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ABSTRACT

Sea ice plays a fundamental role in Arctic marine environments, by driving primary productivity
and sustaining ice-associated ecosystems. Simultaneously, sea ice influences the contamination of
Arctic marine organisms, by modifying contaminant cycles or their bioavailability. Changes in sea
ice conditions could therefore profoundly impact the functioning of Arctic marine food webs and
their contamination. Top predators such as seabirds, which are subject to bioaccumulation and
biomagnification of contaminants, are particularly exposed. In this context, the present study aims
to investigate the influence of sea ice and of the use of ice-derived resources on the contamination
of seabirds by mercury (Hg). To this end, eggs of thick-billed murres (Briinnich’s guillemots, Uria
lomvia; n=60) were collected on Prince Leopold Island (Canadian High Arctic) during four years
of varying ice conditions (2010-2013). Trophic tracers (i.e., Highly Branched Isoprenoids, HBIs
— an indicator of the use of ice-derived resources; carbon and nitrogen stable isotopes — indicators
of foraging habitats and trophic status), as well as total Hg concentrations were quantified. Results
showed that feeding on ice-derived resources (as indicated by HBI concentrations) was positively
correlated to sea ice cover, and both positively influenced Hg concentrations in murre eggs.
However, when testing for the best predictor with model selection, sea ice concentration only
drove Hg contamination in murres. This work provides new insights into the role of sea ice and
ice-derived resources in the contamination by Hg of Arctic wildlife. Further research is now
needed to better understand the relationship between sea ice and Hg contamination in Arctic biota
and its underlying mechanisms, but also to identify Hg sources i rapidly changing environmental

conditions in the Arctic.
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1. INTRODUCTION

Sea ice plays a fundamental role in shaping Arctic ecosystems, by driving the phenology of marine
primary production. During spring, melting sea-ice drives several consecutive blooms of primary
producers. In early spring, while ocean surface waters are still covered by ice, a bloom of ice algae
represents a major contributor to the total primary production. This can represent up to 57% of the
entire primary production in the water column and sea ice in the central Arctic (Gosselin et al.,
1997), which constitutes the first levels of sympagic (i.e., ice-associated) food webs. Later, a
bloom of pelagic phytoplankton occurs in ice-free water, supporting pelagic food webs (Horner
and Schrader, 1982; Tremblay et al, 2012). These two consecutive blooms and therr phenology
are crucial for secondary production and the functioning of entire marine ecosystems in the Arctic,
highlighting the potential impacts of melting sea ice under the influence of global warming

(Wassmann and Reigstad, 2011).

In addition, sea ice plays a central role in the biogeochemical cycle of chemical contaminants, in
their bioavailability to marine wildlife, and thus in the contammation of Arctic marine ecosystems.
This is the case for mercury (Hg), a non-essential and toxic metal that represents a major threat to
Arctic wildlife (AMAP, 2021). Mercury is naturally present in the environment, yet anthropogenic
activities release considerable amounts of Hg nto the environment (Zhang et al., 2014). Once in
the atmosphere, this highly volatile contaminant travels via the global atmospheric circulation and
reaches even the most remote oceanic regions, such as the Arctic Ocean (Dastoor et al., 2022). As
Hg is highly soluble, it reacts with snow, rain and is easily absorbed by particles (Chételat et al.,
2022). Therefore, it may be deposited in all ecosystems, including sea ice, where it can be stored
for long periods of time (Beattie et al., 2014). Melting sea ice thus represents a major route of Hg

deposition to the ocean, where it is assimilated by primary producers and magnifies along the food
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webs (Campbell et al., 2005). Furthermore, sea ice can influence the Hg cycle by regulating air-
sea exchanges of Hg species (DiMento et al, 2019) and controlling the photochemical
transformation processes of Hg (Zheng et al, 2021). These processes further modify Hg
bioavailability and the contamination of Arctic marine organisms. Sea ice can also drive Hg levels
in marine predators through changes i therr trophic ecology and diet. In marme mammals,
different contaminant patterns were observed i different sea ice conditions, which were related to
prey shifts (Gaden and Stern, 2010; McKinney et al.,, 2009). In seabirds, changing ice conditions
in northern Hudson Bay has resulted in prey shifts (Gaston et al, 2003) toward a higher
consumption ofless contaminated prey (Braune etal., 2014; Gaston etal., 2012b). Further, weather
patterns over multiple years influence exposure of Arctic seabirds to Hg (Foster et al. 2019),
presumably due both to deposition but also release or access to Hg already stored in Arctic archives
(e.g., glaciers and permafrost). Understanding how Arctic predators rely on sympagic versus
pelagic food webs is crucial, not only to foresee future impacts of climate change and associated
sea ice melt on ecosystem structure and dynamics, but also because it could largely alter, directly
or indirectly, their exposure to contaminants. This is particularly important for species that are
used in long-term contaminant monitoring programs, so that changes in contammnant burdens can

be interpreted within the context of climate change (Braune et al., 2014).

Multi-tracer approaches enable to track and distinguish the fingerprint of primary producers (i.e.,
ice algae and pelagic phytoplankton) throughout the entire food web, revealing the dependency of
Arctic consumers to sympagic and pelagic resources (Amiraux et al., 2021; Kohlbach et al., 2016;
Yurkowski et al, 2020). Highly branched isoprenoids (HBIs) are lipid biomarkers which are
specifically synthesized by a restricted number of diatom species (Belt and Miiller, 2013). In the

Arctic, a restricted number of ice-associated diatoms belonging to genera Haslea and Navicula
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synthesize P25 and diene (a mono- and a di-unsaturated HBI, respectively), which allow the
tracking of a sympagic fingerprint through a food web. In contrast, triene (a tri-unsaturated HBI)
is mainly synthesized by open-water diatom species, allowing for the tracking of a pelagic
fingerprint through a food web (Belt et al, 2013; Brown et al, 2011). In the last decade, these
biomarkers have provided key insights mto the association with sympagic and pelagic food webs
in various consumers (e.g. Amiraux et al, 2023; Brown et al, 2013; Brown and Belt, 2012).
Recently, HBIs were combined with carbon (8'*C) and nitrogen stable isotopes (6'° N) — which
are commonly used as proxies of predator trophic ecology: the feeding habitat and the diet,
respectively (Kelly, 2000) — to establish an index of sea ice use (ie., Ice Use Index, Cusset et al.,

2019).

In this context, the present study investigated the relationship between sea ice, the use of sympagic
resources and Hg contamination of an Arctic seabird: the thick-billed murre (or Briinnich’s
guillemot, Uria lomvia, hereafter «murres») breeding in the Canadian high Arctic. Canadian
murres, like other marine top predators, show high levels of Hg (Braune et al., 2015, Bond et al,,
2015; Chastel et al., 2022; Mallory et al., 2015), and rely on sea ice and ice-derived resources when
ice conditions are favorable (Cusset et al.,, 2019). More specifically, we (i) investigated differences
in Hg concentrations measured in bird eggs (an indicator of female short-term contammnation,
Bond and Diamond, 2010) during four years of contrasting ice conditions (between 2010 and
2013), and (i) evaluated the drivers of egg Hg contamination (i.e., ice association and trophic
ecology ofbirds). According to previous studies, we expected an increase of egg Hg concentrations
during icier years and hence a positive association between Hg contamination and the reliance on

sympagic resources.
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2. MATERIAL AND METHODS

2.1. Study area, species and egg collection

The present study was carried out on Prince Leopold Island (Lancaster Sound, hereafter “PLI”;
74°N, 90°W; Figure 1). This site represents one of the largest seabird colonies in the Canadian
Arctic, supporting approximately 100,000 pairs of thick-billed murres during the breeding season
(Gaston et al, 2012a). On PLI, the breeding season runs as follows: colony attendance in mid-
June, egg formation (one single egg per nest) in the vicmity of the colony (ie., for 15 days on
average; Gaston and Nettleship, 1981) until laying in early July, hatching in end-July and chick

fledging from late August to September.

A total of 60 eggs (15 eggs per year) were collected at the beginning of the breeding season (late
June — early July) each year between 2010 and 2013, under appropriate permits as part of a long-
term monitoring program supported by Environment and Climate Change Canada and the
Northern Contaminants Program (e.g., Braune et al., 2016). Eggs were collected from nests located
on the eastern and southern cliffs of PLI. Eggs were kept cool in the field and shipped to the
National Wildlife Research Centre (NWRC, Ottawa) for processing. Egg contents were
homogenized for 10-20 s using either a stainless steel Sorvall Omni Mixer or a Brinkmann
Polytron homogenizer. Egg homogenates (1-2 g aliquots) were then stored frozen at —40 °C in

acid-rinsed polyethylene vials for chemical analyses.

In seabirds, Hg acquired through feeding accumulates over time in the whole body (including liver,
muscle, kidney). In female seabirds, Hg is excreted via two pathways: feather moult and egg
formation/laying. Egg Hg could thus result from Hg acquired locally during egg formation i the

Arctic, but also more globally, during the previous wintering in subarctic regions where Arctic
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seabirds, including murres, can accumulate large concentrations of Hg (Albert et al, 2021).
However, murres are income breeders (i.e., allocation oflocal nutrient to egg formation; Bond and
Diamond, 2010; Gaston and Hipfaer, 2020). Thus, murre eggs from PLI were assumed to reflect

mainly local diet and Hg contamination of females during egg formation (~two weeks).

2.2. Ice conditions

As a high Arctic colony, PLI is surrounded by a dense sea-ice cover in winter that progressively
breaks up from west to east in spring and summer. Across years, accessiility to open waters for
birds to forage is highly variable, as the ice edge position can range from the colony as far east as
the Lancaster Sound Polynya in northern Baffin Bay (> 250 km) (Gaston et al, 2005). Sea-ice
conditions were considered during four sampling years (from 2010 to 2013). Since weather
patterns over multiple years influence Hg exposure of Arctic birds (Foster et al, 2019), ice
conditions during the previous years were also considered to investigate potential time-lags.
Because murres exhibit a local feeding range (0-150 km; Gaston et al, 2013), Sea Ice
Concentrations (SIC) were calculated daily for the overall breeding season (between May 1 and
August 31), over a 9-year period (2006-2013), in a 100 km radius around PLI. SIC were expressed
as proportion of ice versus open water pixels, using satellite data from the National Oceanic and
Atmospheric Administration dataset

(fip//sidads.colorado.edwWDATASETS/NOAA/G02186/shapefiles/4km/); 4 km resolution raster

images). Since egg formation was the critical phase investigated in this study, SIC were compared

for June 15 over the years. The 4-year target period exhibited an appreciable seaice gradient during
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murre egg formation, from highest SIC in 2012 (latest ice break-up) to the lowest SIC in 2011

(earliest ice break-up) as follows: 2012 >2010 > 2013 > 2011 (Table 1).

2.3. Chemical analyses

2.3.1. Trophic tracers

Highly Branched Isoprenoid (HBI) analyses were carried out at Laval University (Québec), using
established techniques (Belt et al., 2012), and were published in Cusset et al. (2019). Briefly, egg
aliquots were freeze-dried for 48 h prior to lipid extraction. Internal standards (7-hexylhonadecane
and 9-octylheptadec-8-ene, 10 puL, 9.68 pug/ml each) were added to egg homogenates to quantify
IP, 5 and blanks were analysed with each sample set (n=14) to guarantee analytical accuracy.
Total lipids were extracted four consecutive times with dichloromethane:methanol mixture (2:1, 3
min vortex, 15 min sonication). Once dried under a gentle stream of N, , total lipid extracts were
saponified (4 mL, 5% MeOH/H, O, 90/10, 90°C, 1h). Non-saponifiable lipids (NSL) were then
extracted from the saponification mixture by liquid-liquid extraction (hexane, 3 x 2 mlL),
evaporated (nitrogen stream < 35°C) and purified using open column chromatography (SiO,

50g/g NSL, hexane), to yield an apolar lipid fraction containing HBIs. HBIs were then analyzed
by gas chromatography-mass spectrometry (GC-MS) and quantified by measuring mass spectral
mtensities for each HBI (IP, 5 : m/z 350.3, diene: m/z 348.3, triene:m/z 346.3). Finally, HBI

relative concentrations were combined into the H-Print index (Brown et al., 2014) using Eq. 1:

H-Print (%) = [triene/(IP25 + diene + triene)] x 100 (Eq. 1)
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where H-Print indicates a range of association to sympagic (low H-Print), mixed (intermediate)

and pelagic (high H-Print) resources.

Stable isotope analyses were conducted at the Littoral, Environment and Societies (LIENSs) Joint
Research Unit and its stable isotope facility (La Rochelle) on delipidized samples loaded into tin
cups (0.2 to 0.8 mg dry weight). Results were previously published in Cusset et al. (2019). Briefly,
stable isotope abundances were determined using an elemental analyzer (Flash EA 1112, Thermo
Scientific, Milan, Italy) coupled in continuous flow mode to an isotope ratio mass spectrometer
(Delta V Plus with a Conflo IV mterface, Thermo Scientific, Bremen, Germany). Results are
expressed in the § notation as deviations from standards (Vienna Pee Dee Belemnite for 6'3C and
N2 in air for §!°N) following the formula: 8'3C or 83N = [(Rsample/Rstandard) - 1] X 103, where R is
I3C/12C or 1SN/'N, respectively. Replicate measurements of laboratory standards (USGS-61 and
USGS-62) indicated that the measurement uncertainty was < 0.15 %o for both 6'° N and §°C
values. Based on the distinct 6'*C signatures of ice algae and phytoplankton in the Arctic (Hobson
etal 1995), 6'3C isotopic values and H-Print were combined to create an index of sea-ice use, the

Ice Use Index (see Cusset et al, 2019 for detailed methodology).

2.3.2. Mercury analyses

Analyses of total Hg (thereafter ‘Hg’) in egg homogenates were carried out at the NWRC (Ottawa)
and were published in Braune et al. (2016). Briefly, samples were homogenized, freeze-dried,
homogenized again and weighed into nickel combustion boats. They were then analysed for Hg
by direct combustion ofthe solid sample in an oxygen-rich atmosphere (Salvato and Pirola, 1996),
using an Advanced Mercury Analyser (AMA-254, Altec) equipped with an autosampler. Moisture

content was determined by weight loss during freeze-drying. One or two blank samples were

10
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analysed with each sample set to determine analytical accuracy, as well as standard reference
materials (SRMSs). Practical detection limits were 0.006 and 0.004 pg/g dry weight for the 2010-
2012 samples and the 2013 samples, respectively. All Hg concentrations are expressed in pg/g dry
weight (dw). For further analytical details, including reference materials and recoveries, the reader

is referred to Braune et al. (2016).

2.4. Statistical analyses

All statistical analyses and figures were computed using R version 4.0.3 (R Core Team, 2020).
First, inter-annual differences in egg Hg concentrations were tested using one-way ANOVA. Data
homogeneity and residuals normality were checked prior interpretation, using Breush-Pagan
(package «Imtest»; Zeileis and Hothorn, 2002) and Shapiro tests, respectively. In addition,
differences in ice regimes (extensive- versus reduced-ice years) were tested usmg Welch two-

sample t-tests.

Then, drivers of egg Hg concentrations were investigated following two steps. First, simple linear
regressions were used to investigate independently the relationships between egg Hg
concentrations and (i) ice concentrations, (ii) ice association (Ice Use Index) and (iii) 6'° N values.
Second, we used general linear models (GLMs) to investigate the role of these explanatory
variables and their combination on Hg concentrations in murre eggs («nlme» package; Pinheiro et
al,, 2020). Correlations between variables were checked prior to model construction («cor»
function). Explanatory variables were standardized (mean =0, SD = 1) to facilitate comparison of
effect sizes. Model assumptions were checked visually with diagnostic functions («plot» function).
All potential combinations of variables (Table 2) were subjected to model selection using the

«AlCcmodavg» package (Mazerolle, 2020). Models were compared using Akaike’s Information

11
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Criterion corrected for small sample sizes (AICc). The model with the lowest AIC. value was
selected as the best model (Burnham and Anderson, 2002). Model support was assessed using
Akaike weights (wi), following Johnson and Omland (2004) and model fit was checked by residual

analysis.

During data exploration, time-lags were investigated following previous findings (Foster et al.,
2019). Available ice data for the present dataset only dated back to 2006, implying a maximum
time-lag of four years for sea ice (instead of seven years as showed by Foster et al., 2019). Given
the lack of statistical improvement when added in the models, time-lags were excluded from final

analyses.

3. RESULTS

3.1. Hg concentrations in changing ice conditions

Analyses of Hg concentrations in eggs varied significantly among years (p<0.0001, F3 5 4 =74,
ANOVA) : 2012 (1.2 £ 0.2 pg/g; heavy dense ice) differed from 2011 (0.9 £ 0.2 pg/g; ice-fiee)
and 2013 (1.0 £ 0.2 pg/g; low ice), and 2010 (1.1 £0.2 pg/g; heavy patchy ice) differed from 2011
(Figure S1). Hg concentrations were lower during reduced-ice years (2011 and 2013; 0.92 +0.19
pg/g, n=30) than during extensive-ice years (2010 and 2012; 1.16 £ 0.23 pg/g, n=30) (p< 0.0001,
t56.7=4.6, Welch two-sample t-test; Figure S2). Hence, Hg concentrations increased by 30%

between the mnimum and maximum ice years (Table 1).

3.2. Drivers of egg Hg contamination in changing ice conditions

12
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Unifactorial analyses showed that Hg concentrations i murre eggs increased linearly with
increasing ice concentrations (R*=0.25, p<0.0001, y=0.0037x + 0.78), and with increasing Ice Use
Index (R?>=0.19, p=0.001, y=0.082 x + 1.0; Figure 2), but not with 5'°> N values (p=0.08) (Figure
3). Multifactorial analyses revealed that the best model only included ice concentrations as an
explanatory variable (Table 2; Figure 4). Effect size for this model was —0.14 +0.03 (-0.2, —0.08;

Gamma inverse).

4. DISCUSSION

Climate change has a strong impact on sea ice in the Arctic, for instance its distribution, extent,
thickness and phenology (Garcia-Soto et al, 2021). Yet, melting sea ice could in turn play a
significant role in the contamination by Hg of Arctic marine biota and human populations, through
changes in Hg biogeochemistry or modifications of the food web structure (AMAP, 2022; Chételat
et al, 2022). By using a new approach combining multiple trophic tracers, Hg analyses and sea ice
data, we highlighted the influence of sea ice and sympagic food webs on Hg contamination in

murres during the early breeding season.

In years with more extensive sea ice, murre eggs contained higher concentrations of Hg (Figure
4). When considering two distinct ice regimes with relatively “warm” (in 2011 and 2013) and
“cold” (in 2010 and 2012) years characterized by reduced and extensive ice cover, respectively,
Hg concentrations were higher during cold years compared to warm ones (Figure S2). These
results are in agreement with previous mnvestigations using different ice metrics (Mallory and
Braune, 2018). Contrasting Hg levels could result from different foraging ecologies and consumed

prey according to ice conditions. The main route of Hg uptake in predators is through therr diet
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(Atwell et al., 1998; Campbell et al., 2005; Power et al., 2002; Thompson et al., 1998). As pursuit-
divers, murres at PLI feed extensively on fish, such as Arctic cod (Boreogadus saida), capelin
(Mallotus villosus) and sandlance (Ammodytes sp.), as well as on macrozooplankton, including
amphipods (Hyperidae and Gammaridae) and copepods (Calanus spp.; Gaston and Nettleship,
1981). Higher Hg contamination during extensive ice years could therefore result from predation
on (i) larger prey species which have bioaccumulated more Hg in their tissues and/or (i) prey with
higher 6'° N values resulting in higher Hg contamination (biomagnification; Dietz et al, 1996).
Following this hypothesis, murres’ 6'°> N values should directly influence their Hg contamination.
However, there was a weak relationship between egg Hg concentrations and 6'® N isotopic values
(Figure 3), suggesting that temporal changes in trophic ecology alone could not explain higher Hg
contamination during icier years, a result consistent with previous findings (Braune et al. 2016,

Moody et al. 2012, Provencher et al. 2012).

Alternatively, higher Hg concentrations in murres during icy years could be the consequence of a
higher contamination of sympagic food webs, compared to the more pelagic ones. Indeed, our
results showed that egg Hg contamination was positively related to the Ice Use Index (Figure 2),
which reflects bird association with sympagic resources. Hence, murres relying more heavily on
ice-derived resources during the early breeding season exhibited higher Hg concentrations. Similar
findings were observed in polar bears (Ursus maritimus), which exhibited higher Hg
concentrations when feeding on food webs dominated by sea-ice associated diatoms (Routti et al
2012). Higher Hg concentrations were also documented mn Arctic cod, an emblematic Arctic fish
species that is closely tied to sea ice (Kohlbach et al. 2017). Arctic cod, the main prey of murres
in the High Arctic, especially at PLI (Provencher et al, 2012), use under-ice habitats for part of

therr life cycle (David et al. 2016, Gradinger & Bluhm 2004), for instance as a refuge to escape

14



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

visual predators (LeBlanc et al, 2019). Margmnal ice zones (MIZ) thus represent an important
foraging ground for murres (Bradstreet and Cross, 1982). Yet, high Hg concentrations were
observed in MIZ, below the productive surface layer (Hemmbiirger et al. 2015), enhancing Hg
uptake and bioavailability in ice-associated food webs up to top predators and seabirds such as
murres. Consequently, foraging in these productive habitats may also expose murres to higher Hg

i therr diet.

Sea ice is composed of different semi-solid matrices, such as brines, gases, particles, and biota
(e.g., bacteria, viruses, algae). These matrices are subject to physical, biological, and chemical
processes which could nfluence Hg contamination in Arctic marine ecosystems during years of
extensive ice (Steffen et al., 2008; Thomas and Dieckmann, 2009). Sea-ice permeability, shaped
by temperatures and the creation of brine pockets and drainage channels, considerably influences
Hg processes through changing redox conditions and the presence of sea-ice biota (Thomas and
Dieckmann, 2009). Indeed, Hg methylation has been documented in sea ice (Beattic et al., 2014)
and Hg concentrations were the highest in brines (Chaulk etal, 2011), which represent the primary
habitat for microbial communities that sustain sympagic food webs (Thomas and Dieckmann,
2002). Brines provide more Hg-enriched environments for primary producers (Schartup et al
2020), including ice algae, potentially increasing food web contamination (Stern et al. 2012). Sea
ice could act as an important entry point for Hg at the base of sympagic food webs, additionally
enhancing murre Hg contamination when relying on sympagic resources. Thus, sources of Hg
found n murre eggs could either originate from melting sea ice and snow where Hg can be stored
(Zdanowicz et al.,, 2013) or from air-ocean exchanges of Hg species (Lalonde et al., 2002; Poulain

et al., 2007).
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Despite the existing relationship between Hg contamination in murre eggs and their use of
sympagic resources, model selection revealed that the best predictor for egg Hg concentrations
was sea ice concentration only, and did not include the Ice Use Index nor the 6'° N. This suggests
that the processes involved are more complex than the reliance on sympagic resources alone. Hg
contamination in murres can result from long-term processes with a timescale of years, decades
and even centuries (UNEP, 2018). For instance, environmental factors such as the North Atlantic
Oscillation (NAO), snow cover or air temperatures were previously identified as drivers of Hg
contamination in murre eggs, with a lag time of several years (Foster et al, 2019). Mercury can
indeed remain up to one year in the atmosphere (Streets et al., 2019), before deposition and its
resulting methylation, assimilation and final transfer along the food chain. Mercury dynamics are
driven by a large number of interacting post-depositional processes, which control the transport,
methylation and biological uptake of Hg stored in the Arctic Ocean (Dastoor et al., 2022; Outridge
et al,, 2008). Thus, reduced sea ice cover or earlier ice break-up may expose murres to lower Hg
contamination if this was the only change underway. However, air and ocean warming actually
increase local export of Hg to Arctic marine areas from environmental archives found largely on
land (Chételat et al., 2022; Dastoor et al., 2022). For this reason, it is difficult to disentangle all the
processes mvolved here and one might expect a period of flux and unpredictability, at least until

Arctic Hg archives decrease their contribution to marine environments.

Considering its long half-life, Hg is highly persistent in the body of living organisms. Although
eggs mainly reflect local diet and Hg contamination in income-breeders like murres (ie., in the
Arctic, during egg formation), they could also mtegrate, to a low extent, Hg accumulated outside
the Arctic (ie., during the non-breeding season) and remobilized from storing tissues during egg

synthesis. Previous studies have reported carry-over effects of adult winter contamination on the
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subsequent summer Hg concentrations in blood of little auks (Carravieri et al, 2023), as well as
higher Hg contamination during the non-breeding season relative to the breeding season in many
alcids, including thick-billed murres (Albert et al, 2021). Future research should now further
mvestigate how the reliance of Arctic seabirds to ice-derived resources during the non-breeding

season can expose them to Hg and other chemical contaminants.

5. CONCLUSION

Sea ice is a key component of Arctic marine environments, where it drives primary productivity
and shape the phenology of ice algae and pelagic phytoplankton. At the base of Arctic food webs,
these primary producers provide the vital energy pulses for the entire marine food web to thrive.
Simultaneously, they assimilate contammants, such as Hg, which are then transferred to all
consumers and predators along the food web. In this study, association with sea ice, and more
particularly the reliance on sympagic resources, was positively related to Hg concentrations in
eggs of thick-billed murres from the Canadian High Arctic. This work provides new insights into
the role of sea ice and ice-derived resources in Hg contamination for Arctic wildlife and human
populations that heavily depend on marine resources for subsistence. Further research is now
required to fully understand the role of ice-derived resources and sea-ice melt in future Hg
contamination of Arctic biota under climate change, as well as the ecological and biogeochemical

nteractions involved.
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TABLES

Table 1. Ice conditions and egg parameters from thick-billed murres collected between 2010 and 2013 on Prince Leopold Island
(Nunavut, Canada): trophic tracers include the Ice Use Index, carbon- (6!*C)and nitrogen- (5'° N) stable isotopes; total mercury (THg)
concentrations (pg/g dw). 6'*C and 8'° N are proxies for bird feeding habitat and trophic position, respectively. Values represent means

+ SD (n).

2010 2011 2012 2013

Ice concentrations' (%) 99.0 334 99.0 79.8

Ice characteristics? Patchy, large floes, Ice-fiee Dense pack-ice, no leads, Dense pack ice, ice
leads with water access ice edge > 250 km away edge 50 km away

Ice Use Index? 1.0+ 1.1 (15) -1.1£1.1(15) 0.7+ 1.0 (15) 0.7+ 0.7 (15)

H-Print (%)*

0">C (%0)

28.1+20.8 (15)

~19.7£0.4(11)

82.5+ 18.8 (15)

~203£0.5(11)

56.9 +27.3 (15)
~19.3 £ 0.4 (15)

63.4+ 18.1 (15)
~20.3+0.3 (15)

315 N (%)

THg (ng/g dw)
Mooisture (%)

16.0+ 0.5 (11) 153 +0.7 (11) 15.84 0.5 (15) 15.4+ 0.8 (15)

1.1+0.2 (15) 0.9 +0.2 (15) 1.2 +0.2 (15) 1.0 £ 0.2 (15)

73.3 £ 0.9 (15) 69.1 2.5 (15) 73.7 + 1.0 (15) 73.6 + 1.0 (15)

Ice concentrations represent the proportion of sea ice versus open water in a 100 km radius around the colony at the time of egg-laying (on June
15). Please refer to the “Material and Methods™ for further details.

2Despite similar ice concentrations, 2010 and 2012 differed in their ice characteristics. Complete description of ice conditions is available in Cusset
et al. (2019).

3The Ice Use Index indicates the degree of ice feeding association (values < and > 0 indicates low and high reliance on sympagic resources,
respectively).
*H-Print (i.e., HBI-fingerprint) indicates the degree of association to ice-derived resources (from 0 to 100% for sympagic and pelagic association,
respectively).
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Table 2. AIC: model ranking from statistical analyses of egg THg concentrations from thick-billed murres breeding on Prince Leopold

Island (2010-2013). Models are Generalized Linear Models (GLMs) with a Gamma distribution and an inverse link function.

Explanatory variables include: ice concentrations within 100 km around the colony («Ice»), the type of association to sea-ice and its

derived resources (pelagic versus sympagic; «IceUse»), the trophic position («3'® N») and their relevant interactions. Abbreviations: k,

the number of parameters; AIC., Akaike’s Information Criteria adjusted for small sample-size values; wi, AICc weights (weights across

all models sum to 1.00); LL, Log-Likelihood.

Models k AlIC, AAIC, w; LL
THg ~ Ice* 3 -16.43 0.00 0.83 11.46
THg ~ 0" N + IceUse + Ice 5 -12.79 3.64 0.13 12.05
THg ~0'°> N + IceUse + 0'° N:lceUse + Ice + Ice :IceUse 7 -9.44 6.99 0.03 12.99
THg ~ IceUse 3 -7.04 9.38 0.01 6.77
THg ~ 6'®* N + IceUse 4 -5.02 11.40 0.00 6.94
THg ~ 6"° N + IceUse + 6'° N:IceUse 5 -4.13 12.30 0.00 7.72
THg ~ 6"° N + IceUse + Ice:IceUse 5 -2.96 13.46 0.00 7.13
THg ~ 6"®* N 3 0.18 16.60 0.00 3.16
THg ~ NULL 2 1.14 17.56 0.00 1.55

*The best model (in bold) is selected with the lowest AICcvalue.
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