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This thesis provides insights into the transpod fate of contaminants of concern
(polychlorinated biphenyls (PCBs), polybrominateghenyl ethers (PBDESs) and
mercury (Hg)), as well as results on the impacthe$e compounds on marine mammal
health.

Atmospheric transport is known to be a signifigaathway for the delivery of
contaminants to remote food webs. Air and rain daswere collected from one remote
site on the west coast of Vancouver Island, Bri@stumbia (BC), Canada, and from one
near-urban site in the Strait of Georgia, BC. Whilgbal atmospheric dispersion was
observed for the legacy PCBs, 40% of PBDEs detent8€ air appeared to be
originating from trans-Pacific transport. It wadimated that 3kg of PCBs and 17kg of
PBDEs were deposited every year in the Strait afr@a.

Once deposited, PCBs, PBDEs and Hg biomagnify efgdbd chain. Harbour seals
are non-migratory and can be used to provide ssgofdbcal contaminant sources. They
have been extensively used as indicators of PCB’&RE food web contamination in

the BC coastal environment. The collection of @2@® harbour seal fur samples from



v
various locations around Vancouver Island, BC ange Sound, WA, USA helped us

pinpoint three sites where Hg levels were signiftbahigher than our reference site,
Bella Bella (Queen Charlotte Strait, Port Renfrewd aentral Puget Sound). A
combination of anthropogenic sources and marind feeb processes appeared to
influence the delivery of methylmercury (MeHg) teettop of this coastal marine food
chain. Our results also suggested that these Hygsl€¥.6-46.9 pg/g) could be a concern

for the health of these harbour seals.

Genomic techniques were used to generate insigtashie implications of
contaminant exposure on the health of marine masimhaabiting industrialized regions
(harbour seals from the Northeastern Pacific andiM@stern Atlantic) and remote,
supposedly pristine, environment (Arctic beluga leba In harbour seal blubber, there
were positive correlations between the mRNA lewtlseveral genes, including estrogen
receptor alphaEsrl), thyroid hormone receptor alphBhfa), and glucocorticoid receptor
(Nr3cl), and PCB levels. In beluga blubber, aryl hydrboarreceptorAhr) and
cytochrome P450Qyplal mRNA levels increased with PCBs, consistent whiir role
in toxicity.While PCB-related toxic responses webserved in both species, additional
factors appeared to be affecting the expressiompdrtant genes in beluga. Our results
suggested that a shift in beluga diet during periaidow sea ice extent, as evidenced by
changes i*C isotope ratios, had a significant impact on mRBMels coding for genes

involved in growth, metabolism and development.



The use of a dual study design to evaluate the lange versus local sources of
contaminants highlighted the importance of transifRatransport in the delivery of
PBDEs to coastal BC and the occurrence of locasdlgces in this marine environment.
However, consistent with previous studies, ourltesuggested that PCBs remain the
top contaminant of concern for marine mammal hedlta also raised questions about
the potential exacerbation of toxic risks due t@B@s a consequence of climate changes

currently underway in the Arctic.
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1.1 Background
Persistent organic pollutants (POPs), such as pladsinated biphenyls (PCBs) and

polybrominated diphenyl ethers (PBDES), as welhasganic elements, such as
mercury (Hg), are ubiquitous environmental contaants. Their physicochemical
properties allow them to be transported over gilestances via environmental
processes, deposited, and incorporated into adgioaicwebs. PCBs, PBDEs and
Hg, in the form of methyl mercury (MeHg), bioaccuate up the food chain and can
induce a variety of short and long term toxic res®s. They are therefore a concern
for the health of high trophic level predators.

Marine mammals living close to urban and indusiréal areas usually have the
highest contaminant concentrations. For examptg leivels of PCBs have been
reported in gray sealsiélicheorus grypusfrom the Baltic Sea (Sormo et al., 2003),
beluga whalesQelphinapterus leucggrom the St Lawrence (Muir et al., 1996), and
harbour seals from Puget Sound, Washington Stafg,(\WSA (Ross et al., 2004).
Killer whales Qrcinus orcg from British Columbia (BC), Canada, are considere
among the most PCB contaminated cetaceans in tHd {lRoss et al., 2000). Studies
on harbour seal pups from BC and WA have shownpfeatimity to contaminant
sources influences concentrations and patternshantdeals living closer to
industrialized areas are exposed to a combinafitocal and long range sources of
contaminants (Ross et al., 2004). In contrastjmaanammals living in the remote
Arctic, such as beluga whales, are mainly exposéong range sources of
contaminants being delivered via atmospheric trarispcean currents and / or
riverine discharges. Thus, biota inhabiting theatarArctic usually exhibit lower
contaminant levels. For example, PCB, PBDE andeidgls are 7-fold, 12-fold and

8-fold lower, respectively, in Arctic beluga whalésin levels observed in their
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southerly St. Lawrence estuary counterparts (Beddrad., 1993; Hobbs et al., 2003;
Raach et al., 2011).

However, regardless of location, from the highiynteaninated Baltic Sea or Puget
Sound to the remote Arctic, studies have shownrtfaaine mammal health is at risk
because of contaminant exposure. After investigatie transport and fate of major
contaminants in coastal BC, the present thesisinviistigate the impact of
contaminants on the health of harbour seals ligcioge to industrialized areas (BC

and WA), as well as beluga whales living in the ogarWestern Canadian Arctic.

1.2 Contaminants of concern

Persistent Organic Pollutants (POPSs)
The Stockholm Convention defines persistent orgpallutants as being persistent,

bioaccumulative and toxic. In the present thesesave investigating the transport and
fate of two classes of POPs (PCBs and PBDES), Aasvtheir potential impact on

the health of marine mammals. PCBs, and tetratapdmexa-, and hepta-BDEs are
listed under the Stockholm Convention which recgiparties to take measures to

eliminate or reduce the release of these contar@narhe environment.

Beginning in 1929, PCBs were used as electricakfoamer and capacitor fluids,
flame retardants, hydraulic lubricants, sealantd, @aints because of their heat
resistance and insulating capacity. There are B@geners of PCBs with varying
degrees of chlorination (Figure 1). They were banndhe 1970s in most
industrialized countries resulting in a decreasthair environmental concentrations

(Muir et al., 1999).
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In contrast, some mixtures of PBDEs are still wdeded in plastic housings of
electronic equipment such as computers and tetagsias well as in plastic auto
parts, lighting panels, electrical connectors arg®$. The textile industry also applies
PBDEs to the upholstery of home and office furm@fwar, plane and train seating.
Similar to PCBs, there are 209 possible congergpsmtling on their degree of
bromination (Figure 1). The major technical PBDEnrialations are the penta-, octa-
and deca-mixtures. The Deca formulation is a neftipure mixture composed of
approximately 97% of BDE-209. The Octa mixture @imly composed of BDE-153
while the two dominant congeners in the Penta féatian are BDEs 47 and 99. All
three commercial formulations (Penta-, Octa-, arddDBDE) are now banned in
Europe and Canada. While Penta- and Octa-BDE weeneved from the US market
at the end of 2004, Deca-BDE remains largely inald®ugh some States have
moved to regulate this product and a phase oupleased for the end of 2012. In

Asia, there are no regulations on the three PBDEures [(ittp://bsef.con). Because

of European and North American regulations, conmegiohs of PBDES are starting to
decrease in biota after a couple decades of expiahagcrease (Elliott et al., 2005;

Law et al., 2010; Raach et al., 2011).

Clx/_ \ XCIX Brx// \>BrX

Figure 1: PCBs and PBDEs have similar chemical staiures giving them similar
physicochemical properties such as low vapour pregse, hydrophobicity and resistance

to acids, bases, light and heat.
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Mercury
Mercury is emitted from both natural (~60% of tb&at Hg atmospheric emissions)

(Pirrone et al., 2010) and anthropogenic sourcasurdl sources of Hg include
volcanoes, forest fires, emissions from surfacesvgaicomprising Hg from
anthropogenic sources deposited in the past amgj beiemitted), contaminated soils
in ancient mining industrial areas or particulaolggical units rich in mercury. The
natural Hg cycle has been enhanced by human aesgiatich that two to three times
more Hg is currently cycling through the atmosphaerd upper ocean than before the
industrial revolution (Pirrone et al., 2010). Thare a number of anthropogenic
sources of Hg including fossil fuel fired power mis, ferrous and non-ferrous metal
smelters, chlor-alakli plants, waste incineratard amall scale gold mining.
However, electric power generation facilities ustogl are the number one source
contributing to more than 50% of the total anthiggr@c emissions. In Canada, most
European countries, and Japan, there are regudatbdimit mercury emissions from
coal fired power plants. In December 2011, the W8itenmental Protection Agency
defined, for the first time, national standardeider to reduce mercury pollution
from power plantswyww.epa.goy. In Asia, the major emitter of Hg, there are tieai
regulations currently in place. Asia therefore esgnts a concern as its contribution
is expected to become more significant due to guatied increases in emissions,
particularly in China (Pacyna et al., 2010). Onititernational level, the Minamata
Convention on Mercury was recently agreed on byymmations and will be signed in
October 2013. Governments agreed to a global,liegaiding treaty to control and
reduce mercury emissions across a range of prqdiwetk as thermometers and
energy-saving light bulbs. This Convention is asuaing at controlling emissions

from mining, cement and coal-fired power sectergnf.unep.org.
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1.3 POPs and Hg in marine mammals from the Northeastern Pacific and
the Western Canadian Arctic

The present thesis focuses on two study animatbohaseals from the
Northeastern Pacific being exposed to a combinatfdang range and local sources
of contaminants and beluga whales from the Westamadian Arctic exposed
mainly to long range global sources.

PCBs and PBDEs have been reported in those twaesp@duir et al., 2006; Ross
et al., 2004). In harbour seals, PCB and PBDE ¢erarige from 0.3 to 6.9 ug/qg lipid
weight (Iw) and from 0.2 to 0.7 pug/g Ilw, respecivgRross et al., 2012). In the
Western Canadian Arctic beluga whales, PCB lewwige from 0.2 to 8.4 pg/g Iw
and PBDEs range from 2.1 to 51.6 ng/g Iw (Table 1).

While there are no temporal trend data for PCBSRBIDES in the Western
Canadian Arctic beluga whales, PCB levels in harlseals from BC and WA
declined exponentially since their ban in the 19 RBDE levels exhibited a different
pattern with an exponential increase between 1884803 followed by a drop in
2009 (Ross et al., 2012).

Hg has been continuously monitored in the Westemma@ian Arctic belugas since
the early 1980s. Levels increased until the [a@0%9but have been decreasing since
then (Loseto, NCP report, in prep). The preserdlgerange from 12.7 to 345.7 ug/g
dry weight in muscle (Loseto et al., 2008a) (TableAs there are currently no studies
on Hg in harbour seals from BC and WA, the presieggis will investigate Hg levels

in harbour seal fur and whiskers from these areas.
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Table 1: Comparison table for PCBs, PBDEs and Hg \els in marine mammals inhabiting industrialized aeas and the remote Arctic.

Species were selected on the basis of their releearfor comparison with the species studied in ther@sent thesis.

Species Location Sggs Contaminant  Tissue Levels Reference
Industrialized | Harbour  Northeastern | ¢ PCBs Blubber 0.3 - 6.9ug/g Iw (Ross et al., 2012)
regions seals Pacific
PBDEs Blubber 0.2-0.7 ug/g lw
Pups Hg Fur 1.6 -46.9 ug/gdw  Chapter 2 of thesith
Adults Hg Fur 2.5-17.6 pg/g dw
Beluga St Lawrence
whales Estuary Adults PCBs Blubber 2.1-28 pg/g Iw (Hobbs et 2003)
Hg Liver 1.4 - 756 pg/g dw (Beland et 4B93)
. Harbour  Western Hudson
Arctic seals Bay Pups Hg Fur 0.5- 0.7 pg/g ww (Young et al., 2010)
Adults Hg Fur 1.2 - 3.3 ug/g ww
Beluga  Western Canadian Adults PCBs Blubber 0.2 -8.4 pg/g lw (Loseto etialprep)
whales Arctic ' 4 199 ctialprep
PBDEs Blubber 2.1-51.6 ng/g lw
Adults Hg Muscle 12.7 - 345.7 ug/gdw  (Loseto et2008b)
Hg Liver 0.3-66.9 ug/g dw (Loseto, pers. com.)
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1.4 Transport and fate of contaminants in the biosphere
The relatively high PCB, PBDE and Hg concentratidetected in marine

mammals inhabiting remote areas (lkonomou et @022Loseto et al., 2008a; Muir

et al., 2006) indicate that these compounds adilygaansported over great distances
via environmental processes and are then incogubrato aquatic food webs. The
Arctic has previously been described as an imposiak for these contaminants
(Ariya et al., 2004; Wania et al., 2001). This gmtprovides a brief review of the
major processes involved in PCB, PBDE, and Hg frarisand fate in the marine

environment.

Persistent organic pollutants (POPSs)
Atmospheric transport is the most efficient mechanby which POPs move in the

environment. “Global distillation” has been desedtas the process by which POPs
evaporate in the warmer regions, are atmospheyitalhsported towards the northern
regions where they condense and are being dep@8yaudia et al., 1995). POPs are
transported through a number of hops (repeatecsyifldeposition and re-
evaporation driven by temperature changes alongdti® before reaching their final
destination and their ability to travel is highlgmendent on their physicochemical
properties. Gas/particle partitioning is a key j@sx; as it affects not only the ability
of the contaminant to be transported, but its gakfor degradation and removal
from the atmosphere. Because of their moderateurgpessure, PCBs and PBDEs
are mainly found in the gas phase of the atmospiMaachester-Neesvig et al.,
1989). It should be noted however that the genelaVer vapour pressure of PBDEs
results in a higher particle-bound percentage ttmerved for PCBs (St.Amand et

al., 2007).
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Atmospheric deposition has been demonstrated godignificant contributor to
aquatic ecosystem contamination. For example, athesgc PCBs have been
estimated to represent 93% of the total PCB infmutee North Sea (Duce, 1998), and
60-90% of the PCB burden in the Great Lakes mayirtate from the atmosphere
(Eisenreich et al., 1981). Three main processesaponsible for atmospheric
deposition of POPs (Cotham et al., 1991):

- rain and snow scavenging of gases and aerosolgwattitle scavenging

usually considered the dominant process (Bidlerh@88);

- dry particle deposition which is related to theoedtly of the particle deposition;

and

- gas exchange with water, snow and soil surfaces.

Even though most of PCBs and PBDEs are found ig#isephase, gas deposition is
only a minor contributor to the total atmosphempdsition compared to wet

deposition (Ter Schure et al., 2004).

The octanol/water partition coefficient {§) is a key factor in predicting the fate of
these chemicals in the marine environment (Mackay. £2000; Nfon et al., 2008).
Because POPs are highly lipophilic, once depositéde marine environment, they
will partition from water to organic matter. Upta&EPOPs at the bottom of the food
chain is a passive process driven by a fugacitgigrd: rapid adsorption to the
phytoplankton and/or zooplankton surface is folldveg diffusion through the
membrane into the plankton matrix (Del Vento et2002; Swackhammer et al.,
1993). Higher up the food chain, bioaccumulatio®®Ps occurs as the result of a

sequence of solvent depletion and solvent switchiags (Macdonald et al., 2002):



24

- Solvent depletion 1: occurs in the digestive twgleen dietary lipids are
hydrolysed by digestive enzymes;

- Solvent switching 1: the loss of dietary lipidsdes the contaminant to
redistribute from lipid to other organic matter;

- Solvent switching 2: the products of lipid hydralydiffuse into the cells lining
the intestine where triglycerides are resynthesaetiform packets called
chylomicrons which represent a newly formed solfentontaminants that are
going to diffuse into these cells;

- Solvent depletion 2: the final step in biomagnifica happens in every tissue,
where all the assimilated lipids are metabolizecefergy.

As a result of these processes, high trophic Imagine predators usually have high

POP burdens.

Mercury
Most of the mercury emitted in the atmosphereésneintal Hg (HY accounting

for 53% of total mercury. Elemental mercury can aemn the atmosphere for up to
two years allowing long range atmospheric transfgorh industrialized regions to
the Arctic. About 5 to 10% of mercury emitted iretimdustrialized regions is
deposited in the Arctic (Pacyna et al., 2010).

Elemental mercury can be oxidized by atmospheridamts (e.g. halogens) into
Hgll which is present in the atmosphere in smalbants in the form of reactive
gaseous mercury and particulate mercury. In théidratmospheric oxidation of
elemental mercury is enhanced every spring by agrhenon called the Atmospheric
Mercury Depletion Event (AMDE). This rapid oxidatiof Hg involves the presence

of bromine coming from sea salts associated wils@eal sea ice, ice with a
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relatively salt-rich frozen surface (Barrie et 4B97), or water with light ice cover
where pelagic and ice-algal communities producedwl-containing gases during
primary production (Sturges et al., 1992). Becafdbeir solubility in water, low
volatility and reactive properties, oxidized forofsmercury have a much shorter
residence time in the atmosphere thafl fgwo weeks). They are therefore less
likely to undergo long range atmospheric transpad will be efficiently deposited
(Ariya et al., 2004).

Atmospheric transport and deposition is usuallydbminant pathway for the
delivery of Hg to the world’s oceans, accountingdbout 90% (Outridge et al.,
2008). However, the Mackenzie river, the largestirdischarging to the Beaufort
Sea, also plays an important role in the delivémfl@ mostly in the form of
particulate inorganic mercury, to the Western Ar@icean (Leitch et al., 2006; Stern

et al., 2005).

Once deposited, Hgll can be exported to the sedinramsformed into
methylmercury (MeHg), or reduced via microbial retilion and /or photoreduction
into Hg® and recycled back to the atmosphere. It has betenated that 24 to 36% of
deposited Hg is photoreduced and ends up backiatthosphere (Schroeder et al.,
1998).

Methylation of Hgll is a very important processctansider when it comes to food
web contamination. MeHg is both the bioaccumulasind toxic form of Hg.
Microorganisms such as methane and sulphate-pnoglbeicteria are key
components in the formation of MeHg, both dire¢tisough their involvement in
methylation-demethylation processes, and indirdnglgontrolling the availability of

Hgll through redox transformations (Barkay et 2003). Low dissolved oxygen
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content, low pH, and high concentrations of organatter provide optimal
environmental conditions for methylation process&sce in the aquatic environment,
MeHg can be demethylated through photodegradatiomarobial pathways,

phenomena mostly occuring in surface waters, arparated into the food web.

Uptake of mercury at the bottom of the food chaiours by diffusion of mercury
complexes (HgGland CHHgCL,) through membranes. Both complexes are
efficiently retained by microorganisms. Hgll bintdsthe membrane of the diatom,
which is excreted rather than absorbed by the prede.g. copepod). This results in
smaller transfer efficiency for Hgll than for Mekdich is associated with the
soluble fraction of the diatom that is efficienigsimilated by the copepod. In terms
of transfer higher up the food chain, there ailkeastot of uncertainties but it appears
to partly be the result of the relative solubilitiyMeHg which allows it to be partly
retained in the fatty tissues (Morel et al., 199%8)wever, the burden of MeHg in fish
and top predators is primarily associated with girt rather than fatty tissues
suggesting that MeHg bioaccumulation is explaingdblotors other than its relative
liposolubility. After being taken up by biota, Mehigbound preferentially to thiol or
selenol-containing molecules which are mainly pnesecysteine residues of
proteins or tripeptide glutathione. As a result,Hdds found in the body as a
complex with amino acid-L- cysteine or reduced gflitone and is able to be
transported through amino-acid carrier (Lemes.eR@ll1; Zareba et al.,

2007)(Zareba et al., 2008, Lemes et al., 2011).
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1.5 Health risks related to contaminants of concern in marine mammals

POPs
Organic contaminants are a concern for the healthasine mammals, with

observations of impaired reproduction, skeletables, kidney damage, tumors,
premature birth and skin lesions in populationgbiting contaminated areas
(Beckmen et al., 1997; Beland et al., 1993; Bergetaal., 2001; Olsson et al., 1994).
High PCB concentrations have been linked to deeeammune function in field
studies of harbour seals (Mos et al., 2007), butde dolphinsTursiops truncatus
(Lahvis et al., 1995) and polar beaddsgus maritimug(Lie et al., 2005), as well as
captive feeding studies of harbour seals (De Setaat., 1996). Contaminant-related
immunotoxicity has been, in part, blamed for sesioutbreaks of infectious disease
in marine mammals (Osterhaus et al., 1996). IntengiPCBs have been implicated
in the disruption of vitamin A and thyroid hormosystems in harbour seals, which
could lead to adverse effects on growth and dewvedoy (Mos et al., 2007; Tabuchi
et al., 2006).

There are fewer studies available on the effecRBBIDEs on marine mammal
health but, because of their similar physico chahpcoperties, PBDEs have been
shown to exert similar toxicological effects as RCBor example, Hall et al. (2003)
suggested that PBDEs were altering the thyroicesysif young grey seals, thymic
atrophy and splenic depletion were associated wigh levels of PBDESs in harbour
porpoisesPhocoena phocoehéBeineke et al., 2005), and Frouin et al. (2010)

showed that PBDEs were altering immune functioharbour seals.

Mercury
Because of the natural occurrence of heavy metalane mammals have been

exposed to these elements throughout their evolatjohistory and have developed
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mechanisms to either control the internal concéntra of certain elements or to
mitigate their toxic effects. For instance, cetaxseand pinnipeds have developed a
tolerance to mercury based on its association satenium (Dietz et al., 2000).
However, even though they might be able to tolenagber mercury burdens than
terrestrial mammals, mercury, especially in thehylated form, is still a concern for
marine mammal health.

Methylmercury is well known for its neurotoxicitynich leads to sensory and
motor deficits and behavioural impairments. In éddi MeHg is easily transported
through the placenta and concentrates in the liesah representing a concern for its
development (Clarkson, 2002). Liver and kidney dgenlaas also been reported in
bottlenose dolphins and polar bears exhibiting mgncury concentrations (Sonne et
al., 2007a; Woshner et al., 2008). In additiorvitro studies on beluga whales and
harbour seals showed that mercury exposure cosidtii@ immune deficiency (Das

et al., 2008; De Guise et al., 1996a).

The use of transcriptomics to investigate marinenmal healthWildlife is affected
by a variety of environmental changes such as aser@xposure to anthropogenic
contaminants, altered habitat, and/or climate char®uch environmental pressures
may manifest at different levels of biological angaation, including altered
population dynamics, behavioural and physiologitelnges of individual organisms,
and with adjustments in molecular biological patiisvéFigure 2) (Schirmer et al.,
2010). One of the first components of biologicapense to environmental change
includes altered expression of mMRNA with a subsegjadjustment in transcriptome

profile of a given tissue (Veldhoen et al., 201HigQre 2).
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Molecular level = first level
of biological response

Figure 2: Toxic effects at the molecular levels cabe detected before individual- or
population-level effects. Investigating the potendil impacts of contaminants of concern
(PCBs, PBDEs, and Hg) on the mRNA transcript leveltherefore represent the first

level of biological response.

In the past decades, the use of molecular proftiegniques has been increasing in
wildlife toxicology. Various techniques exist toadwate the mRNA transcripts levels
but they differ in their level of sensitivity, potial for cross-species use and depth of
investigation into the transcriptome (Veldhoenlgt2012). While DNA arrays allow
the measurement of the expression level of a langeber of genes simultaneously, it
does not provide a precise quantification of mRsxels.

Highly sensitive techniques such as real time qtaivie polymerase chain reaction
(QPCR) analysis are the most cost-effective ane la& advantage to be adaptable to
non-lethal small biopsy samples (Buckman et all,12®os et al., 2007; Tabuchi et
al., 2006; Veldhoen et al., 2012). QPCR is the messitive method for the detection
and quantification of gene expression. It is patéidy effective for low abundance
transcripts, for studies where limited tissue samplvailable, and for the elucidation
of small changes in mRNA transcript levels (Pfatfial., 2004). Species-specific
DNA primers are designed in order to amplify speajene transcripts of interest

across several orders of magnitude. The high quddita can then be used for relative
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guantification of mMRNA abundance. This techniqueedrines the changes in mRNA
levels of a target gene relative to the level ofraarnal control mMRNA (reference
gene) and therefore allows for comparison betweaenptes.

In the present thesis, we will use new genomicriggles to investigate the
potential impacts of contaminants (mainly PCBs Higdl on the health of harbour
seals from BC, Quebec, Newfoundland and WA as agbelugas from the Western
Canadian Arctic. Marine mammal studies using sechriques are presently limited.
Effects of PCBs have been detected at the moletayalin harbour seals and killer
whales inhabiting the Northeastern Pacific (Buckratal., 2011; Mos et al., 2007)
as well as in striped dolphinStenella coeruleoalaand fin whalesBalaenoptera
physalu¥ from the Mediterranean Sea and ringed seals 8walbard and the Baltic
Sea (Fossi et al., 2010; Panti et al., 2011; Retti., 2010) (Table 2). To our
knowledge, there are no studies looking at theceffef contaminants at the gene

expression level in marine mammals inhabiting thesi&n Canadian Arctic.
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Table 2: Review table on studies investigating theotential impacts of PCBs on the expression of varus genes in marine mammals (T&
thyroid hormone receptor alpha; RAR: retinoic acid receptor alpha; IL-1p: interleukin; 1 beta receptor; DIO1: deiodinase 1;TRp: thyroid
hormone receptor beta; GHR: growth hormone receptoy CyplA: cytochrome P450; ERx: estrogen receptor alpha; hsp: heat shock protein;

and MT1: metallothinein 1). (1 : increase in expression ; n/a : non available)

Species Location PCB levels Tissue Effect observed Reference
Harbour seals Northeastern 0.6 - 7.2 pg/q lipid ,
(Phoca vituling Pacific weight (Iw) Blubber IR Tabuchi et al., 2006
(gﬁgggt\‘;;ﬁﬁg Nogggﬁ‘iitem 0.6-7.2 uglg Iw Blubber 'RAR Mos et al., 2007
Ringed seals Baltic Sea, T1L-1p, 1DIO1, ,
(Phoca hispidj Svalbard n/a Blubber 1 TR, 1GHR Routti et al., 2010
Fin whale Mediterranean Sea, 1- 16 pg/gdry . .
(Balaenoptera physalyis Gulf of California weight (dw) Skin 1Cyp1A, TERa Fossietal., 2010
Striped dolphin Medlterranean n/a Skin/Blubber TCYP1A, TANR, Panti et al., 2011
(Stenella coeruleoala Basin Tthsp70
Killer whales Northeastern i TAhR, 1TRa, 1ERA,
14.7 - 430 pg/g Iw Blubber ML-10, tMT1 Buckman et al., 2011

(Orcinus orca Pacific
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1.6 Objectives
The main objectives of this thesis are:

1) to better understand the importance of the glotzansport and fate of
priority contaminants (PCBs, PBDESs, and Hg) in dahBritish Columbia using a
dual study design (air sampling and seal sampling):

a) Chapter 2: Contaminant levels and patternsheilinvestigated in
air samples from two stations in coastal BritisHuGabia. This will enable a
characterization of the relative importance of dbws ‘background’ atmospheric
contamination, insight into a major mode of spatiatribution of persistent
contaminants in the region, and an important ifipaction for marine food webs
(deposition). This chapter will focus on PCBs aBDIEs as extensive literature is
available concerning atmospheric Hg in the region.

b) Chapter 3: Spatial variations of Hg leveld wé investigated in
harbour seals from British Columbia, Canada, andMeagton State, USA. They are
the most abundant marine mammal in the region &&Banimals in the Strait of
Georgia, BC, and inland waters of WA, USA), are nugratory, high in the food
chain and feed on a wide variety of fish and insferate species. They will provide us
with an integrated signal of local food web contaation and will help us understand
Hg exposure at the top of this marine food webis Thapter will focus on Hg levels
as extensive literature is available concerning & PBDEs in this population of

harbour seals.

2) to investigate the potential impacts of contamirexgosure on marine
mammal healthNew genomic techniques were developed and apatiddvill help

generate insight into the implications of contaminexposure on the health of marine
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mammals inhabiting industrialized regions (harbseals from BC, Quebec,

Newfoundland and WA) as well as marine mammalaigjvh a remote, supposedly
pristine, environment (Western Canadian Arctic galwhales).

a) Chapter 4: PCB-associated health effects have lepemnted in
harbour seals from British Columbia, Quebec and fdendland, Canada, as well as
Washington State, USA (Tabuchi et al., 2006; Maoal e2007). In the present thesis,
we will deepen the analyses of potential impactsooitaminants at the molecular
level by expanding the tool box from an existingethto seven new target genes,
giving us additional information on the health lostpopulation of harbour seals.

b) Chapter 5: Beluga whales from the Western Canafliatic are
exposed to relatively low contaminant concentratioompared to their counterparts
living in the St Lawrence Estuary. Their PCB levale an order of magnitude lower
and Hg levels are about five times lower (Hobbalet2003). In the present thesis, we
will investigate the potential impact of major camtinants of concern (PCBs, PBDEs
and Hg) on the mRNA levels of sixteen target geMemitoring the health of this
particular population of beluga is important as/themain an important part of

healthy diets for many communities in the Inuviabettlement Region.
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Chapter 2: Do trans-Pacific air masses deliver PCBs and
PBDEs to coastal British Columbia Canada?

This chapter is published under the following oat

Marie Noél, Neil Dangerfield, Roy A.S. Hourston, Yva Belzer, Pat Shaw, Mark
B. Yunker, Peter S. Ross. 2009. Do trans-Pacificnaisses deliver PBDEs to coastal
British Columbia“Environmental Pollutiorl57, 3404 — 3412.
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2.1 Introduction
Persistent organic pollutants (POPs), such a<htdsinated biphenyls (PCBs) and

polybrominated diphenyl ethers (PBDES), are ubanstenvironmental
contaminants. Their physico-chemical propertiesluiding hydrophobicity, moderate
vapor pressure and low reactivity, allow transpothe environment,
bioaccumulation into food webs and induction oBaety of short and long term
toxic responses. A decrease in environmental PGBeasdrations has been observed
since the ban of this chemical in the 1970s in nrahistrialized nations (Bignert et
al., 1998; Muir et al., 1999). In contrast, levetdBDEs, chemicals widely used as
flame retardants, are increasing rapidly in a wamé biota (Elliott et al., 2005;

Lebeuf et al., 2004). All three commercial formidas (Penta-, Octa-, and Deca-
BDE) are now banned in Europe, while Penta- an@-Qeére removed from the
United States (US) and Canadian markets at th@epd04. Deca-BDE remains
largely in use in North America, although Canadd smme US states have moved to
regulate this product. In Asia, legislation looros the three PBDE mixtures, but they

are still widely usedh(ttp://bsef.com)/

Semi-volatile organic compounds, such as PCBs &iH8, partition between the
gas and patrticulate phases in air and can undengprange atmospheric transport
(LRAT). The relatively high PCB and increasing PBBdhcentrations detected in
marine mammals inhabiting remote areas (Ilkonomal. €2002; Muir et al., 2006)
may indicate that these chemicals are readily pamed over great distances via
environmental processes and are then subject ¢opacation into aquatic food webs.
Atmospheric deposition likely plays a significaote in this regard, typically
delivering the majority of total PCBs found in maaxyuatic environments (Duce,
1990). With prevailing winds from the west, the rament of air masses to North

America from Asia takes only 2—10 days (Jaffe et1&99a; 2003). In this way,
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trans-Pacific transport has been implicated inddlevery of Asian dust and patrticle

associated contaminants to the west coast of Mortérica (Jaffe et al., 1999a;
McKendry et al., 2001; Primbs et al., 2008).

Atmospheric dispersion of POPs away from sourcesatoinates remote food
webs (Kidd et al., 1998). While the extent of loffdbrth American) sources relative
to the ‘background’ remains unclear, it is incregby evident that POPs in biota from
the Northeastern Pacific Ocean cannot be entitéiypated to local sources. Salmon
have been shown to acquire the majority of theiPBR@uring their time in the Pacific
Ocean, effectively importing chemicals into coastaters and terrestrial watersheds,
where they are consumed by wildlife, including desit killer whales@rcinus orca
and grizzly beard{rsus arcto} (Christensen et al., 2005; Cullon et al., 2008s&
2000). Since POPs are considered population-laveats to several endangered
marine mammal populations in BC (Ross, 2006), atgralistinction between local
and global POP concentrations is relevant to taatification and adoption of
appropriate mitigative strategies such as natigeglations and/or international
treaties.

Measuring contaminant concentrations and patterag iat only one site provides a
signal of atmospheric contamination at that siethis study, we compared and
contrasted contaminant concentrations and patétrvgo distinct sites, one being
near-urban (between Vancouver and Seattle; in tifagt 8f Georgia where local wind
patterns are constrained by regional mountains}lamdther being remote
(westernmost coast of Vancouver Island exposedhtsiPacific air masses). We
hypothesized that contaminant signals would détfethe two sites, reflecting the
influence of prevailing westerly winds at the remsite and local sources at the near-

urban site. We collected seasonally-integrated &svgs air (vapor and particle) and
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water (precipitation) from coastal British ColumipiC) during a 365-day period in

2004, analyzed samples for up to 275 PCB and PRiDgaeners, and compared
concentrations, patterns and deposition at thddeations. In this manner, our
approach used an integrated method akin to theasdive techniques including the
more qualitative or semi-quantitative Polyureth&oam (PUF) samplers and
semipermeable membrane devices (SPMDs) (Harnér, 084), while retaining a
guantitative approach. Our principal objective wapartially characterize the
relative importance of global versus local sour@eBCBs and PBDEs in coastal BC,

Canada.

2.2 Materials and methods

Sampling sites and techniques
Air (particulate and gas phases) and rain sampégs wollected continuously for a

one-year period at two distinct sites in southe@) Banada, representing “remote”
and “near-urban” locations (Figure 3). The Amphé lighthouse at Ucluelet
(48°55'12"N, 125°32'24”W, elevation = 27 m), on the west coast afri¢ouver
Island, is situated on the far western Pacific esfgéanada, and is influenced by
westerly and south-westerly offshore winds. Thedcigan Air and Precipitation
Monitoring Network (CAPMoN) station on Saturna teia(4847'24"N,
12307'48”W, elevation =178 m) is located in the moalely industrialized Strait of
Georgia, between the population centers of Viciarancouver, and Seattle, and is
encircled by a variety of industrial and urban sesrof contamination (at a distance

of 40 km from any known sources).
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Figure 3: Air and rain samples were collected at tw sites in southern British Columbia:
the remote Ucluelet station, on the west coast ofavicouver Island, and the near-urban
Saturna Island station. Prevailing winds readily déiver Asian air masses to coastal
Bristish Columbia: the two inset maps shown mean NEP/NCAR reanalysis | (Kistler et
al., 2001) 10m winds over 2004 during the cool (Jaary-March and October-December)
and warm (April-September) seasons. Data obtaineaddm the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA: http://www.cdc.noaa.gov/.

High-volume (Hi-Vol) air samplers were modifiedthe Environmental
Technology Centre (Ottawa, ON, Canada) for thedati Air Pollution Surveillance
Network. Modifications were made, enabling the ofsa larger volume motor for
larger air samples, and a Roots meter (DI Canadlaltmronto, ON, Canada) to
accurately determine sample volumes and to cofoeetny flow reduction due to
filter blockage by particulate matter. Teflon cahMIC (Meteorological Instrument

Center, Thornhill, ON, Canada) precipitation sanmgigere provided by Environment
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Canada. Sampling procedures were similar to thesertbed in EPA method TO-4

(US EPA, 1999). Two samplers were deployed at e&tfe two locations for a
continuous 365 day period ending January 3rd, 20B&ughout the year, air
samples (gas and particulate phases) were colleatedveekly basis and rain
samples were collected on a monthly basis.

PUF (7 cm diameter by 15 cm long)/Amberlite-XADRF-XAD-PUF) plugs
were used to capture the gas phase. Before uses @idenh Environmental, Cleves,
Ohio, USA) were thoroughly Soxhlet-cleaned withtméde-grade acetone (Caledon
laboratories, Georgetown, ON, Canada) for 24 h.HU€s were then placed in a
vacuum desiccator to dry for up to 12 h. XAD-2 (8lgp, Oakville, ON, Canada) was
Soxhlet-cleaned with Dichloromethane and rinseth wésticide-grade methanol
(Burdick and Jackson, Muskegon, MI, USA). Quartefifilters (QFF) (Whatman
QM-A, Clifton, NJ, US), with a pore size of 10 uwere used to capture the
particulate phase. Before use, the filters werebait 400C for 4 h. The filters were
weighed before and after sampling in order to deitee the total suspended particle
(TSP) concentrations after equilibrating to air pemature and humidity.
Contaminants in unfiltered rain (dissolvegarticulate washout) were sampled using
pre-cleaned 25 mm x 300 mm XAD-2 resin cartridgire-cleaned glass wool plugs
were installed to retain the XAD resin during tlaengling process.

One field blank was collected at each site, fohgatase and each season, for
evidence of possible contamination through handding transport. Before being
deployed in the field:*C-labeled PCBs (CB-35, 95, and 153) and PBDEs (BB®):
were added to PUF and XAD as field surrogates sesssthe possible loss of

contaminants of interest during the sampling period



40
Sample extraction, cleanup, and analysis
Samples from the two sites were subject to the sattraction, cleanup, and

guantification procedures. Coming back from thé&lfend prior to extraction, all the
samples were spiked witfiC-labeled PCB and PBDE congeners in order to monito
the extraction and cleanup procedure. Extractios peaformed during 24 h using
large volume Soxhlets and pesticide grade 80:2tw:acetone (EMD chemical,
Gibbstown, N.J., US). Extracts were reduced in v@{~2 mL) and concentrated by
rotary vaporation. They were then combined inta f®asonal pools (January—
March; April-June; July—September; October—Decejloeranalysis of PCBs and
PBDEs. Pools were then filtered through glass fillers (GFF- Whatman), and
passed through a florisil column. Samples weresdlutith 50% DCM
(dichloromethane)/hexanes and concentrated unttegan stream. A total of 202
PCB and 43 PBDE congeners were quantified by tlggdRal Contaminant
Laboratory of Fisheries and Oceans Canada usirigregplution gas
chromatography/high resolution mass spectrometBRGB/HRMS) as described

elsewhere (Ikonomou et al., 2001).

Data treatment
In the rest of the paper, air concentrations riefehe sum of the particulate and the

gas phase PCB or PBDE concentrations. The partgcated gas phase concentrations
were expressed in pgfiand the rain concentrations in pg/L. PUF and XAfef
recovery values averaged 60.4&2 (SEM) % and were within 2—-25% of the
laboratory surrogate recovery values. All the valwere therefore only corrected to
laboratory recovery values which were considerellwithin acceptable ranges (65—
112%). In an effort to reduce the impact of the euoas non-detected congeners on

the overall total concentrations, the following ssmnservative substitutions were
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applied: 1) congeners that were not detected iroatlye 26 samples were not

included in the calculations (7 PCB and 3 PBDE emegs); 2) where congeners
were detected in less than 70% of the samples (& &hd 27 PBDE congeners), a
substitution of half the detection limit was apdti@nd, 3) where congeners were
detected in more than 70% of the samples (39 P@Bd&PBDE congeners), a
detection limit substitution was applied. A tot&le@ PCB and 33 PBDE congeners
were detected in all samples at all times, for Whio substitutions were required.

Detection limits were calculated as three timescti®matogram noise at retention
time (Ikonomou et al., 2001) and averaged 0.008082 pg/ifor all PCB
congeners, and 0.01G:001 pg/mfor all PBDE congeners. Five of the 24 sample
pools (particulate and gas phase winter samples lrath sites and the gas phase
sample spring from Saturna) revealed a PCB conttiom of the procedural blank,
constraining our ability to adequately quantifyasiesignals for some congeners in our
true samples. Therefore, we excluded those sanapdefdr congeners that were less
than three times the levels reported in the blaAkstal of 38 PCB and 18 PBDE
congeners were affected, for which a mean sulstitutas applied using mean
values for those congeners as reported from ther gfasons. This represented 18%
of the total number of PCB congeners, and 26% ®PBDE congeners, measured.
The remaining 82% of PCB congeners measured, a#dof£BDE congeners, were
unaffected, with values passing our QA/QC rules.

Statistical analyses were performed to compareosehaverages of PCB and
PBDE concentrations (gas, particulate, and raibyéen the two sites.

The total atmospheric deposition of PCBs and PB(@Bsparticulate, gas and wet)

was estimated as follows:
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Wet deposition fluxe¢D;in pg/nf/day) were calculated as:

D,=W/(Axt) 1)
where Wis the mass of contaminants in the rain (pgjs #e surface area of the
sampler (0.203 f), and tis the duration of the sampling period (days).
Dry deposition fluxegkg/ha/year) were estimated as:
Dry deposition rate = ¥x C (2)
where \jis the dry deposition velocity (cm/s),i€the contaminant concentrations in
the particulate or gas phase (Ld/riThe use of a constant deposition velocity value
for the calculation of the dry particulate depasitintroduced a bias in our estimation
of total atmospheric deposition at the two sitdss parameter is highly variable and
dependent on environmental features and physieahcteristics of both the pollutant
and receptor surface (Franz et al., 1998), reguitira fairly wide range of deposition
velocity values reported in the literature. Of thwe main PCB deposition velocity
values used in previous studies (0.5 cm/s (Leedter., 1994; Totten et al., 2006) and
0.2 cm/s (Hoff et al., 1996)), we selected the faris it is considered more
appropriate for PCBs that bind to particles in(&nanz et al., 1998; Totten et al.,
2004). Since no such estimates have been adeqdatetioped for PBDE for aquatic
application, we used the deposition velocity vglué cm/s) established for PCBs.
The net flux at the air—water interface is dividetbd volatilization and absorption.
However, in the present study, a one-way gaseatlsaege was considered as no
water PCB/PBDE data were available to estimatedterse flow.
The absorptive gas flufFgas an} (pg/nf/s) was calculated as:
Fyas:abs= KoL X Cai/H’ (3)
where Ko is the overall mass transfer coefficient (m/s);i€the chemical

concentrations in the gas phase (pyy/and His the dimensionless Henry’s Law
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constant [related to Henry’s Law constant H (Pamol) (Brunner et al., 1990; Xu et

al., 2007) as H/RT with R being the ideal gas lanstant (Pa.fiimol/K) and T is the

temperature near the air—sea interface (K)]. Detail the calculations are described
elsewhere (Eisenreich et al., 1996; Hornbuckld.efi894; Totten et al., 2006). The

range of K values that we calculated are similar to thosentedcelsewhere

(Hornbuckle et al., 1994; Totten et al., 2006).

Principal components analysis (PCA)
The stated concentration was used for analytestexpby the laboratory as NDR

(non-detectable range; peak detected but confirmaimgatios outside of the specified
range), while undetectable values were replacea faypdom number between zero
and the limit of detection before PCA. Each contaant analyzed was evaluated for
potential interferences, closeness to the limdetkction and the percentage of
undetectable (random value estimated) values béafolasion in the final PCA data
set of 104 PCBs and 15 PBDEs. Samples were nomuaizthe concentration total
before PCA to remove artifacts related to concéintnadifferences between samples.
The centered log ratio transformation (divisionthg geometric mean of the
concentration-normalized sample followed by lognsfarmation) was then applied to
this compositional data set to produce a datehsettas unaffected by negative bias
or closure (Ross et al., 2004) and where the aeeragcentration and concentration
total were identical for every sample. Data weenthuto-scaled before PCA to give

every variable equal weight.
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Back trajectories
Back trajectories were generated from our two sargites, four times daily (00,

06,12 and 18Z), and at four different elevatior 100, 500, and 3000 m) for the
calendar year 2004. This helped capture temporchvartical variability of flow both
within the local atmospheric boundary layer (repregg gas and particulate phases
of contaminant transport), as well as near thectlmase (where air parcels with
contaminants in rain might originate). A rangewbtto ten days was previously
reported for trans-Pacific transport (Holzer et 2003; Jaffe et al., 1999b; Wilkening
et al., 2000), but our preliminary results (notwhpreveal that a ten day period for
2004 was more realistic. Ten-day back trajectosiese generated using the Canadian
Meteorological Center (CMC) trajectory model (D'Amms et al., 2001). Back
trajectories were combined into four seasonal ersghat matched the air and rain
sampling pool periods. Preliminary results suggesi® distinctive trajectory
patterns over the sampling year, which led us ta prajectories over cool (October—
March) and warm (April-September) seasons. Clustalyses were performed on
the back trajectories over each of these two saasodiscern the overall trajectory
patterns. Cluster mean trajectories and the peagendf total individual trajectories in
each cluster using the CMC model were similar sults obtained using the
HYSPLIT (HYbrid Single-Particle Lagrangian IntegrdtTrajectory) model (Draxler
et al., 1997) developed at the NOAA Air Resourcabdratory. We present here only

the results from the CMC model.

2.3 Results and Discussion
During a 365-day period, we operated continuoub-ki@ume air and precipitation

samplers at two locations, from which we colledd@dveekly air (vapor and

particulate) and 12 monthly rain samples, combihede into four seasonal pools,
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and analyzed sample extracts for a total of 275 BRBPBDE congeners using

HRGC/HRMS. The resulting 24 samples analyzed sigbtl dn concentrations and
patterns of PCB and PBDE congeners at each silealan provided us with an
opportunity to compare across the two sites. Wllestudy design precluded an
assessment of short-term episodic influenceswbestte strategy provided a basis
for an evaluation of the nature of PCB and PBDEammation of air and
precipitation in coastal British Columbia, Canaf@laroughout the 2004 measurement
period, we readily detected PCBs and PBDEs at thathhemote Ucluelet station on
the westernmost coast of Vancouver Island, andélae-urban Saturna Island station.
However, there were noticeable differences in cotrtagons, patterns, and deposition
rates that provide insight into source and trarsjomictions for these contaminants in

the northeastern Pacific Ocean.

PCB and PBDE concentrations, patterns, and partitioning
Seasonally averaged total PCBs (9.3.% pg/nfand 8.9 0.7 pg/ nifor Ucluelet

and Saturna, respectively) and PBDEs (13671+pg/ mfand 12.2 46.3 pg/ ) in air
(gas +particulate phases) are similar at both sites @8&hl These PCB
concentrations are lower than those previouslynteddor rural and urban areas of
continental North America and Asia (Lammel et 2007; Panshin et al., 1994Db), but
are in the same range as levels from Mt. Bachebme@atory, Oregon, US (Primbs
et al., 2008). PBDE concentrations in southern BGamples are lower than the
levels from urban areas in Asia or the US (Hoh.e2805; Wurl et al., 2005), higher
than concentrations reported in remote sites (Bbary et al., 2001), and similar to

levels previously reported over the North Pacife@n (Wang et al., 2005).
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In rain, the seasonal mean concentrations of PGRst0.0 ng/L and 4.3 8.9

pg/L for Ucluelet and Saturna, respectively) andEB + 0.0 ng/L and 14.84.4

ng/L) are lower at the remote Ucluelet comparethéonear-urban Saturna site (Table
3), consistent with an influence of dilution duethe much higher precipitation at
Ucluelet (3270 mm) compared to Saturna (710 mm)ef\tonsidering the amount of
contaminants collected in the rain samples, tha toasses of PCBs are similar at
both sites, while PBDEs at Saturna exceed the neonete Ucluelet by six times. The
higher amount of PBDE in rain at Saturna, even ghdhe air concentrations were
similar, can be explained by the higher portiof?BDEs bound to particle at the
Saturna site, but can also reflect contaminationicg from higher elevation.

These observations support the notion of a some\wimaform” distribution of
legacy PCBs in air, and an influence of local andent PBDE usage. A
concentration gradient of atmospheric PCB and PB&iamination from urban to
rural and remote locations has been observed etsewB8hen et al., 2006). PCB
levels detected in rain from southern BC are highan those reported in Atlantic
Canada (Brun et al., 1991), but the PCB and PBDi€eautrations in our study are
comparable to those detected in rain from SwedgnglRet al., 2002; Ter Schure et

al., 2004).
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Table 3: Seasonal mean temperature, precipitatiorand total suspended particles (TSP), as well as PGBid PBDE concentrations in air (gas

+ particulate) and rain are presented for each siteharacterizing the near-urban site Saturna IslandStrait of Georgia) and the remote

Ucluelet (west coast of Vancouver Island).

Y PCBs Y PBDEs
Mean daily Total TSP air rain air rain
Temperaturé  Precipitatioft (ug/n?) (pg/r?) (pg/L) (pg/r?) (pg/L)
(°C) (mm)
Saturna  Winter 5905 199 38.1 99 4731 7.0 13016
Spring 13.3+0.5 67 9.5 16.2 6613 31.2 13923
Summer 16.7 £ 0.5 159 2.8 8.1 4036 4.9 5334
Fall 8.6 +0.5 285 -- 7.5 1842 5.7 26762
Seasonal meén 109+14 na 18.7 +10.8 8.9+0.7 4305 + 985 12.2+6.3 Di¥=441
Ucluelet  Winter 6.9+0.5 1037 34.2 9.2 124.2 14.9 1721
Spring 11.5+0.3 314 16.7 10.8 148.9 #0.2 30.6 87.8+2%
Summer 15.0+0.3 463 10.2 9.7 119.2 4.3 58.4
Fall 9.1+0.5 1456 -- 7.3 155.9 5.1 109.3
Seasonal mean 108+1.1 n4 124+ 4.0 9.3+0.7 139.4+7.4 13.7+£6.1 106810.1

% Values recorded by Environment Canada (www.clamwa¢atheroffice.ec.gc.ca). Precipitation valuesuihe both snow and rain. Our precipitation valusst (
presented) appeared to be largely underestimatdzhply because of some loss due to the limitedaigpaf the sampler (during wet period) and somaperation
process (during warm/dry period): represents estimation from the remaining seaSorwerage + standard errdr.average + standard error from 2 replicates. e:

non applicable. --: non available.
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Pincipal component analysis clearly differentiates different phases based on
their PCB and PBDE congener patterns (Figure 4)candincingly illustrates the
partitioning between the vapor, particulate, andeaas (rain) phases. The first
principal component (PC1: 39.3% of the total vacegrseparates the particulate from
the gas and rain phases, while the second comp{€gat 15.1%) separates gas from
rain. In the corresponding variable plots, the PBREd hepta- to deca-PCB
congeners project on the left hand side, indicatipgedominance of heavier
congeners in the particulate phase. Physico-chémrioperties as well as
environmental parameters that could be involvetthis partitioning process will be

further discussed below.
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Figure 4: Principal component analysis (PCA) wherghe variance accounted for by each
principal component is shown in parentheses aftehe axis label. (a) As shown by the
sample score plot (t1 and t2), patterns of polychtonated biphenyls (PCB) and
polybrominated diphenyl ethers (PBDE) congeners diéred markedly between the three
phases: gas, particulate and rain. Within each phas there were no clear differences
between sites, or between seasons. (b) The PCA lway plot (p1 and p2) for individual
PCB and PBDE congeners. The particulate phase reviea that the heavier halogenated
congeners were associated with the particulate phagR: rain, P: particulate, G: gas

phase, Wi: winter, Sp: spring, Su: summer, Au: autmn).
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The seasonal average particulate phase contrilsuttotine total air concentrations

are 13 £3% and 15 2% for PCBs at Ucluelet and Saturna, respectiaig, 31 +
12% and 49 #44% for PBDESs. For both classes of chemicals, tim¢ribution of the
particulate phase is similar between sites (p05). The generally lower vapor
pressure of PBDES results in higher particle-bope@entages than observed for
PCBs, with the highly brominated congeners sudB2E-209 residing almost
entirely in the particulate phase (76% and 91 2% for Ucluelet and Saturna,
respectively, based on seasonal average). Thishimglng of BDE-209 to particles is
thought to limit the transport of this congenerdmote areas (St.Amand et al., 2007).
The seasonal average of the percentage of pasticied for the different homologue
groups is highly correlated with the log vapor gres at both sites (Henry’s Law
constant or H; p €.01) (Figure 5). The lack of significant differescin slopes
between the two sites 0.05) suggests similar gas/particle partitioninigisT
observation is in accordance with the similar emwinental parameters, such as
temperature and amount of total suspended par(jole9.05), reported at the remote
Ucluelet site and the near-urban Saturna locafiable 3).

Based on seasonal averages, correlations betweeirttain concentration ratio
and the particle-bound percentage were observeaptorPCBs (r= 0.41 and 0.70
for Ucluelet and Saturna, respectivelys p.05) and PBDEs {r= 0.62 and 0.56, g
0.05). There is no correlation between the gasfrantentration ratio and Henry’s
Law constant for PCBs and PBDEs at both siteshéurlemonstrating the limited

contribution of the gas phase to rain associatetbooinants.
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Figure 5: There are no significant differences inlie PCB and PBDE gas-patrticle
partitioning between the remote Ucluelet site (-) rd the near-urban site Saturna Island
(---) consistent with the similar environmental paameters (temperature, amount of total

suspended particles) reported at each site. (Vapgressures are from (Falconer et al.,
1994; Xu et al., 2007)).

Based on the average for the four seasons, PCBlbgoegroup patterns in air
and rain are similar (Figure 6). Tri and tetra-@GBsprise between 21 and 30% of the
total PCB concentrations at each site and domihaterofiles, as reported in studies
from other parts of the world (Panshin et al., 29otten et al., 2004; Yeo et al.,
2004). Di-CBs contribute between 14 and 23% oftti@l and the heavier homologue
groups comprise decreasing contribution with insirgamolecular weight. The
pattern of PCBs in air is similar at the two sitest a lighter pattern is evident in rain
at the remote Ucluelet site. The contribution of@Bs is higher at Ucluelet, whereas
rain at Saturna has significantly higher contribns of the heavier homologue groups
(penta, nona, and deca-CBs). Lighter congeners (B,88, 31, and 33 are the
dominant congeners (see top six congeners in Bgbonsistent with previous

studies conducted in other remote locations (Parethal., 1994a; Shen et al., 2006).
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The contribution of these lighter PCB congene®BR&Bs is higher at the remote

Ucluelet site (30—40%) compared to the near-urlkaorBa site (25-35%).

At both sites, the seasonal average reveals that,tpenta-, and deca-BDE
homologue groups dominate the PBDEs in air andsamples, but the pattern differs
between these two matrices. In air, tetra- andgpBRIE groups dominate the
composition of PBDEs (75 + 7% and 67 + 8% ®BDEs at Ucluelet and Saturna,
respectively), while deca-BDE dominates the comtpmsin rain (61 + 4% and 78 +
6% of Y PBDES). This dominance of Deca-BDE in rain is cstesit with the high
percentage of BDE-209 bound to particles and tgk bontribution of particle
scavenging by precipitation (Hirai et al., 2004) bloth matrices, PBDE homologue
group pattern appears lighter at the remote Udwsétke, although this was only
significant in rain samples (Figure 6). In termsohgeners, BDE-47, 99, 100 and
209 are dominant in air, representing 80 + 8% BBDEs at Ucluelet and 81 + 13%
at Saturna (Table 4). In rain, BDE-47, 99 and 28®anted for 81 + 6% and 90 + 9%
of the total PBDEs at Ucluelet and Saturna, re$pelgt while BDE-100 does not
appear in the top six (Table 4). Significant cdnitions of BDE-209 to PBDE
contamination of air have been reported in urbahramote sites (Gouin et al., 2006;

Hoh et al., 2005).
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Table 4: Mean annual concentrations of total PCB ath PBDE concentrations, as well as their six domindrcongeners, in the gas phase,

particulate phase (pg/r) and rain (pg/L) at the remote Ucluelet and the nar-urban Saturna Island are presented.

RAIN PARTICULATE PHASE GAS PHASE
Ucluelet Saturna Ucluelet Saturna Ucluelet Saturn
> PBDEs 103.07 £ 19.09 14758.83 + 4440.77 2.30+£0.10 3.62+0.34 1141 +6.13 7.10 £5.05
209 65.09+14.50 20912263.69+4501.96 209 0.71+0.26 209.17+0.06 99 4.82+2.78 99 3.07+2.39
47 10.57+1.36 99 532.62 + 74.27 47 0.51+0.10 9B83+0.17 47 3.50+1.76 47 2.20+1.52
99 7.86 +£1.48 47 499.32 +98.21 99 042+0.12 4¥71+0.09 100 1.01+057 100 0.59+0.45
3 5.61 +2.23 206 415.42 +100.18 3 0.27+0.07 100.16 +0.03 153 0.45zx0.27 153 0.28+0.22
207 276 £1.25 207 305.59+64.51 100 0.09 + 0.02 3 0.13+003 85 1a06.24 154 0.23+0.18
206 2.35+1.04 3 220.81 +£73.01 207  0.06 £0.0107 20.10+0.02 209 0.20+0.05 209 0.11+0.03
> Top 6 94.24 +21.86 14237.45 +£4912.14 2.05580 3.11 £0.40 10.39 £5.67 6.48 +4.78
Y PCBs 139.42 £ 7.39 4305.36 + 985.35 1.12 +0.27 06 £.0.22 8.14 +1.29 7.08 £0.34
8 13.91 + 2.56 31 214.31 + 46.68 8 0.06+£0.01 8.07@0.02 11 0.79%0.16 8 0.31+0.00
28 8.14 +1.05 28 203.27 £ 46.75 31 0.05+0.02 3105z%0.01 18 0.43+£0.06 95 0.27+0.02
31 8.09 + 0.96 33 199.86 + 45.24 18 0.05+0.02 1B05+0.01 31 0.39+0.07 33 0.24+0.03
18 6.81 + 0.65 8 153.27 + 56.43 4 0.03+0.01 2804@0.01 8 0.36 + 0.06 44  0.21+£0.02
33 6.70+1.01 18 149.34 + 31.24 16 0.03+0.01 3B04+0.01 28 0.36 £0.06 43/49.18 +0.02
15 5.88 £ 0.47 70 146.80 +32.73 52/73 0.02+0.014 0.04+0.01 52/730.36+0.05 16 0.17 +0.02
> Top 6 49.53 £6.7 1066.85 +259.07 0.24 +0.01 0.29+0.01 2.69 £0.07 1.38+0.01
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Figure 6: PCB (a,c) and PBDE (b,d) homologue groupatterns in rain and air
(particulate + gas) reveals lighter signature for bth chemical classes at the remote
Ucluelet (white) compared to the near-urban Saturndsland (black) consistent with

long-range atmospheric transport of less halogenatePCBs and PBDEs. Differences
between sites: * = p < 0.05; * = p < 0.01.

Seasonal variation in PCBs and PBDEs
Along coastal BC, two prevailing wind patterns acduring the year, reflecting the

dominant influence of two large-scale atmospherimutation features over the
Northeast Pacific: the Aleutian Low in winter ame tNorth Pacific High in summer.
During the cool season, the effect of eastwardkingcstorms into the Gulf of Alaska
give rise to the Aleutian Low pressure system dkerNortheast Pacific and

prevailing winds generally blow from the south/deutest along coastal BC. During
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the warm season, the Aleutian Low weakens, witbaeahsed frequency and

intensity of storm systems. At the same time, tlhettNPacific High pressure system
to the south strengthens, and resulting winds atoagtal BC originate from the
west/north-west (Lange; 2003) (Figure 3). Offshared over much of the North
Pacific, both the cool and warm season circulapiatterns favour a westerly
atmospheric flow in the mid-to lower tropospherel@w 5 km), regardless of season.
Our ten-day back trajectory analyses (Figure Agcethis dominant flow from the
west, with little seasonal variation in wind dinect along the BC coast.

We present only the back-trajectory results forlfichielet site, as the two
sampling sites revealed similar results. This isststent with the large-scale
atmospheric flow from the west, although nearemthst coast of North America
prevailing wind directions are more variable du¢h® influence of topographic
features such as coastal mountains and inland weysr In a region such as the
Strait of Georgia, the complex behaviour of lodai@spheric circulation patterns is
due to the interaction between the large-scale 8od/local circulation regimes, such
as topographically-steered along-channel flow, ypsidownslope winds, and land-
sea breezes (Lange, 2003). Since this complexlatron regime is on a similar or
finer scale than that of regional atmospheric madéky would be of limited value in

our current study.
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October — March April September

Figure 7: Six-hourly, 10-day, back trajectories fran Ucluelet were calculated over 2004
using the Canadian Meteorological Center trajectorymodel. Trajectories were clustered
over the cool (January-March) and warm (April-Septanber) seasons. The mean
trajectory for each of the three clusters is showand each cluster is enclosed by en
envelope indicating +/- 0.5 standard deviation. Chkter results are similar between
stations (Saturna Island not shown) and seasons. &lshort distance trajectory cluster
(cluster 3) reflects low-level (~ 1km) short-rangéransport air masses from the
northwest and southwest. The remaining two clusterseflect long-range eastward
transport from eastern Asia (predominantly Russia /China), one characterizing high
altitude (~ 5 km) flow (cluster 1) and a small perentage of the total clusters; and the
other one representing lower altitude (~ 2 km) flonand almost half of the total number

of trajectories (cluster 2).

At both air sampling sites, PCB concentrationsiirappear relatively stable
throughout the year, but the highest levels of B@iBs (10.8 pg/m3 and 10.2 pg/m3
for Ucluelet and Saturna, respectively) and PBCEBsE pg/ miand 31.2 pg/ rifor
Ucluelet and Saturna, respectively) were obsemexbiing at both sites (Table 3).
Spring is the most favorable time for the delivefyir pollutants from the west to the
coast of North America (Jaffe et al., 1999b; Wiliagnet al., 2000). While similar

inter-seasonal PCB and PBDE patterns would suggesdar sources and pathways
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throughout the year, the highest concentrationsrteg in spring, especially for

PBDEs, could indicate increased delivery from trBasific air mass movement
during this season, consistent with the findingstbers (Holzer et al., 2003).
Episodic sampling and analysis would help bettecelin the influence of seasonal
weather systems.

A lack of correlation between temperature and PEBRDE concentrations in air
(results not shown) may be explained by the naraowge of annual temperatures in

the temperate coastal environment of BC as wdllyasur limited sample size.

Global versus local sources of PCBs and PBDESs in southern BC
Since atmospheric deposition represents a significaite of entry of contaminants

into aquatic ecosystems (Duce, 1990), we estinthedeposition to the water
surface adjacent to each sampling station. For REbBBDES, the wet and
particulate deposition (50.5 + 8.2% and 39.7 + 3.B8pectively, on average at both
sites for all seasons) dominate the total atmosphkeposition, followed by gas
deposition (9.8 £ 6.2%). As reported elsewhereifCatal., 2007; Holsen et al.,

1991; Venier et al., 2008), dry deposition was duwted by particulate washout,
despite the majority of PCBs and PBDEs being fouartie gas phase. While the gas
phase contaminants are deposited by diffusioniqogate contaminants are deposited
mostly by gravitational settling resulting in a rhutagher deposition velocity (Holsen
et al., 1991). Using the values recorded at Sajuvaastimated the total atmospheric
inputs of PCBs and PBDEs to the Strait of Georg800 knf) at 3.5 + 0.7 kg/year
and 17.1 + 6.5 kg/year, respectively, highlightihg increasing dominance of the

PBDEs as environmental contaminants.
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A comparison of total deposition rates at the remagst coast site and the near-

urban site provides a means of estimating the dartion of a global PCB and PBDE
‘background” (namely, those PCBs and PBDEs deriverh long-range atmospheric
transport) in southern BC air. The similar PCB dgfion rates at both sites (4.4
mg/hal/year and 3.9 mg/halyear for Ucluelet andr8atuespectively) underscore a
relatively uniform geographical “background” ftinis legacy compound. On the
other hand, the much higher PBDE deposition rateiahear-urban site (19.1
mg/hal/year) strongly suggests a local (North Anzrjanfluence for this at the time
still used flame retardant (Figure 8). Despite ggmal, we did detect PBDEs at the
remote Ucluelet site (8.1 mg/ha/year), on the owtest coast of Vancouver Island,
where they amounted to 42% of the rates calculatetthe near-urban Saturna site. In
conducting over 12,000 ten-day back trajectoriesfound that 40% originated over
Asia. Prevailing winds from the west are therefowasistent with our observed
difference in PBDE deposition between the two siweth these two lines of evidence
supporting the notion that non-North American searaccount for a significant

percentage of the PBDEs in coastal BC air.



58

1 Wet
110 Gas
1 = Part

= = N
o 5 =}
, .

Total annual deposition (mg/ha)
(&)}

Figure 8: Annual PCB deposition (wet + particulate+ gaseous) is similar at both the
remote and near-urban sites, reflecting the relatigly uniform environmental dispersion
of this legacy chemical. In contrast, Saturna Islad receives higher amounts of PBDEs
than the remote Ucluelet reflecting the influence fdocal sources for this currently-used
flame retardant. Nonetheless, the detection of PBBEat the Ucluelet station can be

traced back via prevailing winds to the Asian contient.

2.4 Conclusions
While PCBs remain the persistent contaminant oteamin aquatic biota from BC,

PBDEs are increasingly seen as an emerging thoeaatine mammals, including
killer whales (Ross, 2006). The rapid movement e$terly air masses across the
Pacific Ocean provides a mechanism for the reatiyeitg of pollutants to North
America from a burgeoning Asian economic zone €Jaffal., 1999b; Wilkening et
al., 2000). Moreover, PBDE concentrations in Asarare likely to increase in part
as a result of extensive electronic waste recydites; 80% of the North American
‘e-waste’ is exported to Asia for recycling, dumgpiand/or open burning (Wong et
al., 2007). Our observation of what appears to betable, trans-Pacific contribution
to BC for the commonly used PBDEs highlights thechtor global regulatory

scrutiny (Ross et al., 2009), such as has beerdafiao other POPs by the
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Stockholm Convention. The application of high-resioin regional atmospheric

models, combined with additional, episode-oriergachpling and congener-specific
contaminant analyses, should contribute to a bettderstanding of this mechanism

in coastal British Columbia.
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Chapter 3: Harbour seal fur and whiskers: insights into
mercury exposure at the top of a coastal northeastern Pacific
food web.
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3.1 Introduction
Mercury (Hg), in the form of toxic methylmercury @¥g), can bioaccumulate up

the food chain and has the ability to induce aetgrof short and long term toxic
responses in marine top predators. Significant étgentrations reported in various
species of marine mammals around the world (Beckehah, 2002; Brookens et al.,
2008; Loseto et al., 2008b) have been linked taotexicity and immunotoxicity
(Basu et al., 2009; Frouin et al., 2011).

Globally, mercury is emitted from both natural (960f the total Hg atmospheric
emissions, most of which includes re-emissions fpast deposition) (Pirrone et al.,
2010) and anthropogenic sources. Human activitiesg the past two centuries have
augmented the Hg cycle such that two to three tiima® Hg is currently cycling
through the biosphere than in pre-industrial tirR@s¢ne et al., 2010). Among a
variety of anthropogenic mercury sources, whichehaeluded fossil fuel fired power
plants, ferrous and non-ferrous metal smeltersastevincinerators, the leading
emission, accounting for about 40% of total antbggmic emissions, has been
artisanal small scale gold mining activities (wwnep.org). However, electric power
generation facilities are the number one sourcéribaring to more than 50% of the
total anthropogenic emissions (Pirrone et al., 20lb0Canada, most European
countries, and Japan, there are regulations to tirarcury emissions from coal fired
power plants. In December 2011, the US Environniétratection Agency defined,
for the first time, national standards in ordergéduce mercury pollution from power
plants (vww.epa.goy. In Asia, the major emitter of Hg, there is liedtregulations
currently in place representing a concern as itgrifution is expected to become
more significant due to anticipated increases irssions, particularly in China
(Pacyna et al., 2010). On the international leted,Minamata Convention was

recently agreed on by many nations and will beesign October 2013. Governments
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agreed to a global, legally-bonding treaty to colnind reduce mercury emissions

across a range of products, such as thermometersrnamgy-saving light bulbs. This
Convention is also aiming at controlling emissifmosn mining, cement and coal-

fired power sectorsafww.unep.org.

With prevailing winds from the west delivering amasses from Asia to North
America in two to ten days (Jaffe et al., 1999lffeJat al., 2003), it has been
estimated that Asian emissions contribute betw&eantl 24% of the total Hg
deposition over the western United States (US)f&rir et al., 2004; Strode et al.,
2008). In addition to long-range transport, a lbigjory of local Hg contamination in
the Salish Sea commenced in the late 1800s (Jossemet al., 2005). The most
recent significant contamination period (1965-19%8¥ associated with a chlor-
alkali plant at the head of Howe Sound, which mayehbeen discharging in its
effluent as much as 20kg'@f inorganic Hg (Thompson et al., 1980).

Harbour seals are the most abundant marine manamidls transboundary waters
of British Columbia (BC), Canada, and Washingtoat&{WA), USA. There are
about 39 000 harbour seals inhabiting the Stra@edrgia (BC) (Olesiuk, 2009) and
between 13 000 and 14 000 in the inland waters Af(Y¢éffries et al., 2003). They
are relatively non migratory and feed on a widaetgrof fish and invertebrate
species providing us with an integrated signabo#l food web contamination. There
are a number of studies on persistent organic famits (POPS), such as
polychlorinated biphenyls (PCBs), in this populataf harbour seals and their food
web that revealed spatial variations in contamamatFor example, harbour seals
from WA have been reported to be seven times mGE ébntaminated than the ones
from BC (Ross et al., 2004; Ross et al., 2012¢dmntrast, little is known about Hg

levels in this population of harbour seals.
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Hair provides a stable medium that has been usadas-invasive way to monitor

Hg exposure in pinnipeds (Brookens et al., 2008addition, Hg is stored in the hair
as it grows, providing a history of accumulatiorentime (Legrand et al., 2004;
Rodushkin et al., 2003; Stadlbauer et al., 2005)opposed to human hair, which
grows continuously over time, harbour seal haimgroapidly over a short period of
time after the annual moult therefore preventinggeral trend analyses of mercury
accumulation. Harbour seal whiskers, on the othedhgrow throughout the year
(Greaves et al., 2004; Hirons et al., 2001). Heeeuse a combination of hair and
whisker samples from live-captured harbour seaisvestigate 1) the factors
affecting Hg accumulation in harbour seals; 2) igpatriations of Hg at the top of
the coastal BC and WA marine food web; 3) Hg acdatran along harbour seal pup
whiskers; and 4) determine whether current Hg kae¢ of concern for this

population.

3.2 Materials and Methods

Sampling
A total of 167 harbour seal pups (82 males; 85 feg)al4 juveniles (8 males;

6 females) and 28 adults (14 males; 14 females® \isgx captured at ten sites in
British Columbia, Canada, and Washington State, UsAween 2003 and 2010
(Figure 9). An average of 7 = 2 seals were colketieeach site. Harbour seals were
caught using two techniques. At rocky sites, irdlinl seals were captured using
salmon landing nets. At sandy haul out sites, ipleltseals were captured at once
using a rapidly deployed beach seine net (Jeféied., 1993). Body weight, length,
girth (only for pups) and sex were determined. Wwas collected using an electric

razor following cleaning of the site with deionizedter. Whiskers (one per
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individual) were cut as close to the face as ptssibd were collected for 10 pups

captured in Puget Sound.

Capture stress and holding time were minimized pAdcedures were carried out
under the auspices of the respective animal carersttees and scientific research
permits for researchers in British Columbia (Fiskeand Oceans Canada Animal
Care Committee with guidelines from the Canadianr@d on Animal Care;
Scientific Research Permit) and Washington Stat&.(Marine Mammal Protection

Act Permit 835).

123"

100kn

Pacific Ocean

Figure 9: A total of 209 seals were live-capturedtavarious sites in British Columbia,
Canada, and Washington State, USA, between 2003 ag@10 (1: Bella bella; 2: Queen
Charlotte Strait; 3: Quatsino Sound; 4: Port Renfraw; 5: Strait of Georgia; 6: Juan de
Fuca Strait; 7: Skagit Bay; 8: Central Sound; 9: Sath Sound; 10: Hood Canal).
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Total mercury (THg) analyses in harbour seal hair and whiskers
To remove any external contamination, all hair sabples were rinsed with

acetone / de-ionized water / acetone and leftyatroom temperature. They were
then stored in a dessicator until analysis. Anagerof 1.7 £ 0.7 mg of hair was
analysed for THg using a thermal decomposition Zeeatomic absorption
spectrometer RA-915+ coupled with a PYRO-915 attaait (Lumex, St. Petersburg,
Russia). The detection limit was 0.002 pug/g drygheiWe used a customized high
sensitivity version of the methods developed presfip by Sholupov et al. (2004).

Two standards were used: a sediment standard NI83 @lational Institute of
Standards and Technology, Gaithersburg, USA), dndh@an hair standard NIES 13
(National Institute for Environmental Studies, @&y Japan). As NIST 2709
appeared to be a more homogeneous standard, usedg¢o make the calibration
curve. One NIST 2709 and one NIES 13 standard wasgvery six samples to ensure
that there was no deviation from the calibrationveuEach of the 209 seal hair
samples was run in triplicate.

Mercury levels along pup whiskers were analyzedgiiser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS). Whisslueere first mounted on a
glass slide using double-sided tape. LA-ICPMS asedywere conducted following
the protocol outlined in Sanborn and Telmer (2008 LA-ICPMS system used was
a Thermo X-Series 2 Quadrupole ICP-MS couplediiea Wave UP-213 UV laser
ablation system. The laser system operates at alerayth of 213 nm and a
maximum energy output of 3mJ. All whiskers wereatdd at a spot size of 65 um
with an output frequency of 20 Hz and 65% powenelscans along the middle line
of the whiskers were completed by tacking the lasamg the whisker at 100 um/s.

Background intensities were collected for 30s pr@orunning the laser. In addition, a
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pressed synthetic calcium carbonate pellet stanmééedence material MACS-3 (US

Geological Survey) was analyzed, both at the begghand at the end of each run, in
order to complete an external drift correction d@onpensate for any changes in
machine sensitivity.

The determination of THg in hair and whiskers igresentative of MeHg
concentrations as previous studies have shownmrtbet than 90% of mercury present

in hair is in the methylated form (Kehrig et al99B; Voegborlo et al., 2010).

Stable isotope analyses
All hair sub-samples were washed with 2:1 chlonofonethanol three times to

remove any surface contamination. Each hair samatethen freeze-dried at -50°C
for 24 to 48 hours and then stored in a dessieatbokanalysis. Subsamples of
approximately 0.9 £ 0.09 mg were placed in tin cégs Stable isotope
measurements were carried out at the Biogeochenkiatility (School of Earth and
Ocean Sciences, University of Victoria, BC) usingisons NA 1500 Elemental
Analyser-Isotope Ratio Mass-Selective (Milano yifahterface to a FinniganMAT
252 Isotope Ratio Mass Spectrometer (Bremen, GernmResults are reported in
parts per mil (%o):

OX = [(Rsample/ Rstandard — 1] x 1000
wheredX is §2°C (%o vs PDB) 08™°N (%o vs air N), and R is thé*C/*°C or >N/*N
ratio, respectively. Carbon and nitrogen measurésneare made relative to run of
acetanilide (an in-house standard with known iset@tios) and blanks. Replicates
were analyzed in every batch to evaluate variatatisin samples, variations over

time and variations between sample racks. Isoteglices were adjusted.
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Data treatment
Each fur sample was analyzed in triplicates for THHgevery case, variation

amongst triplicates was < 10% which is considergdimthe instrument / scale / user
average precision and therefore the average fahtike replicates will be used.

Preliminary results on Hg levels in harbour sead pair revealed no significant
differences among sites from the same geograpbioneSamples were therefore
pooled as followsStrait of Georgiancludes Hornby Island, Quadra Island and
VancouverJuan de Fuca Straincludes Sidney, Victoria and Smith Island.

The 209 harbour seals sampled were grouped inte thifferent age classes: (1)
pups that were between 4 and 6 weeks old, (2) jlesethat were under 4 years old
for males and 5 years old for females and (3) aduftich included seals above 4 and
5 years old for males and females, respectivelylttahd juvenile harbour seals were
only captured in Southern Puget Sound. Becaudeeddfatial variations observed in
Hg levels in harbour seal pup fur, only pups frauteern Puget Sound will be used
for comparison with adults and juveniles.

Normality and homogeneity of variances were tetetHg levels (expressed on a
dry weight basis) using the Kolmogorov-Smirnov testl Levene’s test, respectively
(SPSS, IBM Corporation, Armonk, NY, USA). If thetdalid not meet the
assumption of normality and homogeneity of variantieey were log-transformed.
Analyses of variance (ANOVA) followed by a Dunnsttést were performed to
determine differences in Hg levels from our refeeesite, Bella Bella. ANOVAs
were also used to determine possible differencéfgitevels among age classes and a
t-test was used to investigate differences betvgegps.

LA-ICPMS data collection and data reduction wermpteted using Thermo
Electron PlasmalLab Software 2003, Version 2.6.E(fo Fisher Scientific Inc.).

The “fully quantitative analysis” option was chos&milar to previous studies
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investigating Hg variations along hair strands,used sulfur as an internal standard

in order to reduce the influence of variationshae tate of ablation on the data. Sulfur
amounts to 5% of the element concentrations indradrits concentration has been
reported to be stable among hair and along hangds (Rodushkin et al., 2003;
Stadlbauer et al., 2005).

The laser was run across the whisker at 100 umi€:04um length corresponds to
a whisker growth of approximately 3h, on the bas$ian average whisker growth rate
for newly grown whisker of 0.78 mm/day (Zhao ef 2004). In order to get
approximately a daily signal, an average was geeevery eight data points. Low
standard deviations within these subgroupings edlsarepresentative average.

Hg variations along harbour seal whiskers weresseseby segmented linear
regressions using the program SegReg (downloaded fr

http://www.waterlog.info/segreg.hfmvhich selects the best-fitting break-points and

linear regression functions for a given data ske 3election for best fit is based on

significance and maximal explanation of variatiQoéterbaan; 2005).

3.3 Results and discussion

Influence of age group, sex, and other biological variables on Hg accumulation
in harbour seals

Adult harbour seals (8.3 + 0.8 pg/g) had higheramer levels than juveniles (4.5 =
0.5 png/g; p =0.001) and pups (5.3 £ 0.3 ug/g;0o7) (Figure 10) consistent with
previous studies reporting an increase of mercutly age (Aubail et al., 2011;
Brookens et al., 2007; Skaare et al., 1994). Areiage of Hg concentrations with age
has been attributed to bioaccumulation as welhasges in diet over time. Juvenile

seals usually have different diving and foragingaeor than adults resulting in a

different diet usually comprised of a higher prammor of smaller fish (Lesage et al.,
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2001; Young et al., 2010). In the preseéntN andd'*C data indicated no significant

difference in feeding ecology between juveniles addlts probably reflecting the
relatively low sample size for the two age classes.

Influence of sex was investigated for each agesclde sex differences were
reported for adults (8.7 + 1.4 and 8.1 £ 1.3 pofgnales and females, respectively),
juveniles (4.6 £ 0.6 and 4.4 £ 0.8 ug/g, respebtjvar pups (5.4 £ 0.3 and 6.1 + 0.8
K1g/g, respectively) (Figure 10). This finding disdrom previous studies reporting
gender differences in Hg levels in adult pinnipads result of diet differences
between males and females as well as the offlodtydfom the female to the pup
via gestation and lactation (Brookens et al., 2@BKaare et al., 1994). While age was
not available for adult seals, we can speculatetki®alack of significant difference in
Hg levels between males and females is the retalfairly young age resulting in no

diet differences and no gestation / lactation effec
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Figure 10: Adult harbour seals had significantly hgher Hg levels than juveniles and
pups (p<0.001). There were no differences betweeratas and females for any of the age

group.
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The influence of weight, length and feeding ecol@gferred froms*°N ands*3C)
was investigated using Pearson correlation coefiitsias well as stepwise
regressions. As opposed previous studies repaatirigcrease of Hg with age and
length in adult seals (Aubail et al., 2011; Broakenal., 2007), there were no
correlations between Hg and weight or length probegdflecting the small sample
size for this age class. In juveniles, weight, tarands*°N were all positively
correlated with Hg ¢=0.37, f=0.49 and3=0.37, respectively). Stepwise regression,
however, revealed that°N was the main factor explaining most of the var&in
Hg levels observed in juvenile seals probably otiiteg) the wide range of diet in this
particular age class (Table 5). With their rathmited diving and foraging abilities,
weaned pups usually feed on a higher proportiarudtaceans and/or small fish
which are lower in the food chain. As they growesldhe pup/juvenile diet is likely
to resemble more and more a typical adult diet asag of Pacific herringGlupea
pallasii) and/or hakeNlerluccius productuswhich are higher in the food chain
(Lance et al., 2007; Olesiuk et al., 1990) and mgra known to bioaccumulate in
the food chain (Kainz et al., 2006). In pups, weigid length were positively
correlated with Hg levels%0.16 and =0.12, respectively) and the stepwise
regression revealed that weight was the most irapofaictor (Table 5). As weight
can be used as a surrogate for age (Cottrell,2@)2), these results suggest an
increase of Hg in hair with the duration of laabatsimilar to that was found in Faroe

Island infants (Grandjean et al., 1995a).
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Table 5: Pearson correlation coefficients betweendHand the different biological

variables (weight, length6"°N, 8'°C) (*: p < 0.05; **: p < 0.001). Stepwise regressits
revealed thats"*N was the main parameter explaining Hg in juveniléharbour seals and

weight explained most of the variations of Hg obseed in pups (underlined in the table).

Adults Juveniles Pups

Weight 0.072 0.373* 0.157*

Length 0.248  0.494*  0.117*
SN 0.028 0.370** 0.028
sC 0.127 0.124 0.017

Mercury levels in harbour seal pup hair revealed spatial variations.
A total 167 harbour seal pups were sampled at warsites in BC and WA. THg

concentrations in fur ranged from 1.6 to 46.9 uBigps from Port Renfrew had the
highest levels of Hg in fur with concentrationsaieiag up to 46.9 pg/g (average +
standard error = 25.0 £+ 3.3 pg/qg), followed by plrpsn Queen Charlotte Strait (11.5
+ 1.8 pg/g) and then those sampled in central Pegend (11.1 + 1.7 ug/g). Pups
from those three sites had similar concentratiprrs 0.383) which were significantly
higher than those reported in pups from our refegesite, Bella Bella (4.5 = 0.5 pug/qg)
(Table 6). The three locations exhibiting higherddgmcentration in seal hair can
partly be explained by the fact that pups from éheises were among the heaviest and

Hg levels appeared to increase significantly witkight (F= 0.15; p < 0.001).
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Table 6: 167 harbour seal pup hair samples were detted at various sites in British

Columbia, Canada, and Washington State, USA, betwae€2003 and 2010. Compared to
our reference site, Bella Bella, harbour seal pupsom Queen Charlotte Sound, Port
Renfrew and Central Puget Sound had significantly lgher mercury levels (p < 0.05).

(n/a: non available)

p-value
Site N weight (kg) Hg (ng/g) (difference from
reference site)
Bella bella 4 n/a 45+05 reference site
Q“eesrgfr?o?”"“e 6  243+22 115+32 0.045
Quatsino Sound 6 21.3+2.3 6.0+0.4 0.896
Port Renfrew 5 25.7+2.3 244 +57 0.000
Strait of Georgia 71 16.3+0.4 49+0.3 0.997
Juan de Fuca Strait 39 18.9+0.7 5604 0.988
Skagit Bay 6 21.6 +0.6 45+04 0.999
Central Puget Sound 3 21.5+0.5 11.1+2.1 0.046
South Puget Sound 19 21.1+£0.7 57+£0.4 0.753
Hood Canal 8 224 +0.7 3.5+0.3 1.000

The high Hg levels observed in Port Renfrew mig@ns surprising given the
absence of any documented sources of contaminagiarby. However, there is likely
another process — upwelling — that delivers MeHgebed water to shelf's shallow
water along the west coast of Vancouver. This mecalready implicated in
cadmium enrichments observed in musseigtijus eduli$ (Bruland et al., 1978;
Lares et al., 1997), supplies nutrient-rich watent depth in the NE Pacific Ocean. It
has recently been shown that zones of nutrientnexgéion in the ocean, including the
North Pacific, are associated with higher conceiatna of MeHg (Sunderland et al.,
2009). Upwelling in spring, a common occurrencanglthe coast including near Port
Renfrew, would therefore provide the means bottitaulate primary production and
introduce higher MeHg at the bottom of the food w&Isimilar process of MeHg

enrichment has been proposed for the Californiatombere upwelled water
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delivered dimethylmercury (DMeHg) to surface waterkere it was converted to the

bioaccumulative MeHg (Conaway et al., 2009).

Queen Charlotte Strait is, likewise, the recipeinapwelled, nutrient-rich water
and therefore may receive enrichments of MeHg enfdlodweb in the same way as
does the Port Renfrew area. Locally, this regi@o &las a high concentration of fish
farms. Farms release organic carbon to nearby wattsediments, thus producing
conditions conducive to methylation of THg. Locaanic enrichments from farms
therefore has been proposed as a plausible meoh&misxplain the higher levels of
Hg in demersal rockfish near fish farms than ih fgrther away (DeBruyn et al.,
2006). Provided that seals obtain a significantwonent of their diet from areas
proximal to such farms, this could explain parabof the higher Hg levels observed
in harbour seal pups.

The third hot spot, Central Puget Sound, likelye@t local contamination from a
highly-populated drainage basin, which includesdibeof Seattle. A study on the
loading of contaminants into Puget Sound revediatthe Elliott Bay study area had
the greatest unit area loading rate for Hg (HerBararonmental Consultants et al.,
2008). In addition, rockfish collected from Elli®ay had the greatest Hg
concentrations when compared to non-urban rockitsh Puget Sound (West et al.,
1995).

Our results therefore suggest that both anthropodeadings and natural processes
likely contribute to the wide range of MeHg congatibns observed at the top of this

coastal marine food web.



74

Whisker analyses: insight into transplacental and lactational transfer of Hg
LA-ICPMS has been extensively used to evaluate Ibiggastrands of human hair

strands (Legrand et al., 2004; Stadlbauer et@05p Here, we provide the first
examination of the potential for whiskers to praviémporal records of Hg
accumulation in harbour seals. Preliminary redutisy whiskers collected from
several stranded seals revealed minimal variatidgfig profiles amongst whiskers
collected from the same individual (not shown) ssjimg that single whiskers well
represent the Hg profile of a given seal.

To infer Hg accumulation as a function of time fréme Hg profile along the
whiskers, several assumptions have been made badéd literature. First, we
assume a constant growth rate as shown by. Zhalo(@004) who determined an
average rate of 0.78mm/day for newly grown whiskeespective of whether the
seal was captive or living in the wild. This growtte implies an average whisker age
of 116 = 2 days (~ 4 months). Given a gestatior tohnine months (not including
the delayed implantation period), the sampled wdriskherefore represent
approximately the second half of fetus developm8atond, as the whiskers were cut
as close to the face as possible, the signal fremdot was missing representing
approximately 13 days based on a growth rate @mrii/day and an average root
length of 1cm. Finally, the delay between uptakelgffrom the diet into circulating
blood and its manifestation in the whisker haseaddken into account. Based on
several hair studies in human and mice, it appibatshere is an average lag of 10
days before circulating Hg in blood can be deteatdthir (Cernichiari et al., 1995;
Harnly et al., 1997; Zareba et al., 2007). Withsthassumptions in mind, we have to

recognize that the mercury signal obtained fromctitevhiskers is representative of
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Hg accumulation that started 4 months prior to denmg@and ended 20 to 25 days

prior to sampling (referred to as t=0 in the rdghe chapter).

The average Hg levels for the whole whiskers weghli correlated with Hg levels
in fur (¥ = 0.86; p < 0.001). However, significant Hg vanas were observed along
the whisker. Hg profiles were similar among pup sikkrs and were characterized by
stable levels towards the tip of the whisker fokalby two periods of increase at
different rates (Figure 11). A few adult seal wieiskwere analyzed for comparison
and exhibited different patterns suggesting thatidttern observed in Figure 11 is

unique to the pup stage.
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Figure 11: Changes in Hg levels along one harboueal pup whisker revealed two
breakpoints suggesting strong differences in Hg trasfer from the mother to the pup
between mid-gestation, late gestation, and early msing. Breakpoints were assessed by

segmented linear regression analyses.
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Breakpoint analyses distinguished two breakpoimtséven out of the nine

whiskers analyzed (Figure 11; Table 7; AppendixThe first breakpoint was on
average 11.6 £ 1.3 days from the base of the cigk@hand the second breakpoint
was on average 58.2 + 6.7 days from the base. Tese positive correlation
between the time of the first breakpoint and the @itthe pup at t=0{F 0.66; p =
0.027) suggesting that the first breakpoint codddpresentative of the time of the
birth. Two whiskers only had one breakpoint progabflecting the younger age of
those animals and / or the fact that these whiskéght not have been cut as close to
the face as possible due to the movement of theamuring sampling.

Based on these two breakpoints and the relationgitippthe age of the pup, we
suggest that Hg profiles along whiskers are repitasge of three mains periods:
mid-gestation from the tip of the whisker to 58.8.F days from the base; late
gestation from 58.2 + 6.7 to 11.6 + 1.3 days frbm base; and lactation from 11.6 +
1.3 days to the base of the cut whisker (Figure Th¢ average Hg levels for each
period were significantly different (p < 0.001) tvin increase from mid-gestation
(4.7 £0.8 ng/g) to late gestation (6.6 £ 1.3 p@igdl lactation (8.1 + 1.3 pg/g) (Table

7).
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Table 7: SegReg revealed two breakpoints for seven out ofemine whiskers
analysed. Analyses of Hg levels along pup whiskemvealed that Hg levels in late
gestation and early nursing were significantly higkr than the one measured

during mid-gestation (p<0.05).

Age of Breakpoint 1 Breakpoint 2 Mid Late .

the seal at (days) (days) estation gestation Nursing

t=0 (days) y y 9 9
PV09-41 9 13 70 92+09 105+0.2 148z+1.1
PV09-23 10 15 76 43+01 55+01 6.9+0.2
PV08-23 17 16 77 43+01 59+01 7.8+0.2
PV09-42 7 8 40 33+0.1 38+01 6.3+£05
PV09-31 6 8 65 40+01 6.2+02 93%0.6
PV09-37 9 13 35 27+0.1 39+x01 45%0.1
PV09-21 7 8 45 28+0.1 44+02 6.7x0.1
PV08-24 1 23 n/a 35+01 41+0.3 n/a
PV09-26 3 46 n/a 81+0.1 151+0.8 n/a

Transplacental transfer of Hg is well known. Ther@ase observed here between
mid and late gestation is consistent with studmnesssng an increased Hg transfer
from the mother to the fetus associated with iredéablood flow at the end of the
gestation period in rats, hamsters, and guinea(mgsiye et al., 1988; Nordenhall et
al., 1995; Yoshida et al., 2002). MeHg is efficlgntansferred to the fetus through
amino acid carriers while inorganic Hg is likelylde trapped in placental tissues.
Such transplacental transfer of Hg is known todffgacental oxygen consumption,
hormonal secretion and membrane fluidity but it alo induce immunotoxic effects,
still observable later in life (Gundacker et aD12; Silva et al., 2005).

Lactation is an important period during which feenaarbour seals transfer high fat
content milk to their pups. Unlike females frometiphocid species, female harbour
seals forage regularly during lactation (Bonesa.etL994). However, because of the

limited pup diving ability and high risk of lost predation during the first week of
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lactation, foraging trips are limited during thestiweek of lactation as evidenced by

empty stomachs found in females (Bowen et al., 19999). While food provides
most of the energy to support lactation, catabob$ématernal tissues is also an
important source of energy exported in milk, espicduring the first week of
lactation (Bowen et al., 2001). Females lose 80%eir stored fat in the first 19
days of lactation (Bowen et al., 1992).

While milk provides energy, nutrients, as well @sriunoprotective components
that are essential for the growth, development,iammaunity of the pups, it also
delivers contaminants such as Hg. In humans fomelg studies have reported
mercury levels in milk being about 30% of the leviglund in the mother’s blood
(Oskarsson et al., 1996). Mercury in marine mammitd has only been reported in
a few studies looking at harp sedfagophilus groenlandicjigWagemann et al.,
1988), northern elephant sealéifounga angustirostris(Habran et al., 2011) and
grey seals (Habran et al., 2012).

The whisker record implies higher Hg concentrationisarbour seal pups during
early lactation compared to those observed ineghesflikely reflecting the intake of
Hg through the ingestion of milk. The high levetsyeercury in the milk could result
from catabolism of Hg rich female tissues in hareal mothers exhibiting partial
fasting. Human and rodent studies have suggesé¢dhnitreased or stable Hg levels in
neonates are the result of Hg intake through thie &siwell as limited ability of the
newborn to demethylate and eliminate Hg (Grandgtaal., 1995b; Sundberg et al.,
1991).The present results also revealed an incagaddg levels in fur with
increasing pup weight supporting the evidence ofdasing Hg levels in the pup with
increasing lactation duration. Even though limitieda is available concerning

feeding ecology of female harbour seals duringataan, the Hg increase observed
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here could also be resulting from the female comsgrnigher mercury contaminated

prey during lactation. In contrast, Habran et 2012) suggested that transplacental
transport is playing a greater role than milk ia trelivery of Hg to the elephant seal
(Mirounga angustirostrispup based on decreasing Hg concentrations irbfmqul
between early and late lactation. However, thigigseexhibit different reproductive
behaviour where the female is not feeding at alindulactation.

While our whisker analyses indicate that both tpéexsental and lactational
transfers are important, more studies are needaqghrticular, a bigger sample size
associated with better knowledge of the whiskemtinaate would help having a

more accurate understanding of the Hg signal albagvhisker.

What are the potential consequences of Hg exposure for this population of
harbour seals?

Marine mammals have been exposed to metals imtieoement throughout their
evolutionary history and have therefore developedimanisms either to control the
internal concentrations of certain element or togate their toxic effects. For
instance, cetaceans and pinnipeds have develoéelance to Hg based on its
association with selenium (Dietz et al., 2000). ldger, even though marine
mammals might be able to tolerate higher Hg burdleas terrestrial mammals, Hg,
especially in the methylated form, remains a caméar marine mammal health.

While MeHg is well known for its neurotoxicity lesd) to sensory, motor deficits
and behavioural impairments (Clarkson, 2002), stwdtiave also linked high Hg
levels with liver and kidney damages in bottlendskphins Tursiops truncatusand
polar bearsrsus maritimuy (Sonne et al., 2007a; Woshner et al., 2002). Mgrc
exposure has also been linked to deleterious sftathepatic, renal, endocrine and

hematological parameters in bottlenose dolphins filve Eastern coast of Florida
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(Schaefer et al., 2011). Finaliy, vitro studies on beluga whald3dlphinapterus

leucag and harbour seals showed that Hg exposure cesaldtin immune deficiency
(Das et al., 2008; De Guise et al., 1996b; Frotied.e2011).

Several thresholds have been determined for Hgitgxn various species. For
purpose of comparison, we will limit the reviewttwesholds that are based on
mercury concentrations in hair. The highest thrikkalues are 20 ug/g for
neurological effects in terrestrial mammals anqu8@y for neurological effects in
mink (Mustela visorj and river ottersL(ontra canadens)gBasu et al., 2007;
Thompson; 1996). In humans, the US Environmentatieetion Agency defines 1
H1g/g as the no observed effect level (NOEL). Rdgeatlow value of 5.4 pg/g was
determined as a threshold to avoid biocheminatatltms in polar bear brains (Basu
et al., 2009).

If we compare our harbour seal Hg levels with tleshtonservative threshold
available for wildlife, 33% of pups, 25% of juvessl and 59% of adults had levels
exceeding the threshold for biochemical alteratiortbe brain. In addition, it is
important to notice that those values were detegthior adults and pups are usually
considered to be more at risk as Hg can affecesysessential in growth,
metabolism and development. In addition, pups Wghale higher percentage of the
toxic MeHg than adults (Dehn et al., 2005). Forrepke, Brookens et al (2007)
reported 100% MeHg in the liver of a 4-month oltl 65% in a full term fetus and
only 5 to 10% in adult harbour seals reflectinglthe ability of young animals to
detoxify and demethylate. The present results suggest that Hg can represent a risk

for the health of this population of harbour seals.
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3.4 Conclusions
Harbour seals are exposed to a mixture of contamsnacluding mercury but also

persistent organic pollutants such as PCBs and BBRE&cently, Ross et al. (2012)
estimated that 100% of harbour seal pups samplédAirhad PCB levels that
surpassed threshold for health effects. While R€&ciated health risks are well
known in these seals (Mos et al., 2010), thisesfilst report of mercury levels in this
population. While consequences of mercury expokurhe health of this population
of harbour seals are unclear, the present studysbme light on the Hg levels
observed at the top of this marine food web as aslmportant biological variables
influencing its bioaccumulation such as diet bsbdransplacental / lactational

mother-pup transfer.



Chapter 4: PCB-related alterations of the expression of
essential genes in harbour seals (Phoca vitulina) from the
Northeastern Pacific and Northwestern Atlantic
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4.1 Introduction
Wildlife species may be affected by a variety chmepes in environmental

conditions such as increased prevalence of antiygopo chemical contaminants
and/or altered climate. Such environmental pressongy manifest at different levels
of the marine biota, including altered populatigmamics, behavioural and
physiological changes of individual organisms, amith adjustments in molecular
biological pathways. Persistent organic pollutdR©Ps), such as polychlorinated
biphenyls (PCBs) and polybrominated diphenyl etfieBDES), and mercury (HQ)
are widely distributed in the marine environmertey bioaccumulate up the food
chain and induce a variety of acute and long-texictresponses in marine top
predators (Tabuchi et al., 2006; Tanabe et al.4)199

A component of the biological response to enviromt@echange can include
altered expression of mMRNA with a subsequent adhi@sst in transcriptome profile of
a given tissue. Highly sensitive techniques suchuasititative polymerase chain
reaction (QPCR) analysis are able to detect tleeealtabundance of select mMRNA
profiles which could provide indications of a paiahchange in health status
(Veldhoen et al., 2011). Using a QPCR assay, atrogls between altered mRNA
levels and PCB concentrations have been establishsath harbour seals and killer
whales Qrcinus orcd residing in the Northeastern Pacific (Buckmaalet2011;
Mos et al., 2007), Mediterranean striped dolphB8terfella coeruleoalgPanti et al.,
2011), fin whalesBalaenoptera physalyigrom the Mediterranean and Gulf of
Mexico (Fossi et al., 2010) and ringed seBlsqca hispidafrom Svalbard and the
Baltic Sea (Rouitti et al., 2010).

Long-lived, high trophic level harbour seahpca vituling are considered to be
an important indicator species of the marine emrirent and their wide latitudinal

distribution along the coastline of both AtlantrmdaPacific North America provides a
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unique opportunity to investigate the potential aogs of major contaminants of

concern (e.g. PCBs, PBDEs and Hg) on wildlife. learseals are relatively non-
migratory and feed on a variety of fish and invierage species providing an
integrated signal of local food web contaminatidmumber of studies have been
conducted on wild and captive harbour seals inargasur understanding of the
relationship between contaminant exposure and @saimgpohysiology, endocrinology
and immunology (Ross, 2000). High PCB concentnatizave been linked to
decreased immune function in field-based and cagé&eding studies of harbour seals
(Mos et al., 2007; Ross et al., 1995). Exposue@8s has also been implicated in
the disruption of vitamin A and thyroid hormone (JTtdgulated pathways in this
marine species with the potential for adverse &ffea growth and development (Mos
et al., 2007; Tabuchi et al., 2006). Finally, PB¥gsl Hg have been shown to alter
harbour seal immune function (Das et al., 2008uifret al., 2010).

In the present study, we collected samples from Iarth American coastal
regions including British Columbia (BC), Newfoundthand Quebec, Canada and
Washington State (WA), USA. On both coasts, sargphas performed both at
locations close to industrialized areas as welhasgions of low human population
in order to provide a range of contaminant levals.developed a harbour seal QPCR
primer set directed towards seven gene transahptsvere selected based on their
ability to provide information on health status Amdesponse to organic contaminant
exposure in order to investigate the relationstimBNA abundance profiles with the

exposure of major contaminants of concern (PCBREBand Hg).
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4.2 Materials and Methods

Tissue sampling
Fifty-four harbour seal pups were live capturedattiple sites in Canada (BC,

Newfoundland and Quebec) as well as in WA, USA leetw2006 and 2009 (Figure
12). An average of 5 + 2 seals was collected dt sde. On the west coast of North
America, harbour seals were caught using two teghes. At rocky sites, individual
seals were captured using landing net. At sandidwdisites, multiple seals were
captured at once using a rapidly deployed beacte swit (Jeffries et al., 1993). On
the east coast, harbour seals were captured inatex using a dip net and an
inflatable boat. They were then transferred toggér boat where all handling took

place. Body weight, length, girth and sex were mhaiteed.

Figure 12: Maps denoting sampling sites for harbouseals along the Northeastern
Pacific coast (British Columbia, Canada, and Washigton State, USA) and the
Northwestern Atlantic coast of North America (Newfaundland and Quebec, Canada).

Stars indicate capture sites.
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The biopsy site (left side of the animal on thevategion) was shaved with an

electric razor. Hair samples were collected fordiglyses and stored at room
temperature. Blubber/skin biopsies were obtainéugusterile 3.5 and 8.0 mm biopsy
punches. In the field, the 8.0-mm biopsy was trametl immediately into liquid
nitrogen and subsequently stored at -80°C in therktory prior to analysis of
organic contaminant. The 3.5-mm biopsy was rinsitd buffered saline solution and
placed immediately in RNlAter tissue preservation solution (Life Technologies,In
Burlington, ON) and maintained at 4°C for 24 hopiri®r to storage at -20°C.
Capture stress and holding time were minimizetipAdcedures were carried out
under the auspices of the respective animal camensttees and scientific research
permits for researchers in BC and QC (Fisheries@eehns Canada Animal Care
Committee with guidelines from the Canadian CouagilAnimal Care; Scientific

Research Permit) and WA (U.S. Marine Mammal PraiacAct Permit 835).

PCB and PBDE quantification
Each frozen 8 mm blubber/skin biopsy was cut valtifcand the ~2 mm upper skin

layer was removed. A portion of each blubber sar(f®® mg to 300 mg wet weight)
was used for quantifying PCBs and PBDEs at theefish and Oceans Canada
LEACA (Laboratory of Excellence in Aquatic Chemicalalysis, Institute of Ocean
Sciences, Sidney, BC, Canada). The 54 seal pupétubopsies were organized into
batches, each containing a replicate sample fditgagsurance (QA) purposes.
Other QA samples, including a Standard Referencefidgh (NIST 1945 whale
blubber SRM) and two procedural blanks containiagegipid (triolein) to imitate the
behaviour of real extracts, were also includedaichebatch. The procedural blanks,

along with weighed amounts of each seal biopsyicap and SRM sample, were
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spiked with a mixture of surrogate internal staddarontaining 36°C-labeled PCBs

and 10"*C-labeled PBDEs obtained from Cambridge Isotopeotatories (Andover,
MA, USA), to enable precise and accurate quantiboausing the isotope dilution
method (lkonomou et al., 2001).

Blubber samples were ground with anhydrous sodulphsate. Using
dichloromethane/hexane (1:1 ratio), the sampleg wetracted from a glass column.
The extracts were then evaporated to dryness aighed Total lipid concentrations
were determined gravimetrically. The residues weseispended in
dichloromethane/hexane (1:1), and analyzed usigly t@solution gas
chromatography and high resolution mass spectrgnidRGC-HRMS). Details of
the chromatography and mass spectrometry condjtibaesriteria used for chemical
identification and quantification, the quality assmuce and quality control practices

can be found in Ikonomoet al (2001).

Mercury analyses
To remove any external contamination, all hair sabples were rinsed with

acetone / de-ionized water / acetone and leftyatroom temperature. They were
then stored in a dessicator until analysis. Anagerof 1.7 £ 0.7 mg of hair was
analysed for THg using a thermal decomposition Zeeatomic absorption
spectrometer RA-915+ coupled with a PYRO-915 attaait (Lumex, St. Petersburg,
Russia). The detection limit was 0.002 pg/g drygheiDetails on the methods and
instrumentation can be found elsewhere (Sholupay.e2004).

Two standards were used: a sediment standard NI83 @lational Institute of
Standards and Technology, Gaithersburg, USA), dndh@an hair standard NIES 13

(National Institute for Environmental Studies, i@y Japan). As NIST 2709
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appeared to be a more homogeneous standard, usedg¢o make the calibration

curve. One NIST 2709 and one NIES 13 standard wasvery six samples to ensure
that there was no deviation from the calibratiorveuEach hair sample was run in

triplicate.

Total RNA isolation and cDNA synthesis
Because a possible stratification in transcript@metent can exist across blubber

layers that may influence mRNA abundance analyBaisuchi et al., 2006), the 3.5
mm blubber/skin biopsy preserved in RMter was divided into outer blubber (5 mm
thick portion of blubber closest to the skin), inb&bber (5 mm thick portion of
blubber below the outer blubber), and skin. Dethgeocedures on RNA extraction
and cDNA synthesis are described elsewhere (Bucleghah, 2011; Veldhoen et al.,
2011). Briefly, tissues were homogenized in a 1L5microcentrifuge tube with 700
puL of TRIzol reagent (Invitrogen, Burlington, ONafada) and a 3 mm diameter
tungsten-carbide bead using a Retsch MM400 mixir(htiermo Fischer Scientific,
Ottawa, ON, Canada). Samples were homogenizedartiree minute intervals, at a
frequency of 20 Hz. An additional 3 minutes of mixiwas performed for skin
samples and any other blubber sample that wasuliffio fully homogenize. All
samples were cooled on ice between homogenizattervals. For the blubber
extractions, after phase separation, 20 pug of ggndRoche Diagnostics, Laval, QC,
Canada) was added to each retained aqueous phas® @mcohol-mediated
precipitation. Precipitated total RNA was resusgehith 20 pL diethyl
pyrocarbonate-treated distilled/deionized water PCEIdHO) and stored at -80°C.
Spectrophotometry was used to determine the RNA&ar@nation of each sample.

One microgram of RNA was used to generate cDNAgue High Capacity cDNA
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Reverse Transcription kit, as described by the rfamturer (Applied Biosystems,

Carlsbad, CA, USA). Prepared cDNA samples werdelll20-fold using DEPC

ddH,O prior to QPCR analysis.

QPCR analysis
Seven target gene transcripts were originally setklbased on their ability to

provide information on health and/or biologicalpesse to organic contaminant
exposure. These include thyroid hormone receptphadTlhra), estrogen receptor
alpha Esrl), aryl hydrocarbon receptoflir), glucocorticoid receptoiNr3cl), heat
shock protein 70Hspal), peroxisome proliferator-activated receptor ganfid.c3),
and vitamin D receptoNr1l1). Primers were designed using Primer Premier garsi
5 (Premier Biosoft, Palo Alto, CA, USA) and purcbédgrom Integrated DNA
Technologies (Coralville, 1A, USA) (Appendix 2). &agene-specific primer pair was
assessed for their ability to amplify a single &egl DNA amplicon using a three-tier
guality control process described elsewhere (Veddhet al., 2011). Three additional
genes were selected as potential normalizer gemesifrection of experimental
variance: ribosomal protein L&pI8), glyceraldehyde-3-phosphate dehydrogenase
(Gapdh, and cytoplasmic beta actiAd¢tb). The sequence information for each of the
amplicons has been deposited to Genbank (Appendaix I2as been published
previously (Tabuchi et al., 2006). Gene specifioer pairs were tested for
incorporation into the QPCR assay on blubber andBNA separately to ensure
that all quality control criteria were met for ea@sue since differences in
transcriptome composition could influence primerf@enance (Appendix 2).

Limited tissue biopsy samples were available frarbbur seals resident along the
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Atlantic coast of North America (Newfoundland andeRec) and, therefore, mRNA

abundance analysis included only skin for sealn filoese sites.

Quantitative DNA amplification reactions (15 pL) meerformed on a Realplex4
thermocycler (Eppendorf, Westbury, NY, USA). Reactcomponents were as
described previously (Veldhoen et al., 2011) amtlished 2 pL of 20-fold diluted
cDNA sample. The thermocycle program for most gengets included an initial
enzyme activation step at 95°C (9 min), followeddBycycles of 95°C denaturation
(15 sec), 60°C annealing (30 sec), and 72°C elamgéd5 sec). The annealing
temperature foHspalwas 62°C. For each sample, quadruplicate reactiens
performed and amplification specificity determir®devaluation of
thermodenaturation profiles performed at the enelach QPCR run. Additional no
cDNA template and no amplification controls wereluged in each run to confirm
reagent performance. Inter-run variation was assesgsing a universal standard

control as described previously (Veldhoen et &11.

Data analyses
For each sample, QPCR-derived replicate cycle thiotdgCt) data were averaged

and normalized to the geometric mean Ct value®htbrmalizer gene transcripts.
Suitability of normalizer application to the datrided for each tissue was

established using Reffinddnt({p://leonxie.com/reference.gene.php?type=refe)enc

and based upon invariance between sample groupswitontribution to Ct values
made by biological metrics or contaminant levelareied. The geometric mean of
all three normalizer transcriptRl8 Gapdh andActb) was employed for blubber.

Rpl8andActbwere used as normalizers for skin. Relative foldnge in mRNA
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abundance were subsequently determined using thparativeAACt method (Livak

et al., 2001).

Normality and homogeneity of variances were teftethe relative mRNA
abundance data and total PCB levels (expressedipid &eight basis) using the
Kolmogorov-Smirnov test and Levene’s test, respebti(SPSS, IBM Corporation,
Armonk, NY, USA). If the data did not meet the aagtion of normality and
homogeneity of variances, they were log-transformed

Linear regressions were used to investigate thenpiat influence of contaminants
of concern (PCBs, PBDEs and Hg) as well as biokdgiariables (weight, length,
girth) on individual MRNA levels measured in blubbed skin. In addition, the
variable or combination of variables (weight, ldnggirth, total PCBs, total PBDEsS,
Hg) best describing the mRNA level of each gene sedacted using the Akaike
information criterion (AIC) (SYSTAT, Chicago, IL,&A). The AIC method ranks
models based on their overall statistical suppanvest AIC models are most
supported and AIC weights (Y\provide information on the relative support olea

model. Backward stepwise regressions were usednibination to AIC.

4.3 Results and discussion

Molecular endpoints of harbour seal health
Previous incorporation of QPCR-derived transcripgandpoints that investigated

the biological impacts on harbour seal of environtakexposure to contaminants
employed a limited number of gene transcripts idiclg Thra, thyroid hormone
receptor betal{hrb), and retinoic acid receptor alpHgafa). We have expanded the
QPCR assay to include evaluation of six additigeade transcriptssrl, Ahr,

Hspal Nrlc3 Nr3cl, andNrlll) that can provide more information as to the
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biological status of this important marine sentisggécies. The isolated cDNA regions

represented 94% sequence identity compared to the relevansdqggences.

Blubber was divided into inner and outer layerhas tissue is known to be
stratified in terms of fatty acid composition, satluble hormone levels, as well as
chemical contaminant levels. The inner blubberdayenore involved in the storage
and mobilization of lipids therefore comprising raanetabolically active adipocyte
cells. In contrast, the outer blubber layer hasilmkscribed as less biologically active
and primarily functions in insulation and buoyar{&randberg et al., 2008). In
addition, higher organochlorine concentrations weeasured in the inner blubber of
yearling harbour porpoises (Tilbury et al., 1990r these reasons, earlier
investigations have reported inner blubber as beiage appropriate than outer
blubber to investigate the interrelationship ofteominant exposure and mRNA
abundance profiles (Tabuchi et al., 2006). Ourltesinow a positive correlation in
gene transcript profiles between harbour seal iandrouter blubber (Table 8) and,
therefore, we elected to focus on the mRNA abunelgnafiles derived for inner
blubber as they relate to tissue levels of contants

Overall, there were limited correlations in mRNAuadance profiles between skin
and the inner or outer blubber (Table 8). The etioapeingNrlc3andNr3cl
MRNA levels in skin displaying similarity with traaript levels measured in inner
blubber (f = 0.77, p = 0.0247r= 0.80, p = 0.01, respectively). While a strong
correlation in mMRNA abundance profiles between skid blubber were reported in
killer whales from the Northeastern Pacific (Buckns al., 2011), limited
correlations were observed in the Beaufort Seagaelvhales (M. Noél, University of
Victoria,BC, Canada, personal communication) furtiighlighting specificity that

exists across different species and tissues.
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Table 8: Pearson correlation analysis of MRNA abunahce values obtained for harbour
seal inner blubber, outer blubber and skin samples*: p<0.05; n/a, not applicable when

tissue-specific quantification of MRNA abundance wanot possible)

Inner blubber/ Inner blubber/ Outer blubber/

Outer blubber Skin Skin
Esrl 0.49* 0.04 0.17
Ahr n/a n/a n/a
Hspal 0.91* -0.34 0.18
Nrlc3 0.97* 0.77 0.24
Nr3cl 0.67* 0.80 0.33
Nrll1 n/a n/a n/a
Thra 0.80* n/a n/a
Thrb n/a n/a n/a

Association between PCB concentrations and gene transcript profiles in
blubber and skin

Significant positive correlations were noted betw#e abundance of three gene
transcripts investigated in inner blubber and P&Rls measured in blubbétgr1: r?
=0.12, p = 0.038Thra: * = 0.16, p = 0.028; anldr3cl r* = 0.12, p = 0.049; Figure
13). A similar positive association was found Esrl, Thra, andNr3c1 mRNA
abundance fr= 0.24, p = 0.0417?r= 0.37, p = 0.004 and = 0.26, p = 0.032,
respectively, not shown) with PBDE levels in blubb¢o correlation was found
between any gene transcript examined and Hg lewide a PBDE-related effect on

the blubber transcriptome cannot be ruled outgetiexs a strong correlation between

PCB and PBDE levels in harbour seal blubb&r(@.51, p < 0.001) suggesting that
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the relationships betwedtsrl, Thra, Nr3cInRNA levels and PBDEs are likely

confounded by the relationship between the twoarmomants. In the present study,
PBDE levels in seals were on average 5 times |olaar that of PCBs. To our
knowledge, there are no reports of direct PBDE-@ased influence on mRNA
transcript abundance in wildlife. Because of tisamilar structure and physico-
chemical properties, PCBs and PBDEs are often tegpdo have similar toxic
mechanisms of action. However, PBDEs have beerifgghas less toxic than PCBs
(Hallgren et al., 2002; Hallgren et al., 2001) amaler controlled laboratory-based
exposures, correlations betweBma mRNA levels as well as other transcripts
involved in thyroid metabolism and PBDEs have bestablished (Lema et al., 2008;
Szabo et al., 2009). A recent bald eagflaliaeetus leucocephalusgudy from BC

also reported an impact of PCBs on circulatingdid/hormone and retinol but no
impact of PBDEs (Cesh et al., 2010). PCBs are tass ©f contaminants; they co-
correlate with other POPs and may exhibit addisy@ergistic and or antagonistic
effects. In this manner, while PBDEs may contriltotéhe effects observed, the
contribution of the PCBs is very likely to dominak®r example, in their study, Mos
et al. (2010) ranked 13 organic contaminant basetth@ir relative toxicity using
comparative risk quotient and found that PCBs preeskthe greatest risk to the
health of harbour seals.

In skin, data was available for harbour seal papspted both on the west and east
North American coasts. There were no significaffecBnces between the mRNA
abundance levels of the seven target genes betiwedwo coasts (p>0.05 for all
genes; Figure 14); data were therefore pooled hegéd investigate the potential
influence of PCBs, PBDEs and Hg. Similar to innlesbber, univariate analyses

revealed no correlations between skin mRNA levetswaeight, length or girth of the
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animal sampled. However, analysis of the relatignbkrtween contaminant levels

measured in blubber and transcript abundance vobasseal skin provided results
different from that observed in inner blubber. Véhlo apparent relationship was
observed for PBDEs or Hg levels and mRNA profiteeye were significant negative
correlations between the abundance of three mRastripts in skin and PCB
concentrations measured in blubbesi(l: r* = 0.21, p = 0.02INr3c1:r* = 0.22, p =

0.033 andHspat r* = 0.39, p < 0.001).
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Figure 13: Relationship between blubber relative mRIA abundance (log transformed)

of five target genes and total PCB concentrationdag transformed). These analyses

reveal an increase oEsrl, Thra, Nr3cl mRNA levels with increasing PCBs in harbour

seal pups from the Northeastern Pacific coast of Mth America.
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Figure 14: Relationship between skin relative mRNAabundance (log transformed) of
five target genes and total PCB concentrations (logansformed). These analyses reveal
a decrease irEsrl, Nr3cl and Hspal mRNA levels with increasing PCBs in harbour
seal skin from both the Northeastern Pacific coagtlosed circle) and the Northwestern
Atlantic coast (open circle) of North America. Datafor Nr1c3 mRNA from
Northwestern Atlantic coast animals were below theletection limit and therefore not

included in the analysis.
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Table 9: Akaike information criterion (AIC) analyses of variables associated with mRNA abundance praéis. PCBs was the best variable explaining
variation in the mRNA levels of genes involved inrgpwth, metabolism, reproduction and development. (*p < 0.05).2 AICc = second order Akaike
information criteria (AIC ) nlog (62) + X) bias adjusted AIC for small sample size = AIC +ZK(K + 1/(n - K - 1) whereK is the total number of
estimated regression parameters including2 (no intercept) andn is sample size” A; = AIC differences computed as AIGAIC . S w; = exp(-

1/2A))/Zexp(-1/2A,). Data are only presented for model witm\;AIC . below 2 which are considered the most important.

Gene Function Tissue Predictors 2 ¢ p-value AIC AIG? AAICS w
Growth, cell
Esrl differentiation, g ey PCBs 024 0097 301 347 0 0.86
development,
reproduction
Skin PCBs, girth 0.29 0.102 44.5346.88 0.99 0.32
Skin PCBs 0.38 < 0.001** 43.23 45.89 0 0.52
Development, cell
Thra differentiation, Blubber PCBs, PBDEs 0.36 0.082 17.1321.58 0 0.9
metabolism
Skin PCBs, length 0.26 0.222 11.8913.57 0 0.32

Lipid metabolism,
Nr3cl maintenance of growth, Blubber PCBs, length, Hg 0.13 0.11 37.2540.11 1.6 0.27
response to stress
Blubber PCBs, length 0.24 0.024** 36.91 3851 0.6
Skin PCBs 0.62 0.002** 10.89 13.97 0 0.73

o



Protect cells from
Hspil environmental stress Blubber PCBs 0.12 0.268 48.31 49.91 0 0.66

conditions
Skin PCBs 0.76 <0.001* 47.82 50.17 0 0.73

Cell differentiation,
development,

Nrlc3 ) . Blubber Hg 0.18 0.222 33.85 35.45 0 0.8
metabolism (lipids,
proteins)
Skin PCBs, weight 0.1 0.938 33.2536.11 0 0.77
Ahr Induction of skin  CBs,weight, length, 4 4 0452 2678 30.31 12 022
metabolizing enzymes Hg
Skin PCBs, weight, length 0.1 0.32 27.2129.43 0.3 0.36
Skin PCBs, weight 0.15 0.238 25.7129.11 0 0.4

Regulation of calcium

Nr1ll transport, immune Skin PCBs, girth 0.53 0.022**  5.09 8.73 0 0.89
system
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Best fit models (AIC) indicated that, amongst tlagiables tested, PCBs are
explaining the variation iesrl, Nr3cl, Hspal andNrll1 mRNA levels in either or
both blubber and skin depending upon the trans€Faible 9). With length only being
a significant contributor in the final model fr3cland girth forNr1l1, biological
variables appeared to play a minor role in theatem of mMRNA levels of the target
genes investigated. These univariate and multiteresults strongly suggest that
PCB contamination is an important factor explairsoge of the variation in mRNA
levels observed in these harbour seals.

Estrogen receptor alpha is activated by the hormigReestradiol and functions as
a transcription regulatory factor that coordinagpression of genes involved in cell
differentiation and proliferation, organogenesisj aeproductive development
(Bonefeld-Jorgensen et al., 2001). PCBs and theirdxy-metabolites having both
estrogenic and anti-estrogenic properties can plisstrogen signalling pathways at
multiple levels. For example, PCBs are known teriigre with enzymes involved in
the metabolism of I¥estradiol (Kester et al., 2000) while also dismgthe ligand-
mediated ER binding to estrogen-response elematiisnwgene promoter regions
(Bonefeld-Jorgensen et al., 2001). Similar toma@sent findings in blubber,
association of increased PCB levels &sdl mRNA levels was observed in the
blubber of known-age killer whales from the Nortstean Pacific (Buckman et al.,
2011). A positive relationship was also reportedimwhales from the Mediterranean
Sea and Gulf of California (Fossi et al., 2010)wdwer, the absence of age data in
the latter study did not allow for the examinatadrage as a potential confounding
factor. Such abnormal alterationsksrl transcript levels could potentially interfere

with sexual development and behaviour. Studies hseeshown that increased



101
expression of ER may influence transcription of AfelQulated genes as a result of

functional crosstalk between the two receptors {Mats et al., 2007).

THSs play a central role in development, growth aretabolism in all vertebrate
species through binding to their nuclear recepfRe, and TR (Wu et al., 2000).
PCBs have the ability to interfere with TH physigyoat multiple levels including
hormone synthesis, circulatory transport, and hoememoval via metabolism
(Jugan et al., 2010; Zoeller, 2005). Decreasedlating TH have been related to
PCB exposure in various species of marine mamrsat$) as harbour seals from the
Northeastern Pacific (Tabuchi et al., 2006) anépbéearsyrsus maritmus
(Braathen et al., 2004At the molecular level, PCBs are able to affectadvity and
subsequent regulation of TH-responsive gene expreégoeller, 2005). Similar to
the present blubber results, PCB-associated ineied$ira mRNA levels was
observed in the blubber of killer whales and hartsmals from the Northeastern
Pacific (Buckman et al., 2011; Tabuchi et al., 20@ven the important role of the
blubber layer for thermoregulation and buoyancynarine mammals, it was
suggested that disruption of the TH signalling pati might affect metabolism
within adipocytes therefore compromising the initggof this vital tissue (Tabuchi et
al., 2006).

One of the primary adaptive physiological responsgshysical and chemical
stressors is the stimulation of the hypothalamigitairy adrenal (HPA) axis and the
neuroendocrine system resulting in the releaséuabgorticoids, such as cortisol.
Through binding to its receptor, cortisol is invetvin the regulation of genes
involved in lipid metabolism, growth, developmentdammune response (Norris,
2000; Zimmer et al., 2009). Several studies hawsvalthat PCBs and other

organochlorines can affect the HPA axis throughughson of corticosteroidogenesis



102
leading to a decrease in circulating cortisol aseoled in experimental studies

(Machala et al., 1998) as well as wild polar béam Svalbard (Oskam et al., 2004).
To our knowledge, contaminant-related variatiotNd3c1 mRNA transcript levels
has not been reported in any other marine mamnegiep However, similar to our
findings in blubber, an increaseifr3c1 MRNA levels was observed in mice after
exposure to TCDD (Abbott, 1995). Such alterationNi3c1 mRNA levels and
therefore glucocorticoid signaling pathway mighpaar the ability of individuals to
efficiently respond to various stresses by affecbrain function and the immune
system (Odermatt et al., 2006). While the curreoss-species information on this
observed relationship is limited, Aluru et al. (2D@eported a decreaseNmn3cl
MRNA expression in Arctic char brain as a resultoéss induced by high PCB
levels. At present, the potential biological medkars of action involved remain
unclear.

While there were no correlations deteddrdc3 mRNA levels and PCBs, we did
find a strong relationship betweetspaltranscripts and this dominant contaminant
(Figure 13,14 and Table 9). The nature of thisedation was tissue-specific. A very
strong negative correlation was observed betweenHspalmRNA levels and PCB
levels (Figure 13,14 and Table 9) whereas no ctiogl existed in blubber. This
contrasts with a recent study showing an increastspaltranscript levels in striped
dolphin skin slices exposed to a mixture of orgdhaine compounds, PBDEs, and
polycyclic aromatic hydrocarbons (PAHSs). Althougleavas not available to
investigate the possible relationship witapalmRNA levels, a similar higher
expression oHspalwas noted in the blubber of more contaminated rinalehales
(Fossi et al., 2010) and suggested an influencegznic contaminants on the

expression of this stress-related protein.
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Tissue-specific response to contaminant exposure
As noted previously, our current observations sagti@t a genomic response to

PCB exposure in harbour seal is tissue specifithérliterature, evidence of tissue-
specific response to PCB exposure is mainly avigileds hormone levels. However,
extensive rodent studies dhra mRNA levels showed that the effects of PCB
exposure were strongly correlated withiplalmRNA levels and concluded that
tissue-specific metabolism resulting in differeahgener patterns as well as different
metabolites level is an important component ofaton of PCBs on TR mRNA
levels (Giera et al., 2011; Yeung et al., 2003).ilé/tifferent congener patterns have
previously been reported in various tissues of ixarlseals from the Northwestern
Atlantic (Shaw et al., 2012), it is unlikely th&ety would explain the divergent results
observed here fdEsrl, Thra, Nr3cl, andHspal This highlights the need for caution
when interpreting transcriptomics results and camgacontaminant-associated
effects between studies. Further studies are thereieeded to evaluate tissue-

specific response to PCBs at the mRNA levels.

4.4 Conclusions
PCBs are highest ranked in terms of concentratgnsell as risk to the health of

marine mammals which is in agreement with the presssults. PCB levels ranged
from 0.15 to 7.5 pg/g and 45% of pups surpassed.thag/g threshold determined
for endocrine disruption (Mos et al., 2010). Owsulés revealed correlations between
PCB levels and gene transcripts involved in sugkrde biological processes as
reproduction, growth, development, stress respandanetabolism. Even though
consequences at the population level remain unknoumresults reveal changes at
the molecular level that could reflect the physigl@f individual animals and their

impaired ability to respond to additional enviromta or anthropogenic stressors.
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The risk appeared to be higher for individualsngin industrialized enclosed water

basins, such as Puget Sound and the St. Lawremgar¥swvhere the highest PCB

levels were reported.



105

Chapter 5: When threats converge: do both PCBs and climate
change alter gene transcript profiles in Arctic beluga whales
(Delphinapterus leucas)?
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5.1 Introduction
The Arctic has been described as an importantfeingersistent organic pollutants

(POPs), such as polychlorinated biphenyls (PCB&)paybrominated diphenyl
ethers (PBDES), and for mercury (Hg) (Ariya et 2004; Wania et al., 2001). Once
deposited, PCBs, PBDEs and Hg (in the form of metkycury; MeHg), biomagnify
in Arctic food webs such that relatively high levdlave been detected in polar bears
(Ursus maritimuy beluga whaleselphinapterus leucgsand ringed seal$fioca
hispidg (Dietz et al., 2004; Ikonomou et al., 2002; Laset al., 2008b; Muir et al.,
2006).

POPs and some metals can disrupt key biologicalgsses necessary for normal
development and physiological homeostasis in asn®(CBs, PBDEs and Hg have
been linked to effects on the endocrine and imnayséems of several marine
mammal populations inhabiting contaminated areagke et al., 2007; Das et al.,
2008; Frouin et al., 2010; Frouin et al., 2011;li¢akl., 2003; Lahvis et al., 1995;
Mos et al., 2007; Schaefer et al., 2011). ReceRBGB exposure has been associated
with changes in the mRNA levels of various gendsarbor sealsRhoca vituling
and killer whales@rcinus orcg from the Northeastern Pacific (Buckman et al120
Mos et al., 2007), as well as in striped dolphfstefella coeruleoaldrom the
Mediterranean Sea (Fossi et al., 2010).

While levels of POPs in Arctic wildlife are typitalower than those reported in
marine top predators inhabiting more industrialiaeels, several studies have shown
that Arctic marine mammal health can be at risk tdueontaminant exposure. For
example, PCBs have been implicated in endocrinepli®n, reproductive
impairment and immunotoxicity in polar bears (Blemt et al., 2004; Lie et al., 2005;
Sonne et al., 2004). A link between thyroid hormdiseuption and certain PCB and

PBDE congeners was suggested in beluga whalesSkaibard (Villanger et al.,



107
2011). Finally, damage to liver, kidney, and neogatal function has been noted in

polar bears with elevated Hg concentrations (Basih ,£2009; Sonne et al., 2007a).

In addition to the incursion of anthropogenic comtaants, the Arctic has been
undergoing significant climate-related changes aitt?.4% loss of September sea
ice extent over the last decade (Stroeve et dl2R2®Reduced sea ice extent and
changes in temperatures are likely to impact comtanh pathways, and thereby affect
delivery, partitioning, transformation, and degrtamtaof POPs (Macdonald, 2005;
Macdonald et al., 2005; Stern et al., 2011). Chamg@rimary production have been
attributed to altered sea ice extent and thick(lsmdy et al., 2009; Perovich et al.,
2008; Tremblay et al., 2011) and could consequemipact food web structure and
exposure to biomagnifying contaminants by highhiopevel biota, including beluga
whales. The distribution and feeding ecology ofigalwhales are intricately linked
to ice in the Arctic as these small cetaceans tiaelseasonal movement of ice and
rely heavily on ice edge-associated food webs ffey pLoseto et al., 2006). As such,
any change to sea ice extent or its dependenti@tds expected to result in changes
in the movement, behavior, and/or feeding ecoldgyetuga whales, all of which
may affect contaminant-related exposure and heakhb.

In the present study, we examine beluga whaleskted by Inuvialuit hunters in
the Beaufort Sea between 2008 and 2010 and evahetelationship between the
presence of contaminants of concern in Arctic faeths (PCBs, PBDEs and Hg) and
hepatic and blubber abundance profiles of mMRNAg@ing proteins that are
essential for regulating growth, metabolism, depeient, and xenobiotic

detoxification.
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5.2 Materials and methods

Sample collection
All tissues were sampled from beluga whales inatmdtation with the annual

harvest by Inuvialuit hunters at a field stationtdendrickson Island near the
community of Tuktoyaktuk, Northwest Territories,r@aa (Figure 15). A total of 43
males were sampled between 2008 and 2010 (n=2008; 2=13 in 2009 and n=10
in 2010). Inuvialuithunters typically select medium to larger sizedasasuch that
the number of samples obtained from females (n'A dnd 0 in 2008, 2009, and
2010, respectively) precluded a proper evaluatidheinfluence of gender. We
therefore discuss only data derived from males.

Blubber and skin samples collected for organic aonant analyses (PCBs and
PBDESs) were immediately flash frozen in liquid agen for transport. Samples were
subsequently transferred to a -80°C freezer ateFistand Oceans Canada in Sidney,
BC, Canada. For determination of mercury (Hg) conteuscle samples were
collected and stored at -20°C until further anatyse

For measurement of mMRNA abundance profiles, apprataly 1g each of blubber
and liver were preserved directly in RNw#er tissue preservation solution as per the
manufacturer’s instructions (Applied Biosystemsstieo City, CA, USA) and stored
at -20°C until isolation of total RNA.

All post mortem samples were collected within twouts of harvesting. A serial
sampling of liver and blubber tissues from threel®h at the field station revealed no
impact on data quality within this collection petiproviding confidence about the

quality and comparability of our sample set (resakt shown).
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Figure 15 Beluga tissues from 43 beluga whales harvested byuvialuit hunters
in the Western Canadian Arctic were collected neaHendrickson Island between
2008 and 2010.

RNA isolation and cDNA synthesis
Blubber samples were divided into inner, middled aater blubber based on

differences in color and texture. Detailed procedwn total RNA extraction and
cDNA synthesis are described elsewhere (Buckmah,2011; Veldhoen et al.,
2001). Briefly, tissues were homogenized in a 1L5microcentrifuge tube with 700
pnL of TRIzol reagent as recommended by the manuifacs protocol (Life
Technologies Inc., Burlington, ON, Canada) andnan3 diameter tungsten-carbide
bead using a Retsch MM400 mixer mill (Thermo FisBeientific, Ottawa, ON,
Canada). Samples were homogenized in two 3 mintgevials at a frequency of 20

Hz with a brief sample cooling on ice and rotatodrthe shaking rack between
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intervals. For the blubber, 20 pug of glycogen (RoEBiagnostics, Laval, QC, Canada)

was added to each sample after phase separatitatels$ total RNA was resuspended
in diethyl pyrocarbonate-treated distilled, dei@dzavater (DEPC ddiD) (20 uL for
blubber samples and 50 pL for liver samples) aorkdtat -80°C. RNA
concentrations were confirmed through spectrophetgnand 1 g of each sample
used to produce cDNA with the High Capacity cDNA&aese transcription kit as
described by the manufacturer (Applied Biosyste@s)sbad, CA, USA). Each
cDNA sample was diluted 40-fold with PCR-grade wateor to evaluation using the

guantitative real time polymerase chain reactioRCR) assay.

Quantitative real time polymerase chain reaction (QPCR) assay
Thirteen gene transcripts were selected basedeanability to provide

information on animal health and/or response tdamomant exposure. These include
thyroid hormone receptors alpha and bé&targ, Thrb, estrogen receptor alpha
(Esrl), retinoid X receptor alphdra), aryl hydrocarbon receptofkir), cytochrome
P450 1A1 Cyplal, glucocorticoid receptoiNi3cl), heat shock protein 70-like
(Hspal), metallothionein 1NIt1), leptin Lep), adiponectinAdipog, vitamin D
receptor Nrlll), peroxisome proliferator-activated receptor ganfid.c3), and
insulin like growth factor receptor 1gf1). Three additional transcripts were selected
as potential normalizers for correction of expentaévariance: ribosomal protein L8
(Rpl8), glyceraldehyde-3-phosphate dehydrogen@sgdl), and cytoplasmic beta
actin Actb).

Gene-specific primers were obtained from Integr&@didh Technologies
(Coralville, IA, USA) and assessed for their apitib amplify a single specific DNA

amplicon using beluga whale cDNA prepared fromtihe tissues. A three-tier
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guality control (QC) process outlined in detailesithere (Veldhoen et al., 2011)

confirmed the targeted expressed gene sequenceatsiied the criteria for use of
the comparativ@ACt quantification method (Veldhoen et al., 201djormation on
the QPCR primers is outlined in Appendix 3 andaksociated beluga whale
expressed gene sequences and cloning primers eposited in NCBI GenBank or
are presented in Appendix 4.

The QPCR data presented herein are derived frorltitsder and liver. In blubber,
all primers, except those f@yplal passed the quality control tests. Inner and outer
blubber mRNA levels correlated with each otherdibigene transcripts (Appendix 5),
we only present the data from the inner blubbéhépresent study. Previous studies
have reported the inner blubber to be more apptgpthan outer blubber to
investigate the association of contaminant conaéiotrs (Buckman et al., 2011;
Tabuchi et al., 2006) and changes in mMRNA levé&yirelated to increased
vascularisation and metabolic activity in this mrg{Strandberg et al., 2008; Wilson
et al., 2007). Two additional gene transcriptisy andCyplal involved in
detoxification were also analyzed in the liver.

QPCR reactions (15 pL) were performed on a Readpgppendorf thermocycler
(Eppendorf, Westbury, NY, USA). The thermocyclegyeon for all transcripts
included an initial enzyme activation step at 9%9@nin), followed by 40 cycles of
95°C denaturation (15 sec), 60°C (or 55°CRarg) annealing (30 sec), and 72°C
elongation (45 sec). Quadruplicate reactions wertopmed for each sample and
QPCR target specificity was determined by inclusibno template and no
amplification reaction controls as well as throwyfaluation of each post-reaction
thermodenaturation profile. Inter-run variation veasessed as described previously

(Veldhoen et al., 2011). The geometric mean ofteéle normalizer gene transcripts
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was invariant between groups and not affected blpbical variables or contaminant

concentrations under investigation. Additional ghility of the normalizers was
established using Reffinder
(http://www.leonxie.com/referencegene.php?typezxezfee). Replicate data was
averaged and normalized to the geometric meanedative mRNA abundance (fold

change) values generated using the comparati®d€1t) method (Livak et al., 2001).

Contaminant analyses
A portion of each blubber sample (500 mg to 1gweight) was analyzed at the

Laboratory of Expertise for Aquatic Chemical Anasyd EACA) at the Institute of
Ocean Sciences (Sidney, BC, Canada) for congereifgpPCB and PBDE
determination. For quality assurance/quality cdrit@?/QC) purposes, a standard
reference material (NIST 1945 whale blubber SRM®Y procedural blanks
containing pure lipid (triolein) to imitate the kmhor of tissue extracts, and one
replicate sample were run for each batch of 10 s&snjphe procedural blanks, along
with approximately 600 mg amounts of each belugalbér sample, replicates and
SRM samples were spiked with a mixture of surrogatrnal standard containing
ten’*C-labeled PCBs and téfC-labeled PBDEs obtained from Cambridge Isotope
Laboratories (Andover, MA, USA) to enable preciad accurate quantification using
the isotope dilution method. Details on samplerclep, instrument-based analysis,
guantification protocols, criteria used for congeidentification and QA/QC control
measures undertaken for the high resolution gaswdiography/high resolution mass
spectrometry (HRGC/HRMS) analysis of all the aredydf interest are described

elsewhere (Ikonomou et al., 2001).
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Beluga muscle samples of approximately 0.15g weatyaed for total Hg.

Samples were digested with a hydrochloric/nitrid aixture heated to 90°C. The
digest was analyzed by cold vapor atomic absorgpattrometry (CVAAS) at the
Freshwater Institute, Winnipeg, MB, Canada. CextifReference Materials (CRM
2976, TORT-2, DOLT-2) were analyzed in duplicatewery run. Details on the
procedures and QA/QC can be found elsewhere (Aomgtet al., 1971; Loseto et al.,

2008b).

Stable isotope analyses
Isotope determination was performed on dried homizgée beluga liver samples.

Lipids were removed for the carbon isotope deteatmm using a
chloroform/methanol extraction and then dried fioalgsis. Carbon and nitrogen
isotopic analyses were performed using continutmyg, ion-ratio, mass spectrometry
(CF-IRMS) (University of Winnipeg Isotope LaboragpMB, Canada). Details on the
procedures as well as QA/QC methods can be fowssavbere (Loseto et al., 2008b).
Carbon and nitrogen isotope results are expressad atandard delta) notation in
units ofper mil (%o). The delta values of carbosi{C) and nitrogend:°N) represent
deviations from a standard:
dsample6o = [(Rsample/ Rstandard — 1] X 1000

where R is thé®C/*%C or**N/*N ratio in the sample and the standard. The

standards used for carbon and nitrogen analysesWenna PeeDee Belemnite

(VPDB) and IAEN-N1 (IAEA, Vienna, Austria), respeatly.
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Data analyses
Normality and homogeneity of variances were evaldaising the Kolmogorov-

Smirnov test and Levene’s test, respectively (SHSH8,Corporation, Armonk, NY,
USA) for relative mRNA abundance, total PCB and BBfdncentration (expressed
on a lipid weight basis), and mercury concentratlata sets. If the assumption of
normality and homogeneity of variances were not, oetta were log-transformed.
Pearson correlation was determined between inrteoater blubber samples using
SPSS.

Principal component analysis (PCA) was used touatalmRNA abundance
patterns among individual belugas (Pirouette, Irdtyin, Bothell, WA, USA).
Transcript fold change values were transformedaandscaled before PCA. This
centered log ratio procedure was used to avoidtivegaiased associated with
normalized data, as described elsewhere (Ross 2084). We examined which of
the biological variables best explained variatiobeéluga mRNA transcript levels by
regressing the biological variables with the PCduiraxis one and two (SPSS).

The variable or combination of variables (year,, dgegth, total PCBs, total
PBDEs, Hgs™N, 8'°C) best describing the mRNA level of each gene sedescted
using the lowest Akaike information criterion (AIC3YSTAT, Chicago, IL, USA).
The AIC method ranks models based on their ovstalistical support. Lowest AIC
models are most supported and AIC weights proviftEination on the relative
support of each model. Backward stepwise regressi@ne used in combination to

AIC.
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5.3 Results and discussion

Morphometrics and contaminant levels in beluga
While body length, girth and blubber thickness wlad differ among sampling

years, 2010 beluga were younger than animals samp008 and 2009 (p = 0.030)
(Table 10). PCB (0.68 — 8.36 ug/g lw) and Hg coteions (0.47 — 2.79 pg/g dw)
did not differ among study years. Inter-annualatighces were observed for stable
isotopes measured in liver, wish°C being higher in 2008 and 2010 compared to
2009 (p < 0.001). Finally, PBDE levels in 2009 vasaere higher than in those
sampled in 2008 (p = 0.049). These PCB, PBDE antetis are 7-fold, 12-fold and
8-fold lower, respectively, than levels observethi@ southerly St. Lawrence estuary
beluga whales (Beland et al., 1993; Hobbs et @032Raach et al., 2011), wherein
reproductive impairment and a high incidence ofdtsrare thought to underlie a lack
of population recovery (Beland et al., 1993). Thespnt results collectively indicate
that inter-annual differences in beluga feedindagyyoccur in the Arctic, with
consequential implications for uptake of dietarptaminants. The influence of
habitat selection on contaminant exposure in Bea&®ea beluga is evaluated in more

detail elsewhere (Loseto et al., 2008a; Losetd. 2@12).
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Table 10 Forty-three beluga males were sampled in collabation with Inuvialuit

hunters. Inter-annual differences were observed foage, PBDEs$*N and $°C.

2008 (A) 2009 (B) 2010 (C) Tukey's
Length (cm) 398 + 28 405+42 40436 p = 0.368
Girth (cm) 113 + 16 120+13 118+ 16 p =0.706
Age (years) 34 +12 34 +11 24+ 4 &Z?ggf
Blubber thickness (cm) 8.6 £0.6 99+04 8.7%0. p=0.704
PCBs (1g/g Iw) 3.4+17 36+15  32+13 p 368
PBDES (ng/g Iw) 17.1+16  27.3+38 21.2+28 P ?A%;Mg
Hg (ng/g dw) 1.3+0.13  1.1+02  1.1+01 p =553
515N (%0) 16.9+04  161+04 182+04 P ?B%())lo
8"3C (%o) 205+0.9 -192+0.3 -20.2+0.3 &E?éog)l

PCB-related changes in mRNA abundance
While beluga whales are exposed to a complex nexpeipersistent environmental

contaminants, PCBs, PBDES, and Hg are considered@ithe top contaminant
threats to high trophic level marine mammals inthghern hemisphere (Mos et al.,
2010). Therefore, we explore the association betweese priority contaminants and
MRNA abundance profiles determined in select betisgaes.

A significant correlation was observed betweenrli&br andCyplalmRNA levels
(Figure 16a;7= 0.62; p < 0.001), consistent with their interat&nship with respect
to biological responses to xenobiotic exposure@egious studies in other species
(Mimura et al., 2003). The abundance?dir (2008 and 20097F 0.18; p = 0.045;
2010: n.s.) an€yp1al(2008 and 20097k 0.20; p < 0.001, 2010° 0.20; p =
0.049) mRNA was positively correlated with PCB cemications in beluga (Figure
16b, c).Ahr mRNA levels in 2010 beluga were not correlatechWiCB levels,

perhaps reflecting the small sample size for thatigular year. An increase in
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blubberAhr andCyplalmRNA levels in relation to PCB exposure was aéstently

observed in highly contaminated killer whales frtita Northeastern Pacific Ocean,
where age and sex were not contributory varialBesKman et al., 2011). While
animal age was not known, positive relationshiggsvbenAhr andCyplalmRNAs
versusPCB concentrations have been established in batled dolphins from the
Mediterranean (Panti et al., 2011) and fin whaBsdenoptera physalyigrom the

Mediterranean and Gulf of California (Fossi et 2010).
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Figure 16: Relationship betweenCyplal and Ahr mRNA levels and total PCBs:
(a) Cyplal and Ahr mRNA levels in the liver of male beluga whales werclosely
interrelated (r?= 0.62; p < 0.01); (b)Cyplal transcripts correlated with total

PCB concentrations (solid line: 2008+2009k 0.20, p < 0.001; dash line: 2010:
r?=0.43, p = 0.049); and (cAhr mRNA levels were correlated with total PCB
concentrations (solid line: 2008+2009:%= 0.18, p = 0.045; 2010: n.s). Whales
sampled in 2010 had lowefCyplal and Ahr transcript levels possibly due to their

younger age.
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The high affinity of beluga AHR protein for 2,3, #A@&rachlorodibenz@-dioxin

(TCDD) and the relatively high levels of hepatic ENAL protein observed in Arctic
beluga may indicate a sensitivity of this speatedioxin-like compounds, including
planar PCBs (Jensen et al., 2001; Wilson et a0520rhe highly significant
correlation betweeAhr andCyplalmRNA levels and PCB concentrations in beluga
in the present study suggests that an increas®NArmabundance can be detected at
contaminant levels that are substantially lowenttiose reported for southerly
marine mammal populations in which adverse effhate been noted (Hobbs et al.,
2003). This underscores the sensitivity of traqome-based endpoints in detecting
toxic injury and/or response to contaminant expesur

The lines depicting the relationships between hepdtr andCyplalmRNA
levels and PCB concentrations differed betweer®2@iales and the 2008 and 2009
whales (Figure 16b, c), possibly reflecting the yger age of these animals (Table
10). Belugahr andCyplaltranscript abundance increased with age (.20 ; p =
0.015 and¥= 0.27 ; p = 0.002, respectively; data not showrg manner similar to
that observed in Baikal seaRsa sibirica (Kim et al., 2005). Age-correcting the
Ahr andCyplalmRNA levels eliminated the inter-annual differesm¢described in
Figure 16b and c), with results collectively reveglpositive correlations between
Ahr andCyplalmRNAsversusPCBs, regardless of age.

The abundance profiles measured for other gensdnats in beluga blubber
exhibited no relationship with PCBs for any stuéal These included transcripts
encoding proteins involved in key biological prages such as hormone signalling
pathways, regulation of growth and metabolism, dexklopmentThra, Thrb, Esrl,
Nr3cl, Pparg Adipog Lep Igfl andRxra). This observation for arctic beluga

contrasts results from more contaminated marine mmals) where, for exampl&hra
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and/orThrb transcripts correlated with PCB concentrationsarbor seals (Tabuchi et

al., 2006) and killer whales from the Northeasteatific Ocean (Buckman et al.,
2011), and ringed seals from the Baltic Sea (Reutl., 2010). Additionally, higher
Esrl1 mRNA levels with increasing PCBs have been obsknvdoth the Northeastern
Pacific killer whales (Buckman et al., 2011) ane Mediterranean and Gulf of
California fin whales (Fossi et al., 2010).

No association between any of the gene transanpesured and PBDE
concentrations were detected in beluga blubbenur&nowledge, there are no
reports of direct PBDE-associated influence on mRNwscript abundance in
wildlife. Because of their similar structure andypito-chemical properties, PCBs and
PBDEs are often reported to have similar toxic nrmeems of action. However,
PBDEs have been identified as less toxic than RERBHEgren et al., 2002; Hallgren
et al., 2001) and, under controlled laboratory-daseosures, correlations between
ThramRNA levels as well as other transcripts involuethyroid metabolism and
PBDEs have been established (Lema et al., 200&0S=zal., 2009).

Elevated metallothionein is often associated wigtahexposure (lkemoto et al.,
2004). No consistent associations were observedeeeiMtl mMRNA levels and total
Hg (or PCBs and PBDES), perhaps reflecting theively low levels of this metal in
our study animals. MeHg biomagnifies in food welmng with PCBs, perhaps
explaining the positive correlation observed betw®se two compounds in beluga
(r*= 0.82; p < 0.001). Buckmaet al (2011)reported an increase in thil mRNA
levels with increasing PCB levels in killer whalethough Hg was not measured and
contaminant concentrations were one to two ordensagnitude higher than for

beluga assessed in the present work. Sled-dogsHal@ blubber containing high
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levels of Hg and PCBs also exhibited an increasdtinmRNA levels (Sonne et al.,

2007Db).

While only three major contaminants of concern (BCBBDESs, and Hg) were
measured in the present study, it is importanetognize that these whales are
exposed to a highly complex mixture of contamindhsir et al., 1999). There is
evidence suggesting that the Mackenzie River detl@re the belugas were sampled,
has relatively high levels of polycyclic aromatidinocarbons (PAHS) (Yunker and
Macdonald, 1998). Even though these chemicalslapeable to bind to AHR, they
have a relatively low half-life and limited abilitp bioaccumulate compared to PCBs
(Gray, 2002). In addition, as evidence by the enspdynachs observed in all the
whales sampled, these belugas are not known todieectly in the Mackenzie delta
area, having just arrived from their Bering Seaniigration. While the contribution of
other persistent contaminants cannot be ruledsowgight of evidence indicates that
PCBs represent the dominant POP of concern in maneimmals (Mos et al., 2010),

and remains the likely driver of our observations.

PCBs alone do not explain all gene transcript responses
While univariate statistical approaches providelence of PCB-related increases

in two hepatic gene transcrip&shr andCyplal, PCA provides additional insight

into the factors affecting the health of beluga lwkaSeventy-six percent of the
variance in mRNA transcript expression profilebatuga was explained by the first
two PCA factors (PC1: 56%; PC2: 20%) (Figure 1jalriier—annual clustering was
observed along both axes, suggesting that diffeseamong years explained some of
the gene expression pattern. Beluga sampled in @d8&red on the left side of PC1

while most of the beluga sampled in 2008 and 2@ll®h the right side (Figure 17a).
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Beluga sampled in 2010 were clustered towardsawerl end of PC2, contrasting

those sampled in 2008 and 2009 that clustered tisathe top of the plot. PC1
correlated witt8**C and PBDE concentration$ € 0.17; p = 0.007%= 0.13; p =
0.012, respectively; Figure 17c, d). PC2 appeardzbtexplained by a single factor,
the age of the belugad& 0.15; p = 0.022; Figure 17e), with 2010 whaleisdpe
younger than those sampled in 2008 and 2009.

The PCA variables plot of mMRNA transcripts reveaetlear divergence between
the two toxicology-related mRNA transcrip&sht in both liver and blubber, and liver
Cyplal)and the other 11 blubber gene transcriptsd, Thrb, Esrl, Nr3cl, Mt1,
Hspall Nrlc3 Adipog Lep, Igfl andRxra) (Figure 17b). This is consistent with the
highly specific roles oAhr andCypZlalin detoxification processes in mammals
(White et al., 2000). The 11 non-toxicology-relagehe transcripts were all higher in
2008 and, to a lesser extent, in 2010. The relgtioaver §*°C values in whales
sampled in 2008 and 2010 help explain the multatarpatterns observed here, and
are consistent with inter-annual differences irdfieg behavior suggested here and in

a parallel study (Loseto et al., in prep).
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Figure 17: (a) Principal Component Analysis (PCA) was performd on all mMRNA
transcripts in inner blubber as well asAhr and Cyplal in liver. It revealed inter-
annual differences in mMRNA transcript abundance irmale beluga whales. The
13 gene transcripts involved in the PCA are showmi(b). Factor 1 was plotted
against (c)8'3C in liver or (d) total PBDESs in blubber. Factor 1was negatively
correlated with $*3C (r?=0.17; p = 0.007) and PBDEs = 0.13; p = 0.012),
pointing to inter-annual differences in diet. (e) Rctor 2 was positively correlated
with age (= 0.15; p = 0.022), although clustering by year wasill evident.

Age (Years)

Best fit models confirmed that year samp&dC ratio, and PBDE concentration
explain the variation iThra, Thrb, Nr3c1, Mt1, Hspall Nr1c3 Adipoq Lep, Igfl and
RxramRNA abundance. ThE>C ratio contributed to the final model for 10 ofitld
target gene transcripts, while sampling year anBPRvel contributed to the final
model for 8 out of 11 target mMRNAs (Table 11). Tehessults build on the univariate
and multivariate observations above, and suggestititer-annual differences in

feeding ecology explain some of the variation itugaThra, Thrb, Nr3cl, Mt1,
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Hspall Nrlc3 Adipoq Lep Igfl andRxramRNA transcript profiles. Given the low

concentrations of PBDEs in these beluga whalesuspect that the relationship
between PBDEs and the mRNA abundance of this lyatfegenes is not due to
toxicity, but rather reflects a dietary shift teegrcontaining somewhat higher PBDE
levels in 2009. This is supported by the lack afzanate correlations between the
levels of individual mMRNA and PBDE concentratioas,well as the coincident

changes iB**C.
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Table 11: Results from the Akaike information criterion (AIC) analyses. Year and PBDEs were the bestviables explaining variations in the mRNA
levels of genes involved in growth, metabolism argkvelopment.® AICc = second order Akaike information criteria (Al C ) nlog (62) + ) bias
adjusted AIC for small sample size = AIC + (K(K + 1/(n - K - 1) whereK is the total number of estimated regression paramets including ¢2 (no

intercept) and n is sample size® A; = AIC differences computed as AIGAIC yin. ¢ W; = exp(-1/A;)/Zexp(-1/24,). Data are only presented for model
with AAIC .below 2 which are considered the most important.

Gene Major roles Predictors ’r  p-value AIC AIG  AAIC, Wi
Thra Development, cell year, PBDEs3™"C 0.73 <0.001 16,52 219 0 0.71
differentiation, metabolism
Thrb Development, cell PBDESs,5"°C, Hg 0.68 <0.001 434 45.5 0 0.58
differentiation, metabolism
Esrl Growth, cell Year, PBDEs$*°C 0.53 <0.001 46.6 495 1.3 0.27
differentiation,
development, reproduction
Year, PBDEs 0.63 <0.001 46.2 48.2 0 0.52
Ahr Induction of metabolizing PCBs, age, PBDEs 042 <0.001 844 86.5 15 0.25
enzyme
PCBs, age 0.48 <0.001 837 85 0 0.53
Cyplal| Metabolism of lipophilic PBDEs, Hg, PCBs, Age, year  0.54 0.012 57.2 61.9 1.50.29
subtsances such as dioxin-
like compounds

PBDEs, Hg, Age, PCBs 0.63 <0.001 50.7 60.4 0 0.61



Nr3cl

Mtl

Hspall

Nrlc3

Adipoq

Lep

Igfl

Rxra

Lipid metabolism, year, PBDEs3'°C, PCBs
maintenance of growth,

response to stress
year, PBDES}™*C
Cellular metal Year,sC
homeostasis, scavenging of
oxygen radicals
Protect cells from
environmental stress
conditions

Year,5°C, PBDEs

Year,s°C

Cell differentiation, PBDESs,5*°C,PCBs
development, metabolism
(lipids, proteins)
PBDEs$'C
Glucose regulation, fatty Year,8"°C, Hg, age, PBDEs
acid catabolism
Year,5°C, Hg, age
Year, PBDES;C, PCBs
Year, PBDEs§™C

Year, PBDEs$C, PCBs

Lipid metabolism

Protein and lipid
metabolism
Year, PBDEs3™C

Cell proliferation and Year, PBDEs$'°C
differentiation, immune

system

0.52

0.67
0.42

0.2

0.23
0.53

0.67
0.56

0.65

0.64
0.68

0.69

0.72
0.89

<0.001

<0.001
<0.001

0.056

0.043
0.042

0.013
<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

67.5

67.2
37.1

54.1

53.8
55.4

54.3
97.6

97.4

71.5
71.1
67

66.9
30.4

70.7

69.4
40.6

57.2

56.2
58.1

56.1
98.7

98.1

74.5
73.1

68.2

67.6
35.9

1.3

0.6

1.4

0.6

0.3

0.57
0.76

0.35

0.44
0.24

0.65
0.36

0.48

0.28
0.56

0.34

0.45
0.75
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While there is no information on the effects of mpes in diet and altered
abundance of gene transcripts associated with grongtabolism and development
in marine mammals, there is growing evidence ohsetationships in studies of
laboratory animals. Nutritional changes, includaigred food intake and/or changes
in the types of nutrients consumed, have affedtedsynthesis and metabolism of
hormones and the expression of hormone receptasn@y et al., 2001). For
examplePparg, Adipoq, Lep, Igfl, Thra, Thrb, Nr3andHspalmMRNA levels in
rodents were altered following changes to dietiuidiog shifts in fatty acid or caloric
intake, as well as with fasting—refeeding cycldsede changes in expression of
MRNA transcripts and encoded protein subsequeffdgtad development, energy
metabolism, body weight, and nutrient utilizati@e(tram et al., 1999; Dauncey et
al., 2001; Flier et al., 2000; Kadowaki et al., 200in et al., 1997; Schlesinger,
1990). These observations from controlled feedindies of mammals suggest that
changes in mMRNA transcript levels in beluga whatey indeed occur as a result of
changes in feeding ecology.

In western Hudson’s Bay, changes in sea ice ektehbeen linked to changes in
distribution and feeding ecology of polar bears balliga whales (Gaden and Stern,
2010; McKinney et al., 2009). Beaufort Sea belugales rely heavily on sea ice
edge-associated prey such as Arctic @aor¢ogadus saidgLoseto et al., 2009;
Loseto et al., 2008b). Sea-ice associated changés idiet of this population of
beluga have been described, with whales feeding wibshore and/or more
pelagically during years of low sea ice extent @toset al., 2012). Stroeve et al.
(2012) reported a rapid loss of ice in June 20@B2010 in the Beaufort Sea. The
average percent ice coverage in the Mackenzie Kie#a during the month of June

was 19% and 16% lower in 2008 and 2010, respegtigeimpared to 2009 when ice
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extent was close to historical averages (Canadaisérvices;

http://www.ec.gc.ca/glaces-ice, Appendix 6). Thelsanges to sea ice conditions
coincide with the lowes**C ratios and higher mRNA levels for genes related t
growth, metabolism and development in 2008 and 2@&lGga but not those from

20009.

5.4 Conclusions
While the full implications of change in mRNA stattemain unclear, there exists

strong links between exposure to planar hydrocarlama changes ishr andCyplal
expression across a wide range of fauna. An extengeight-of-evidence also exists
which documents PCB-related effects to the hedltharine mammals inhabiting
industrialized regions. This includes increasedspsbility to disease, higher
incidence of cancer, reproductive impairment, aenketbpmental abnormalities
(Helle et al., 1976; Ross, 2000; Ylitalo et al.02n

The present study provides strong evidence of R&l&ad increases ihr and
CyplalmRNA abundance in free-ranging beluga whales &wsaiggests that the
inter-annual levels of additional gene transcript®Ived in development, growth,
and metabolic homeostasis are altered under diffeesa ice extent profiles. This
portends potentially troubling health risks to ldhgd beluga whales associated with
a rapidly changing climate in the Arctic. The deggte which these results reflect a
shift in diet, or a stress response to changesadifg ecology, is unclear.
Nevertheless, our results suggest that the eftdd®€Bs on the health of beluga
whales may be modulated under different climatameg. Altered health of beluga

exposed to POPs in a rapidly changing arctic enuient could have important
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consequences for the aboriginal communities that halied on this species as an

important food source for hundreds of years.
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Chapter 6: Conclusions
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Persistent organic pollutants (POPs) and methylongr@leHg) are present in

every environmental compartment including air, wagediment and biota. They can
therefore be defined as multi-media compounds. Giésacteristic represents a
challenge when trying to predict and understand grevironmental fate and
transport.

While Hg is emitted from both natural and anthrogrug sources and has been
present in the environment for centuries, POPsramn@made chemicals. The first
POP was manufactured 80 years ago but it is ontp 3@ years ago that their
toxicity, bioaccumulation ability and persisten@came apparent. Since the 1970s,
there have been an increasing number of reseaoghgms monitoring POPs and Hg
in air, water, sediment and biota increasing outeustanding on transport, trends and
potential health effects of these compounds.

The present thesis filled some gaps and furthese&mowledge on the transport
and fate of these major contaminants of concerB&€BDEs and Hg) in the coastal
British Columbia (BC) environment. It also provideew information on the potential
impacts of these compounds on the health of mans@mals inhabiting

industrialized areas as well as remote locations.

6.1 What is the contribution of long-range versus local sources of PCBs,
PBDEs and Hg in coastal BC, Canada?

Atmospheric investigation
Atmospheric transport is the most efficient mechanby which POPs move in the

environment and are delivered to remote locatiamaspheric PCBs have been
estimated to represent 93% of the total PCB infmutee North Sea (Duce, 1998), and
60 to 90% of the PCB burden in the Great Lakes onagnate from the atmosphere

(Eisenrich et al., 1981). Similarly, atmospheric ¢fgposition accounts for up to 90%
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of the total Hg delivery to the world’s ocean (Qdge et al., 2008). Understanding

atmospheric transport of these compounds is ther&iaportant to further our
understanding of contaminants in aquatic ecosystems

With Asia currently being the major emitter of Hgdaprevailing winds from the
west delivering air masses to North America froneAs only 2 to 10 days (Jaffe et
al., 1999; 2003), several studies have investigdtedrans-Pacific transport of Hg. It
has been estimated that Asian emissions contriieiteeen 15 and 24% of mercury
deposition over the western US (Seigneur et a0426trode et al., 2008) (Figure 18).
On the other hand, no estimation of the relativeartance of trans-Pacific transport

on the delivery of PCBs and PBDEs to the West Cofalsibrth America is available.

In chapter 1, we demonstrated that the legacy RE8globally dispersed in the
atmosphere as opposed to the still widely used PBDEwhich a local BC signal
was clearly evident (Figure 18). The ten day baajettories helped determine the
source of air masses reaching BC during our sagptar (2004) reflecting a
dominant flow from the west, with little seasonaliation in wind direction.
Together, these results suggested that 40% of PBIBtested in BC air originated
from trans-Pacific transport. In terms of depositizve estimated the total
atmospheric inputs of PCBs and PBDEs to the coB&aharine environment at 3.5
+ 0.7 kg/year and 17.1 + 6.5 kg/year, respectivieighlighting the increasing
dominance of PBDEs as environmental contaminantisisncoastal ecosystem. This
represents approximately 50% and 35% of total P@&BRBDE inputs to the Strait of
Georgia, respectively, with municipal effluentsrimpthe second most significant

contributor (R. Macdonald, personal communication).
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The significant intercontinental transport of cantaants from Asia to the west

coast of North America combined with a burgeonirgjgh economic zone raises
concerns for the BC coastal environment. It algilnghts the importance of
international treaties such as the Convention amgliRange Transboundary Air
Pollution whose primary goal is to control and reglthe damage to human health
and the environment caused by trans-boundary dutm. Within this Convention,
two protocols, one on persistent organic pollutamts one on heavy metals, were
ratified by 31 countries and entered into force®@3 (http://www.unece.org).
However, it is important to notice that Asian caies, significant contributors to
atmospheric contamination, did not take part irs¢hegulations. The lack of
participation of major emitting countries in thestergovernmental regulations might

impede the large-scale efficiency of current tessati
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Figure 18: While long range sources (trans-Pacifitransport) are dominant for the
legacy PCBs, local sources of PBDEs and Hg on thest coast of North America are

significant. (Hg data are adapted from Seigneur edl., 2004; Strode et al., 2008)
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Harbour seal investigation
While atmospheric sampling shed some light on éhegtive importance of large-

scale backgroundersuslocal sources of contaminants in BC highlightir®H=
trans-Pacific transport, harbour sed&f¢ca vitulind can help determine local
contaminant sources on a more regional scale. thdleese long-lived, high trophic
level marine mammals are relatively non-migratéegd on a wide variety of fish and
invertebrate species therefore providing a sighldaal food web contamination.

There are a number of studies on PCBs and PBDt® iNortheastern Pacific
harbour seals and their food web revealing spafigations in contamination. For
example, harbour seals from Washington State (W&)A, have been reported to be
seven times more PCB contaminated than the onesBI© (Ross et al., 2004, 2012).

In Chapter 2, we reported, for the first time, ldgdls in harbour seal pups
collected from various sites along the BC / WA ¢to&stal Hg concentrations in
pups ranged from 1.6 to 46.9 pg/g and revealee thoe spots for Hg (Queen
Charlotte Strait, Port Renfrew, and Central Pugetn®). Our results suggested that a
combination of anthropogenic sources and marind foeb processes influence the
delivery of MeHg to the top of this coastal marfaed chain.

Together with previous POP results, our study cordd that, on a regional scale,
Puget Sound can be defined as an area of conoeleed, because of the important
inputs from industrial and domestic activities @neé physical properties of the basin
such as lower sedimentation rate and higher flgstime than in the Strait of Georgia
(Macdonald and Crecelius, 1994), harbour sealditihg these waters have elevated

levels of PCBs, PBDEs, and Hg (Ross et al. 2004220
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6.2 What risks do contaminants represent for the health of harbour seals
inhabiting the industrialized BC/WA coast?

Wildlife toxicology is a challenging field. Usinpé actual species of interest is
sometimes challenging and extrapolation from oreeigs to another using
comparative physiology is usually needed. Overpids decades, numerous studies
on captive and wild harbour seals have increasedmderstanding of their
behaviour, physiology, endocrinology, immunologyitology (Ross, 2000) and
helped develop thresholds for health effects inimamammals. They can therefore
be considered the “laboratory rat” of the ocean.

Thresholds based on contaminant levels have beablisbed to assess their
potential for deleterious health effects on wilelgopulation and provide guidelines
for conservation and risk management. Previoudesdufdund that 100% of harbour
seal pups sampled in WA had PCB levels that sugpatbseshold for alterations of
immune and endocrine functions (Ross et al., 20l&.results presented in chapter
3 revealed that 33% of harbour seal pups from W Hg levels exceeding the

threshold for biochemical alterations in the brain.

In Chapter 4, we used genomics techniques to peaasight, at the molecular
level, into the health of harbour seals from thestBC and WA) and east (Quebec,
Newfoundland) coasts of North America. We expantiedool box previously used
for this species from three genes (Mos et al., 20@Buchi et al., 2006) to seven.
Best-fit models revealed that the dominant POP $@&s the main factor
explaining variation of mMRNA transcript profile blubber and skin. However, while
there were positive correlations between PCB cdanagons and the mRNA levels of
estrogen receptor alphBgrl: r’=0.12, p=0.038), thyroid hormone receptor alpha

(Thra: ’=0.16; p=0.028), and glucocorticoid receptdr3cl: r’=0.12; p=0.049) in
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blubber, negative relationships were observedgst (*=0.21, p=0.021)Nr3cl

(r*=0.22, p=0.003) and heat shock protein 6gat r*=0.39, p=0.000) in skin. The
divergent results between blubber and skin miditectdifferent ability of various
tissues to uptake and metabolize PCBs and highinghteed for caution when
interpreting transcriptomics results. While the plagion-level consequences are
unclear, these results suggested that PCB-assbaildeations of the mRNA levels
of these genes may lead to adverse effects on lgrand development as well as
deleterious consequences on metabolism and theneand reproductive systems.
Approximately 53 000 harbour seals inhabit theiStfaGeorgia, BC, and Puget
Sound, WA, USA, and this estimate has been stablihé past several years
suggesting a healthy population (Jeffries et 803 Olesiuk, 2009). However, the
changes observed here at the molecular level itedtbat harbour seal physiology is
affected by contaminant exposure which might wedkeir ability to respond to
other environmental stressors and / or diseasedeise from the past supports the
fact that the highest risk for marine top predgkmpulations occur when contaminant
exposure and stress from other environmental pdaesseonverge. For example, in
the late 1980s, 20 000 harbour seals and sevendréd grey sealdH@alichoerus
grypug died in Northern Europe as a result of the inidabn of a morbillivirus into
these immunologically naive populations. Many stadvere undertaken leading to a
“weight of evidence” suggesting that dioxin-like B€may have contributed to these
mass mortalities by affecting immune functions (8&9)02) and the ability of these

populations to respond to the virus.
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6.3 What risks do contaminants represent for the health of beluga
whales (Delphinapterus leucas) inhabiting the remote Arctic?

In the Arctic, local sources of contaminants are end long range sources are
therefore the most important. Indeed, PCBs, PBDigisHy are efficiently delivered
to the Arctic through long-range atmospheric tramsp/Nhile ocean currents and
river discharge represent 46% of total mercury inpuhe Western Arctic Ocean,
atmospheric deposition accounts for 50% (Outridgd.e2008). The long-lived, high
trophic level beluga whales are inherently assediatith the ice edge where they
feed on a variety of prey species, including arctid Boreogadus saidaWhile
levels of contaminants in the Western Canadianié&\beluga population have been

monitored for decades, there are no publishedatatae health of these belugas.

In Chapter 5, we showed that the Beaufort Sea heliwles may be responding to
the exposure of PCBs with increagdar andCyp1AImRNA levels, two genes
involved in detoxification. While this is consistemith what has been observed in
highly contaminated marine mammals such as théneastern Pacific killer whales
(Orcinus orca (Buckman et al., 2010), it was surprising andossning to detect
significant response to PCBs in this populatiobelfiga exhibiting PCB levels an
order of magnitude lower than those measured in §td.awrence counterparts
(Hobbs et al., 2003).

It also appeared that contaminants alone did noiaé@xthe variations observed in
gene expression profiles. Higher mRNA levels ofegemvolved in growth,
metabolism and development were observed in yelaesemvhales exhibited low
83C (2008 and 2010) and these changes were coincidéniow sea ice years. Our
results therefore suggested that sea ice-assodasedes in diet might have an

impact on beluga physiology impacting importantegen
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Recently, studies on polar beayrgus maritimuyand ringed seal$foca hispida

reported an association between the annual sémee& up date and changes in
feeding ecology leading to changes in contaminanddns (McKinney et al., 2009;
Gaden et al., 2012). For the first time we suggestat, in addition to changes in
feeding ecology and contaminant load, climate ckaagd in particular decrease in
sea ice extent, might impact beluga health at thiecalar level. Such findings raise
important questions about the potential exacerbaifdoxic risks due to POPs as a
consequence of large scale climate changes cuyriamtlerway in the Arctic.

Beluga whales have been an important part of ddbtional diet of most
communities in the Inuvialuit Settlement Regionngjahe Beaufort Sea coast for
hundreds of years. Any changes not only to thethedlthe beluga population but
also to the contaminant loads carried by thesegaslmight represent a concern for
the health of Inuvialuit communities. Other studiase been evaluating human
health risks associated with the consumption afiiehal foods in northern

communities (Van Oostdam et al., 2005).

6.4 What does the future hold?
The marine environment is under various anthropegesated stressors including

contaminants, loss of natural habitat, oil andeygdoration and climate change.
Warming of the climate is undeniable as evidenceohtreased average air and
ocean temperatures, rising sea level and widespne#tthg of snow and ice (Figure
19; ipcc, 2007). While the magnitude of climateesssted changes is regionally

variable, changes are occurring on a global scale.
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Figure 19: Observed changes in global surface temyzdure (a), global average sea level

(b) and Northern Hemisphere snow cover (c) (Fromvww.ipcc.ch, 2007).

In southern BC, ocean warming of 0.5 f€ has been observed during the last 50
years (Environment Canada, 2006). In their studiygadessen and Macdonald (2009)
projected alterations in geochemical cycles (inoigéaorganic carbon, nutrients),
decreased pH and oxygen concentrations for th& 8fr&eorgia. They also reported
decreased and earlier peaks for zooplankton sppotestially affecting marine food
webs upon which harbour seal depends.

In the Arctic, changes are occurring faster thaywduere else (Jones and Moberg,
2003). On top of the global loss of sea ice overgthst few decades (12.4% over the
past decade (Stroeve et al., 2012), the fractidhioffirst-year ice increased from
38% of the total ice cover in the mid-1980s to 64%he spring 2010 with a peak to
72% in the spring 2008 (Stroeve et al., 2012). desise extent is decreasing, the

amount of solar irradiance penetrating the watérmao is increasing. Throughout the
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record low 2007 melt season, Perovich et al. (2@88jnated anomalies of 500% in

solar heat input to the Beaufort and Chukchi Sgeupcean compared to 1979 —
2005 averages. Such increases in light availal@bsociated with increased nutrient
supply from wind mixing and shelf upwelling have thotential to impact primary
production therefore impacting organisms highemughe food chain.

It is therefore clear that, regardless of locatrgnges are occurring within marine
ecosystems leading to structural changes in fodalspecies composition. Climate
change might therefore have direct effects assatmaith the loss of sea ice (or
habitat), changes in air and water temperatureslbatindirect effects related to
alterations of pathogens transmission, changesod &vailability and / or quality and
changes in contaminant exposure (Burek et al., 2R08acs et al., 2011). Such
alterations would, in turn, affect the health ofrma top predators (Ross,

2002)(Figure 20).
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Figure 20: While climate change can impact marine mmmals directly through habitat
change and/or loss, it can also have indirect imptby affecting marine food webs and

transport and fate of contaminants.

Recently, a decline in sea ice has been linkeditiationally stressed polar bears
resulting in lower reproductive success and rediboety size (Regehr et al., 2010;
Rode et al., 2010). On the other hand, a longelifigeseason due to a decrease in sea
ice was linked to an improvement of the body caadibf the West Greenland
harbour porpoises?hocoena phocoepd&Heide-Jorgensen et al., 2012). The results
presented in Chapter 5 provided preliminary evigethat sea ice-associated changes
in diet might induce changes in beluga physiolofgciing mRNA levels of genes

involved in growth, development and metabolism.
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While knowledge on POPs and Hg considerably ine@asiring the past 50 years,

the large-scale climate changes currently occumntdyanother level of complexity
when trying to understand the transport and fathege compounds (Macdonald et
al., 2003), their behaviour in marine food webs tradr potential impacts on marine
mammal health.

The present thesis showed that while local solacegmportant to take into
account when it comes to currently in use compowsunds as PBDEs and Hg, global
dispersion is a significant factor affecting thetdbution of legacy contaminants
(PCBs) and affecting contamination of remote laatMWhile efficient regulations
have successfully resulted in the decrease of RCB® environment, results
presented in chapter 4 and 5 confirmed that it nesn@amber one in terms of
potential threats for the health of marine mamn(iéliss et al., 2010). Finally, we
highlighted the importance of integrating climatel a@ontaminant research in order to
better understand their potential combined impastmarine food webs and marine

mammal health.
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Appendix

Appendix 1: Changes in Hg levels along individual seal pup whiskers.
Trends during mid-gestation (blue line), late gestation (red line) and
lactation (black line) are presented.
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Appendix 2: Gene-specific primers for QPCR analysis of mMRNA abundance in harbour seal tissues.

Gene Genbank Primer Primer Sequence Amplicon Size AACt Criteria @
Transcript ~ Accession Name (bp)
Number
Blubber Skin

Rpl& In progress UL8up GGTGTGGCTATGAATCCTGT 126 n/a n/a
L8-2dn ACGACGAGCAGCAATAAGAC

Gapdh ORQ15u ATCCCGCCAACATCAAAT 493 0.14 02
ORQ15d AGATCCACGACGGACACG

Actb ORQ16u CCTGGACTTCGAGCAGGAG 236 0.04 0.11
ORQ16d GCACCGTGTTGGCATAGAG

Esrl ORQ2up CCGAGCCCACTCTTGATT 213 0.04 0.03
ORQ2dn CCTCTTTGCCCAGTTGAT

Ahr HIQ3up ACCCACTGCTTGTGATGC 308 0.49 0.03
HIQ3dn TTCGCTTTCGTAAATGYTCT

Hspal ORQ7up ATGACGCGGGACAACAAC 392 0.13 0.09
ORQ7dn GAAATCACCTCCTGGCACTT

Nrlc3 ORQ11lu GCCTTCCAACTCCCTCAT 398 0.02 0.02
ORQ11d TCGCCTTTGCTTTCGTCA

Nr3cl ORQ12u GCCCAGTTTATTGTCAGG 139 0.01 0.03

ORQ12d TGTTGAGAAAGGGATGCT
Nrlll ORQ13u GCGTTCCAACCAGTCCTT 294 0.62 0.04
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ORQ13d TGGCAGCAGCGGATGTAG
Thra PV19 CGACGGAAGGAGGAAATG 231 0.11 0.12
PV20 GATCTTGGTAAACTCGCTGAA

®The difference of test minuRpI8 Ct is plotted against legDNA concentration (2-fold cDNA dilution serie§lope absolute values less than
or equal to 0.1 were considered suitable for ggreeiic QPCR analysis within a given tissue typ@; mot applicable.
PTranscript abundance &pl8was used as the comparator in relative primecieffcy calculations.

“Slope values did not satisBACt criteria and the indicated primer sets wereused in that tissue.



Appendix 3: QPCR primers used for assessment of mMRNA abundance in beluga whale (Delphinapterus leucas).

_ o NCBI Primer _ DNA
Gene Transcript Abbreviation Genbar_1k Name Primer Sequence A_mpllcon
Accession No. Size (bp)

Ribosomal protein L8 Rpl8 KC145562 ORQ14 up GCGGACGGAGTTGTTCAT 219
ORQ14 dn TTTGTCTCAGGGTTGTGGG

Glyceraldehyde3-phosphate dehydrogenaSapdh KC145563 ORQ15 up ATCCCGCCAACATCAAAT 493
ORQ15 dn AGATCCACGACGGACACG

Cytoplasmid3 Actin Actb KC145564 ORQ16 up CCTGGACTTCGAGCAGGAG 236
ORQ16 dn GCACCGTGTTGGCATAGAG

Thyroid hormone receptar Thra KC145565 ORQ17 up GCCCATCGCAGCACAAAT 317
ORQ17 dn TCCCCGCTCAGTGTCAGG

Thyroid hormone receptd Thrb KC145566 ORQ18 up AGATCCATCGGTCACAAG 170
ORQ18 dn CCACCTTCTGGGGCGTTT

Estrogen receptar Esrl NS ORQ2up CCGAGCCCACTCTTGATT 213
ORQ2dn CCTCTTTGCCCAGTTGAT

Vitamin D receptor Nr1ll KC145561 ORQ13 up GCGTTCCAACCAGTCCTT 294
ORQ13 dn TGGCAGCAGCGGATGTAG

Aryl hydrocarbon receptor Ahr KC145555 ORQ3up TCGAATGCACGCTTAGTT 241
ORQ3dn TTGCCTTGGTAGCAGAAT

Cytochrome P450 lal Cyplal KC145556 ORQ6A  ACAGCCTGATTGAGCACT 293
ORQ6A  AAAGAGGAATGTCGGAAG

Glucocorticoid receptor Nr3cl KC145560 ORQ12 up GCCCAGTTTATTGTCAGG 139
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Metallothionein 1 Mtl
Heat shock 70kDa protein 1-like Hspall

Peroxisome proliferator-activated receptomric3

Adiponectin Adipoqg
Leptin Lep
Insulin-like growth factor 1 Igfl
Retinoid X receptoo Rxra

NS

KC145557

KC145559

KC145569

KC145570

KC145572

KC145568

ORQ12 dn TGTTGAGAAAGGGATGCT
ORQ5up ATGGACCCCAACTGCTCC
ORQ5dn TTTGCAGACGCAGCCCTG
LEQ7up ACAGGCAAGGCTAACAAG
LEQ7 dn GCATAGGATTCTAAGGCATTT
ORQ11 up GCCTTCCAACTCCCTCAT
ORQ11 dn TCGCCTTTGCTTTCGTCA
ORQ21 up ATTCCCATTCGCTTTACC
ORQ21 dn AGGAGCACAGAGCCAGAG
ORQ22 up AGTCCAGGATGACACCAA
ORQ22 dn CCAAACCAGTGACCCTCT
ORQ25 up TTTATTTCAACAAGCCCACG
ORQ25 dn TACATCTCCAGCCTCCTCA
ORQ20 up GCTGGTGTCCAAGRTGCG
ORQ20 dn TGTTCCAGGCACTTGAGGC

153

155

398

227

104

112

249
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Appendix 4: Isolated Delphinapterus leucas expressed gene sequences not submitted to NCBI GenBank.

Gene Transcript Cloning PCR Primers and Plasmidi&€do cDNA Sequence Conceptual Protein Sequence

estrogen receptor ORQ2up; 5-CCGAGCCCACTCTTGATT-3' Base pairs; 177 Frame; +1

alpha Esrl) ORQ2dn; 5-CCTCTTTGCCCAGTTGAT-3' AAACACACTAAGAAGAACAGC  KHTKKNSPVLSLTADQMI
Clone; LEU2.1 CCTGTCTTGTCCCTGACAGCCG SALLEAEPPIIYSEYDPTRP

ATCAGATGATCAGTGCCTTGCT FSEASMMGLLTSLADREL
GGAGGCTGAGCCCCCCATAATC VHM
TACTCCGAATACGATCCTACCA
GACCCTTCAGTGAGGCCTCAAT
GATGGGCTTGCTGACCAGCCTT
GCAGACAGGGAGCTGGTCCAC

ATG
Metallothionein 1 I0S9; 5'-ATGGACCCCAACTGCTCC-3 Base pairs; 117 Frame; +2
(Mt1) I0S10; 5-TTTGCAGAYGCAGCCCTG-3' TGCACCGCAGGCGGATCCTGCA APQADPARVPAPANAKT
Clone; LEUS.1 CGTGTGCCGGCTCCTGCAAATG ANAPPARRAAAPAALRA

CAAAGACTGCAAATGCACCTCC APSV
TGCAAGAAGAGCTGCTGCTCCT
GCTGCCCTCCGGGCTGCGCCAA
GTGTGCC
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Appendix 5: Pearson correlation analysis of mMRNA abundance values
obtained from inner and outer blubber samples from beluga whales.

Gene Pearson
Transcript coefficent
Thra 0.51**
Thrb 0.33*
Esrl 0.21*
Ahr 0.12*

Cyplal NA
Nr3cl 0.43**

Mtl 0.24**
Hspall NA
Pparg 0.29*
Adipoq 0.10*

Lep 0.48**

lgfl 0.66**

Rxra 0.45**

Significance is noted by “** for p<0.05 and “*'fop<0.10. NA= non applicable because mRNA
transcripts were not quantifiable in the outer blkeib
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Appendix 6: Percent sea ice coverage for the month of June in the
Mackenzie River delta during our three sampling years revealed lower
seaice extent in 2008 and 2010 compared to 2009 (Data from Canadian
Ice Services; http://www.ec.gc.ca/glaces-ice).
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