0

A29OHg (%) 01 -0.2 0.0 0.1 0.4 -0.1 0.4 1 0.4 -0.1 -0.1 0.9 -0.3

A9%Hg (%) 01 -0.1 0.2 -0.2 0.1 -0.1 0.9 0.4 1 -0.2 0.3 0.4 0.0

AlssHgiAmipg 02 0.2 0.1 0.1 -0.2 -0.1 -0.5 -0.1 -0.2 1 0.2 -0.1 0.0
psHgisag 02 -0.2 0.3 -0.2 -0.7 -0.1 0.2 -0.1 0.3 0.2 1 0.1 0.1
pooHgiseng 01 -0.1 0.1 0.1 0.1 0.0 0.3 0.9 0.4 -0.1 0.1 1 -0.3
AZOHgIAHg -0.1 0.1 -0.2 -0.1 0.0 0.3 0.0 -0.3 0.0 0.0 0.1 -0.3 1
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Table A5.2 Biplot scores for constrained (RDA) and unconstrained (PCA) response variables. The blue cells represent negative correlation; the yellow cells
represent positive correlation. The color scaling shows the strength of the correlation with darker tones indicating stronger correlations. The values represent
the strength of the correlation, the sign (positive or negative) represents the direction of the correlation.

Redundancy Analysis | Principal Component Analysis

Response Variable RDA1 RDA2 PC1 PC2 PC3
oC -0.56 -0.88 -0.99 0.98 -0.32
O°N 0.36 -0.99 0.38 0.88 1.14
[ORatS) -2.81 0.08 -1.10 -0.63 0.18
52%2Hg -0.20 -0.43 -1.02 0.92 -0.15
A¥%Hg 0.05 0.002 1.08 0.26 0.38
A™Hg -0.17 0.03 -1.01 -0.65 0.84
A*°Hg -0.02 -0.01 -1.20 0.04 0.22
Statistical results

Eigenvalue 2.65 0.62 2.71 1.34 0.91
Explained proportion 0.57 0.13 0.39 0.19 0.13
Cumulative proportion 0.57 0.70 0.39 0.58 0.71
Cumulative Percentage 57 % 70 % 39 % 58 % 71 %
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Table A5.3. Biplot scored for constraining variables (factors). The color scaling shows the strength of the correlation with darker tones indicating stronger
correlations. The values represent the strength of the correlation, the sign (positive or negative) represents the direction of the correlation. The ANOVA
permutation test results are reported. Bold numbers indicate significant correlation. Italic number indicates weak statistical significance.

RDA1 scores

RDAZ2 scores R R adjusted F p value
ies~P

Spec!es g B Yk 0.39 0.36 14.42 0.001
Species~Ph 0.35 0.42
A ~ ;

ge group SUba.dUIt e 202 0.07 0.03 1.72 0.14
Age group~Yearling -0.16 -0.14
Sex-F g Jot 0.11 0.07 2.67 0.03
Sex~M 0.30 -0.35
SL -0.04 -0.56 0.06 0.04 3.09 0.04
SZ~West Ice -0.68 -0.51 0.39 0.37 14.8 0.001
SY 0.22 -0.50 0.02 0.02 4.44 0.01
SM -0.21 0.40 0.02 0.02 3.4 0.10
BT -0.27 0.12 0.05 0.03 2.39 0.08
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Table A5.4. Calculated Layman and SIBER matrices for the modelled multivariate niches of hooded, harp and ringed seals sampled between 2008 and 2019
along the East coast of Greenland. SIBER ellipses were modelled using the PCA score values, therefore the presented results are dimensionless. Nt = number of
seals used for the calculation. SEAg are represented as mode (95 % CI).

, Hooded seal Harp seal Ringed seal
Calculated metrics Cc (Nex = 23) Pg (Nt = 7) Ph (Ne: = 15)
Layman
Y_range 2.49 0.86 1.65
X_range 2.01 1.33 0.73
TA 2.90 0.50 0.56
CD 0.76 0.41 0.38
MNND 0.27 0.25 0.14
SDNND 0.14 0.12 0.11
Geometric and Bayesian Standard ellipse
SEA 0.94 0.34 0.23
SEAC 0.98 0.39 0.25
SEAs 0.93(0.60—-1.41) 0.31(0.14-0.68) 0.22 (0.14 —0.37)
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ANNEX to Chapter 6




1. APPLICATION OF LMMS FOR THE ANALYSIS OF HG
TEMPORAL TRENDS

The linear mixing models we applied in chapter 6 demonstrated to be a powerful tool to assess
simultaneously the effect of multiple biotic and abiotic variables on THg temporal trends of Arctic
seals. However, some problems aroused during the analysis of the models for hooded and ringed
seals, which merit further consideration.

We generated an a priori list of candidate models containing all appropriate iterations of predictor
variables and used the Akaike’s information criterion corrected for small sample size (AICc) for the
selection of most parsimonious models (Chapter 6, §2.5). In some cases, models that produced more
significant coefficients and higher R? values, were not the most realistic with regards to the known Hg
behavior in marine food webs. The results of such models seemed to be caused more by the type of
input data, than the effective relationships between environmental variables and THg in nature. Such
mismatch between expected and effective LMM trends might have been caused by:

1. Multicollinearity between some explanatory variables. Before running the LMMs, we
calculated Pearson correlation matrices to check for correlation between all variables. This
allowed to eliminate those variables strongly correlated with the others. We then scaled all
predictor variables to further reduce collinearity. However such methods allow only to run multiple
pairwise correlations, without considering all variables together (Akoglu, 2018). It is still possible
that, when considered all together, some variables still correlated strongly. In this case, their
contributions to the regression model would have be reported as minimal or insignificant. This
may be due to their redundancy rather than a lack of causal importance (Buttigieg and Ramette,
2014).

2. Absence of linear correlation. When there is a large number of explanatory variables in the
analysis, their "significance" should be interpreted with caution (Derksen and Keselman, 1992).
Following from the logic of multiple testing, there is always a chance that the significance is due
to chance alone (Whittingham et al., 2006). Using the right regression model is instrumental for a
correct interpretation of the data. There are several type of correlations that could be tested
between Hg and environmental proxies. In this work we fitted our models assuming simple linear
regressions. However, such method needs several assumptions to be met to work properly (e.g.
gaussian distribution, large N size and continuous sampling) (Harrell, 2001). The application of
Generalized Additive Models (GAMs) allows fitting of large datasets with complicated interaction
effects, non:parametric data and small N size of parameters (Drexler and Ainsworth, 2013).

Considering the large set of ecological, environmental and biological proxies that we tested and
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the large time gaps we had between sampling years, the use of GAMs at the place of simple

LMMs would have been more appropriated (Denis et al., 2002).

Several statistical texts suggested that the addition or removal of variables should be guided by a
priori field knowledge. Selection based solely on the statistical results should be handled with great
care (Buttigieg and Ramette, 2014). The real-world "importance" of the explanatory variables in
predicting the response variable goes beyond p-values and effect sizes. Thus, even if these variables
are not the most prominent or significant predictors of the response, they may be the most important
(Buttigieg and Ramette, 2014).
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TABLES

Table A6.1. Raw values, yearly averages and 2 x Standard Deviation (2SD) of Hg stable isotope ratios for
hooded seals C. cristata, harvested in the Greenland Sea from 1987 to 2019. Data are presented in &
notation (in per mill, %o).

Year 522Hg A°Hg A>°Hg A®Hg A%*Hg A¥Hg/A®1Hg
1987 0.87 0.86 0.05 0.70 -0.02 1.23
1987 0.76 0.78 0.03 0.61 -0.02 1.28
1987 0.15 0.95 0.01 0.72 0.04 1.31
1987 0.62 1.04 0.01 0.84 -0.17 1.24
1987 0.96 1.22 0.07 1.03 0.06 1.18
AVG 0.67 0.97 0.03 0.78 -0.02 1.25
2SD 0.63 0.34 0.06 0.33 0.18 0.10
2001 0.63 0.85 -0.03 0.68 -0.11 1.26
2001 0.17 0.91 0.01 0.79 -0.02 1.16
2001 0.72 0.79 0.03 0.60 -0.02 1.32
2001 1.14 1.16 0.05 0.93 -0.12 1.24
2001 0.42 1.16 0.08 0.99 -0.03 1.18
2001 0.37 0.97 -0.01 0.81 0.01 1.20
AVG 0.58 0.97 0.02 0.80 -0.05 1.23
2SD 0.68 0.31 0.08 0.30 0.11 0.12
2008 0.63 0.85 -0.03 0.68 -0.11 1.26
2008 1.10 1.08 0.01 0.84 0.02 1.29
2008 0.69 0.95 0.05 0.77 -0.01 1.23
2008 0.99 1.01 0.02 0.89 -0.01 1.14
AVG 0.85 0.97 0.02 0.79 -0.03 1.23
2SD 0.46 0.19 0.07 0.18 0.11 0.13
2017 1.12 0.67 0.02 0.50 0.03 1.33
2017 1.06 0.86 0.05 0.73 -0.15 1.17
2017 0.41 0.85 0.00 0.71 0.03 1.21
2017 0.63 0.71 0.02 0.60 0.05 1.20
AVG 0.81 0.77 0.02 0.63 -0.01 1.23
2SD 0.69 0.19 0.04 0.21 0.19 0.15
2018 1.18 0.80 0.07 0.71 -0.10 1.12
2018 0.76 0.95 0.01 0.82 -0.05 1.16
2018 0.87 0.97 0.09 0.78 -0.08 1.23
2018 0.79 0.95 0.02 0.69 -0.19 1.38
2018 1.26 1.09 0.07 0.89 -0.04 1.21
2018 1.52 0.94 0.01 0.79 -0.11 1.19
2018 1.05 0.96 0.03 0.80 -0.05 1.20
2018 0.96 1.12 0.04 0.95 0.02 1.18
2018 1.06 0.81 0.05 0.64 -0.10 1.27
2018 0.87 0.99 0.02 0.84 0.02 1.18
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2018 1.22 0.86 -0.01 0.87 -0.04 0.99
AVG 1.05 0.95 0.04 0.80 -0.07 1.19
2SD 0.46 0.20 0.06 0.18 0.12 0.19
2019 1.64 0.87 0.08 0.84 -0.02 1.03
2019 0.56 0.36 0.00 0.29 0.00 1.28
2019 1.48 0.63 -0.03 0.52 0.05 1.22
2019 0.63 0.57 -0.01 0.51 0.10 1.13
2019 1.23 1.09 0.05 0.91 0.07 1.19
AVG 1.11 0.70 0.02 0.61 0.04 1.17
2SD 0.98 0.56 0.09 0.52 0.09 0.19
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Table A6.2. Raw values, yearly averages and 2 x Standard Deviation (2SD) of Hg stable isotope ratios for
ringed seals P. hispida, harvested in the Greenland Sea from 1987 to 2019. Data are presented in 6 notation
(in per mill, %o).

Year 622Hg A2%Hg A2Hg A2%Hg A%°Hg A%Hg/A'Hg
1987 0.32 -0.07 0.76 0.05 1.01 1.34
1987 0.26 0.01 0.81 0.02 0.91 1.13
1987 0.46 0.03 0.88 0.00 111 1.26
1987 1.32 0.06 1.10 0.04 1.43 1.31
1987 0.16 -0.16 0.74 0.05 0.99 1.33
AVG 0.51 -0.03 0.86 0.03 1.09 1.27
25D 0.94 0.18 0.29 0.04 0.41 0.17
2002 0.13 0.01 0.61 -0.02 0.88 1.44
2002 0.19 0.07 0.56 0.03 0.72 1.29
2002 0.29 0.09 0.54 -0.01 0.70 1.29
2002 0.14 -0.11 0.39 0.00 0.57 1.44
2002 0.04 -0.04 0.53 -0.01 0.79 1.48
AVG 0.16 0.01 0.53 0.00 0.73 1.39
25D 0.18 0.17 0.16 0.03 0.23 0.18
2008 0.02 0.09 0.58 0.00 0.73 1.26
2008 -0.44 0.00 0.71 0.04 0.93 1.32
2008 -0.05 0.00 0.47 0.00 0.58 1.23
2008 -0.09 0.02 0.50 0.01 0.69 1.36
2008 0.21 0.04 0.59 0.00 0.75 1.27
2008 0.25 0.05 0.52 -0.01 0.66 1.26
AVG -0.01 0.03 0.56 0.01 0.72 1.28
25D 0.50 0.07 0.17 0.04 0.23 0.09
2016 -0.08 0.05 0.54 -0.04 0.69 1.27
2016 -0.18 0.11 0.72 -0.01 0.89 1.23
2016 0.22 0.00 0.84 0.01 1.08 1.29
2016 0.23 0.05 0.46 -0.01 0.60 1.29
2016 0.35 -0.01 0.55 -0.03 0.78 1.41
2016 0.14 -0.01 0.72 0.01 0.96 1.34
AVG 0.11 0.03 0.64 -0.01 0.83 131
25D 0.40 0.10 0.28 0.04 0.36 0.12
2018 0.29 -0.05 0.42 -0.02 0.56 1.35
2018 0.56 0.00 0.72 -0.03 0.96 1.33
2018 0.15 -0.08 0.56 -0.04 0.68 1.21
2018 0.20 0.05 0.56 -0.01 0.69 1.23
2018 0.21 -0.05 0.47 -0.02 0.52 1.12
2018 0.66 0.01 0.34 -0.01 0.43 1.25
AVG 0.34 -0.02 0.51 -0.02 0.64 1.25
25D 0.43 0.09 0.27 0.02 0.37 0.17
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Table A6.3. Summary of top selected linear mixed effect models (LMMSs) predicting ringed seals THg values in time. Akaike's Information Criterion
corrected for small sample size (AICc) and AAICc were used to identify top model sets (AAICc values < 2). Normalized Akaike weights (Weight) were
used to assess individual model information content.

Model Selected variables AlCc AAICc Weight
Base Year + d15N 533.7 0.00 0.98
d15N 541.8 8.11 0.02
Ecological Year + d15N + d13C_corr 534.6 0.00 0.47
Year + d15N + d34S 535.6 0.48 0.37
Year + d15N + d34S + d13C_corr 536.5 2.04 0.17
Teleconnections Year + d15N + d13C_corr + NAO 535.6 0.00 0.52
Year + d15N + d13C_corr + winter AO 536.6 1.16 0.29
Year + d15N + d13C_corr + winter AO + NAO 537.5 2.00 0.19
Climate Year + d15N + d13C_corr + NAO + SAT 535.2 0.00 0.17
Year + d15N + d13C_corr + NAO + SAT + SASIE 535.6 0.34 0.14
Year + d15N + d13C_corr + NAO + SAT + GSSIE + SASIE 536.0 0.80 0.11
Year + d15N + d13C_corr + NAO + SAT + SIFD (lttoq.) 537.0 1.76 0.07
Year + d15N + d13C_corr + NAO + GSSIE 537.0 1.81 0.07
Year + d15N + d13C_corr + NAO + SAT + SIFD (lttog.) + SASIE 537.1 1.92 0.07
Year + d15N + d13C_corr + NAO + SAT + GGSIE 537.3 2.12 0.06
Year + d15N + d13C_corr + NAO + SAT + ASIE 537.4 2.39 0.08
Year + d15N + d13C_corr + NAO + ASIE 537.5 2.33 0.05
Year + d15N + d13C_corr + NAO + SIFD (lttog.) 537.6 2.39 0.05
Year + d15N + d13C_corr + NAO + SAT + ASIE + SIFD (lttog.) + SASIE + GSIE 539.4 4.15 0.02
Year + d15N + d13C_corr + NAO + SAT + ASIE + SAT + GSSIE 539.5 4.30 0.02
Diet Year + d15N + d13C_corr + NAO + SAT + Gm 534.4 0.00 0.23
Year + d15N + d13C_corr + NAO + SAT + Gm + Mv 535.0 0.56 0.17
Year + d15N + d13C_corr + NAO + SAT + Rh 536.0 1.57 0.10
Year + d15N + d13C_corr + NAO + SAT + Bs + Gm 536.0 1.64 0.10
Year + d15N + d13C_corr + NAO + SAT + Gm + Rh 536.5 2.12 0.08
Year + d15N + d13C_corr + NAO + SAT + Bs 536.6 2.24 0.07
Year + d15N + d13C_corr + NAO + SAT + Bs + Mv 537.8 2.35 0.07
Year + d15N + d13C_corr + NAO + SAT + Rh + Mv 536.9 2.48 0.07
Year + d15N + d13C_corr + NAO + SAT + Mv 537.3 2.86 0.05
Year + d15N + d13C_corr + NAO + SAT + Rh + Bs 538.1 3.73 0.03
Year + d15N + d13C_corr + NAO + SAT + Rh + Bs + Gm + Mv 539.3 4.95 0.02
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Table A6.4. Summary of top selected linear mixed effect models (LMMs) predicting hooded seals THg values in time. Akaike's Information Criterion
corrected for small sample size (AICc) and AAICc were used to identify top model sets (AAICc values < 2). Normalized Akaike weights (Weight) were
used to assess individual model information content.

Model Selected variables AlCc delta weight
Base Year + d15N 351.0 0.00 0.63
d15N 352.1 1.09 0.36
Year 359.5 8.42 0.009
Ecology Year + d15N + d13c_corr 343.7 0.00 0.71
Year + d15N + d13C_corr + d34S 345.6 1.87 0.28
Year + d15N + d34S 353.2 9.45 0.006
Teleconnections Year + d15N + d13c_corr + AOw 344.6 0.00 0.48
Year + d15N + d13c_corr + NAO 345.2 0.57 0.36
Year + d15N + d13c_corr + NAO + AOw 346.8 2.12 0.16
Climate Year + d15N + d13c_corr + AOw + GSSIE 3429 0.00 0.29
Year + d15N + d13c_corr + AOw + GSSIE + SAT 3435 0.67 0.21
Year + d15N + d13c_corr + AOw + SAT 3438 0.96 0.18
Year + d15N + d13c_corr + AOw + SASIE 344.6 L75 0.12
Year + d15N + d13c_corr + AOw + SASIE + SAT + GSSIE 3452 2.36 0.09
Year + d15N + d13c_corr + AOw + ASIE + SAT 3455 2.61 0.08
Year + d15N + d13c_corr + AOw + ASIE 346.8 3.96 0.04
Diet Year + d15N + d13C_corr + AOw + GSSIE + Rh + Gm 326.6 0.00 0.91
Year + d15N + d13C_corr + AOw + GSSIE + Rh 331.3 4.65 0.09 H
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Table A6.5. Estimated regression parameters for the most parsimonious linear mixed-effect models (LMM) predicting ringed seals and hoodes seals THg
concentrations.

Predictor variables

Species Intercept 55C.r BN Atlantic AOW  NAO SAT Year GSSIE Greenland df AICc weight
cod halibut
Ringed seal -1.18E-16 -0.09 0.42 -0.15 0.13 -0.09 -0.11 7 5344 0.23
Hooded seal -0.03 0.46 0.09 -0.21 -0.60 -0.34 -1.13 0.13 9 320.1 0.60
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