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This thesis investigated the concentrations and bioaccumulation of current use 

organohalogen contaminants (OHCs) in the Canadian Arctic. Current use pesticides (CUPs), 

polybrominated diphenyl ethers (PBDEs), and alternative halogenated flame retardants (HFRs) 

were measured in seawater, and their bioaccumulation processes in polar bear (Ursus 

maritimus)-ringed seal (Pusa hispida) food chains in three locations across Nunavut (Canada) 

were assessed. Their bioaccumulation was also evaluated throughout the Arctic wolf (Canis 

lupus) food chain in the Bathurst Region of the Northwest Territories and Nunavut. 

Concentrations of OHCs in the terrestrial and marine organisms were relatively similar 

(low to sub ng g
-1

 lipid weight). Volumetric bioconcentration factors (BCFv) and 

bioaccumulation factors (BAFs) indicated effective uptake of the CUPs, PBDEs and some 

alternative HFRs by terrestrial and marine organisms. Biomagnification of some octaBDEs, the 

nona–decaBDEs and total PBDEs (PBDE) was evident in wolves and caribou (Rangifer 

tarandus groenlandicus), and these compounds (with BDE28/33 and the HFR) underwent a 

small degree of trophic magnification in that food chain [trophic magnification factors (TMFs) = 



1.3–2.1]. The CUPs had limited biomagnification, and along with the alternative HFRs, 

underwent trophic dilution (decreasing concentrations with increasing trophic level) through the 

terrestrial food chain. 

In seawater, CUPs, PBDEs and select alternative HFRs were detected at low pg L
-1

 

concentrations. In the marine food chains, chlorothalonil, -endosulfan, and -endosulfan did 

biomagnify in some polar bears (BMFs >1 in some locations). All other BMFs that significantly 

exceeded one for CUPs across the three locations were in lower trophic level interactions (e.g., 

plankton:algae). Only two PBDEs (BDE17 and BDE154) exhibited any biomagnification in 

ringed seals, at Barrow and Rae Straits alone. At Cumberland Sound, all significant 

biomagnification occurred in capelin (Mallotus villosus), a transient fish (>1000 km range) that 

ranges into temperate zones. The TMFs of the OHCs indicated near-universal trophic dilution 

through the ringed seal food chains; only endosulfan sulfate magnified, and only through the 

poikilothermic portion of the marine food web. 

It is unlikely that the OHCs investigated here will undergo large-scale biomagnification 

through these food chains, most likely due to effective metabolic transformation and 

environmental degradation of the contaminants. 
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1 INTRODUCTION AND LITERATURE REVIEW 

1.1 SCOPE OF THE THESIS 

The thesis focuses on recently or current use organohalogen compounds, specifically 

organochlorine and organophosphorus current use pesticides (CUPs), and a large suite of 

halogenated flame retardants (HFRs) and some by-products or metabolites that that have 

previously been detected or predicted to reach Arctic latitudes [1-15]. 

The original “dirty dozen” persistent organic pollutants (POPs) identified and regulated 

in the Stockholm Convention on Persistent Organic Pollutants (SCPOPs) were all organochlorine 

(OC) contaminants, including polychlorinated biphenyls (PCBs, flame retardants), the 

organochlorine pesticides (OCPs) dichlorodiphenyltrichloroethane (DDT), chlordane, 

heptachlor, hexachlorobenzene (HCB), toxaphene, mirex, aldrin, dieldrin and endrin, and 

polychlorinated dibenzodioxins and dibenzofurans (PCDDs/PCDFs) which are created as by-

products during production of other OCs [16]. Since the bans under the SCPOPs have been 

implemented, monitoring of the POPs continues, and temporal trends suggest that most of the 

legacy POP concentrations have leveled off or are decreasing in Arctic air since 1993 [2], with 

similar trends in some biota [9]. This monitoring has, and should continue, but some research 

focus should be shifted to other new priority contaminants that exhibit POP-like characteristics. 

Some CUPs and HFRs have similar physicochemical properties to the POPs, while others 

have properties that suggest less persistence in the environment, lesser or unknown potential to 

bioaccumulate and biomagnify, and unknown or negligible toxicity to mammals. 

Bioaccumulation is the uptake and retention of contaminants such that concentrations are 

elevated in an organism over its ambient environment, while biomagnification is a specific type 

of bioaccumulation resulting from dietary transfer of contaminants, yielding greater 

concentrations in consumers over their diet [17]. 
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Based on more recent research regarding current or recent use contaminants, a suite of 

“new POPs,” including polybrominated diphenyl ether (PBDE) flame retardants and the OCP 

endosulfan, have been identified and initiatives for global phase out have been agreed upon 

under the SCPOPs. They have since undergone limitations on their use, and are currently in 

various stages of their own global phase-out initiatives [18, 19]. This thesis was undertaken to 

address several significant data gaps in the Canadian Arctic, organic contaminant datasets.  

1.2 STRESSOR CHARACTERIZATION 

In the following discussion, the production volumes (PVs) of the organohalogens were 

classified according to the current Environmental Protection Agency (EPA, Washington, D.C., 

USA) guidelines. Chemicals classified as high PV are those that produced in excess of 1 000 000 

pounds per year [approximately ≈ 450–500 metric tonnes per year (t y
-1

)] [20]. Low PV 

chemicals will be classified with those produced at volumes less than 10 t y
-1 

[21]; all others will 

be classified as intermediate PV chemicals (10–450 t y
-1

). 

1.2.1 FLAME RETARDANTS 

The synthetic polymers in plastics, clothing, upholsteries, other textiles, electronics, 

industrial insulators, lubricants, adhesives, and myriad other products tend to have a low ignition 

points and are thus prone to flammability as they are typically derived from petroleum [22]. The 

flammability of these materials requires that chemical flame retardants are added to the mixture 

to extend the life-span of the products and the safety of the users [23]. Flame retardants rose to 

market prominence through the 1960s and ‘70s, when legislation was enacted requiring 

manufacturers to make synthetic materials safer for industrial and commercial use [22]; the 

current global consumption of flame retardants is in excess of 1.5 million t y
-1

 [23]. 

The process of applying one material to another in order to increase fire resistance dates 

back to Ancient Egypt and Rome ( 450–200 BC) when alum (hydrated potassium aluminum 
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sulfate) was used as a flame retardant to treat wood [22]. Aluminum is still used as a component 

of inorganic flame retardants such as aluminum trihydroxide, along with magnesium dihydroxide 

and other magnesium-containing minerals (huntite, hydromagnesite) [24]. Experiments exploring 

the efficacy of nanomaterials such as layered silicates and carbon nanotubes as new, inorganic 

flame retardants are underway; however, more research on their effectiveness and environmental 

impacts is needed [24]. Inorganic and other non-halogenated flame-retardant are not discussed 

further. 

Of the four primary types of flame retardants currently in use [inorganic, nitrogen (N)-

based, phosphorus (P)-containing and organohalogen], the organohalogen flame retardants 

(HFRs) retain the largest market share, although the use of organophosphorus flame retardants is 

increasing due to the environmental and health concerns related to HFRs [25]. HFRs can be sub-

divided by chemical structure into aliphatic (linear or cyclic) or aromatic; with aromatics further 

sub-divided based on their functional groups including phthalic and phenolic HFRs [26]. Flame 

retardants are also classified according to the way they are assimilated into the oligomers or 

polymers of the material in which they are used, being additive (incorporated into the polymeric 

mixtures without chemical bonding), reactive (chemically bound into the polymer), or polymeric 

themselves (part of the actual structure of the material). Theoretically, reactive and polymeric 

flame retardants should not easily leach out of the products they are bound within, and thus 

should be less chemically or biologically available in the environment, while additive flame 

retardants are known to leach from their host polymers and are more bioavailable [23]. 

Although the diversity of chlorinated flame retardants currently on the market is small 

due to concern from the general public and scientific community over OC contaminants, they 

still have the largest PVs of the HFRs at 600 000 t y
-1

, largely due to the use of the 
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polychlorinated alkane flame retardants (cf. chlorinated paraffins), particularly in China [25]. 

Production of brominated flame retardants (BFRs) began and increased throughout the 1970s 

until ≈ 2004, in direct response to fire safety regulations and limitations on the use of chlorinated 

organic compounds, resulting in a large number of both reactive and additive BFRs in current 

production and use [25]. Similarly, national bans and phase-outs of high-PV BFRs in more 

recent years have led to increased production of the P-containing flame retardants [27]. Recent 

estimates suggest that BFRs and P-containing flame retardant production is approximately 

equivalent at ≈ 200 000 t y
-1

 [23, 25]. However, these estimates are difficult to ascertain and are 

often inaccurate, as producers are not required to report these data, thus estimates of global 

production have a high degree of uncertainty [25]. 

1.2.1.1 POLYCHLORINATED BIPHENYLS 

PCBs were intentionally synthesized for the first time in 1881 after their discovery earlier 

in that century (structure given in Figure 1.1) [28], and have since become the archetypical 

persistent organic pollutant, particularly among the HFRs. PCBs were used as additive flame 

retardants and insulators in a range of industrial and commercial materials and fluids, although 

they are probably best known for their use in dielectric fluids [28]. As industrialization and 

electrification progressed and the need for safer electrical conduction increased, the demand for 

PCBs and other flame retardant chemicals also increased. PCBs also had the unfortunate 

distinction of becoming one of the first organic contaminants to be identified as a health and 

environmental concern [29]. Possible effects related to toxicity and exposures were identified 

relatively quickly through inhalation exposure of rats (Rattus rattus) to concentrations of PCBs 

similar to those in the air of production facilities in the USA, resulting in hepatic responses and 

eventually liver failure in the experimental animals [29]. The authors noted systemic effects 
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related to exposure to chlorinated naphthalene and “chlorinated diphenyl,” although the 

mechanisms of toxicity would not be elaborated until a later time [29]. 

Production and use of the PCBs increased into the 1970s regardless of the 

aforementioned evidence of toxicity [29, 30]. PCBs were eventually banned from use in all 

materials except in sealed electrical components (capacitors and transformers) in 1973, followed 

by bans on production and use recommended by the US Environmental Protection Agency 

(EPA) in 1979 in response to the then well-established environmental and health effects [28]. 

Total production of PCBs from initial synthesis to present has been estimated to be ≈ 1.3 million 

tonnes [31]. PCBs are still among the most abundant and frequently detected halogenated 

organic contaminants in all environmental matrices, wildlife and humans, including those of the 

Canadian Arctic, due to their persistence in the environment, high rates of uptake and retention 

in biota (bioaccumulation) [32]. 

There are 209 different variations (congeners) of polychlorinated biphenyls, named and 

classified depending on the chlorine-hydrogen substitution patterns on the two biphenyl rings 

(Figure 1A). This results in a set of contaminants with a wide range of molecular weights (MWs) 

and associated properties. Congeners with greater degrees of chlorination are more hydrophobic, 

are less soluble, have lower vapor pressures (VP) and Henry’s Law Constants (H), have a greater 

tendency to partition to particulate matter in air or water, and tend to be less volatile than those 

with lesser degrees of chlorination. The octanol partitioning properties of a substance, 

particularly the octanol-water (KOW) and octanol-air (KOA) partition coefficients, are direct 

measures of the tendency of a chemical to partition to hydrophobic substances (octanol, lipids, 

organic carbon) or to water or air respectively [33]. 
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1.2.1.2 POLYBROMINATED BIPHENYLS 

Some of the first BFRs were produced in the USA in the early 1970s. Polybrominated 

biphenyls (PBBs) were produced as additive, brominated analogues of PCBs (Figure 1A) [22]. 

These compounds contain heavier bromine atoms (atomic weight = 79.9) rather than chlorine 

(atomic weight = 35.5), giving them a greater MW than their PCB analogues. 

Decabromobiphenyl (C12Br10), for example, has a MW of 943.17 g mol
-1

, while 

decachlorobiphenyl (C12Cl10) has a MW of 498.66 g mol
-1

. The nomenclature of PBBs is 

identical to that of PCBs. The hexabromobiphenyl (2,2,4,4,5,5-hexabromobiphenyl) was the 

most prolific congener in the Firemaster (FM) PBB mixtures along with 2,2,3,4,4,5,5-

heptabromobiphenyl. Production of PBB in the USA was short-lived due to a large scale 

manufacturing accident in 1973–1974; however, hexaBB was still used in Japan in small 

volumes until relatively recently, although it is now listed as a new POP in the SCPOPs and is 

not currently produced or used [18, 34]. 

PBBs were involved in a well-publicized incident of public exposure to OHCs. The 

Michigan Chemical Company made both nutritional additives to livestock feed (magnesium 

oxide) and the PBB flame retardant formulation FM BP-6 and FF-1 in the same manufacturing 

facility (among other chemicals made in the plant) [22]. A shipping error resulted in PBB being 

shipped and subsequently added to feeds for livestock, with contaminated product remaining in 

circulation for approximately one year before the error was realized [35]. Ultimately this resulted 

in the exposure of more than nine million residents of Michigan to PBBs, discovered when breast 

milk samples from women were analyzed across the state [35, 36]. The public opinion regarding 

OHCs was already largely negative due to the publication and widespread recognition of Silent 

Spring [37], and increasing knowledge of the toxicity of the PCBs. Although no direct causal 
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effect on human health by PBB exposure was or has been observed, the damage in terms of 

public perception was done. All uses of PBBs were banned in the USA by 1979 which 

eliminated the North American sources of these contaminants [22]. Despite their limited use, 

PBBs are still detected in the environment and in wildlife, including that of the Norwegian and 

Canadian Arctic [11, 34]. 

1.2.1.3 POLYBROMINATED DIPHENYL ETHERS 

Also in production since the 1970s, PBDEs became the most prolific, additive 

organohalogen flame retardant in commercial applications, and are present in a very large 

number of materials [22]. Nomenclature of PBDEs also follows that of the PCBs, with 209 

congeners distinguished by their bromine substitution patterns on the phenyl rings (Figure 1.1). 

The PBDEs were marketed in three technical, commercial formulations: c-pentaBDE (e.g., 

Bromkal-70-5DE; DE-71), c-octaBDE (e.g., Bromkal-79-8DE; DE-79) and c-decaBDE (e.g., 

Bromkal-82DE; DE-83R; Saytek-102E) [38, 39]; only c-decaBDE formulations remain in use. 

The principal congeners of the formulations for c-pentaBDE (BDE47 and -99); and c-octaBDE 

(BDE153, -154, -175 and -183) were banned in Europe and voluntarily phased out by the Great 

Lakes Chemical/Chemtura Corporation (the only North American producer) in 2004 and have 

since been reclassified as new POPs (2009) [18]. Although decaBDE has not been regulated 

under the SCPOPs, it has been phased out of production and use in the European Union [40], and 

the US [41]. Canada has banned the manufacture of tetra–decaBDE congeners, and the sale and 

use of tetra–hexaBDEs under revisions to the Canadian Environmental Protection Act [42], but 

has not banned the sale or end use of decaBDE. 

Formulations of c-pentaBDE were primarily used in polyurethane, epoxy resins, phenol 

resins, polyesters, and various textiles; c-octaBDE was used in acrylonitrile-butadiene-styrene 

(ABS), polycarbonate and thermosetting resins; decaBDE was used in most types of synthetic 
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polymers notably ABS, polycarbonates, textiles, polyester resins, rubber and in various 

electronic components including printed circuit boards [22, 36]. Like PCBs before them, 

congeners of PBDEs are now routinely detected in all environmental matrices, wildlife, and in 

humans across the globe [43] including circumpolar Arctic regions [44-46]. 

In general, PBDEs exhibit greater biotransformation rates and smaller dietary absorption 

efficiencies than PCBs [47, 48], particularly when compared to the recalcitrant PCBs such as 

PCB138 or PCB153 [5]. Environmental and metabolic debromination [6, 49] complicates the 

tracking of temporal trends of BDE congeners. Like PCBs, PBDE is usually reported with 

congener concentrations in order to track total concentrations PBDE through the environment 

and food webs in addition to congener-specific distributions and trends. The reference dose 

(RfD: oral dose at which no deleterious effects are likely to be observed in an organism over its 

lifetime) for dietary intake of PBDEs was 0.0001 mg kg
-1

 d
-1

 for BDE47 and -99, 0.0002 mg kg
-1

 

d
-1

 for BDE153, 0.003 mg kg
-1

 d
-1

 for the octaBDE technical mixture (no congener data 

available), and 0.007 mg kg
-1

 d
-1

 for decaBDE [50]. 

1.2.1.4 ALTERNATIVE HALOGENATED FLAME RETARDANTS 

Non-PBDE HFRs are interchangeably referred to in the literature as alternate HFRs (or 

BFRs when addressing only brominated compounds), alternative HFRs and novel HFRs; here I 

use alternative HFRs to refer to any non-PBDE, non-PBB, and non-PCB current use HFR. For 

abbreviations of the alternative HFRs, the practical abbreviations (PRABS) put forth in Bergman 

et al. [25] were used in an effort to conform to a standardized method for abbreviation. Current 

literature searches are complicated by the use of the various abbreviations for HFRs without an 

agreed upon system for naming them [25]. For example 2-ethylhexyl 2,3,4,5-tetrabromobenzoate 

(PRABS = EH-TBB) is interchangeably abbreviated TBB [51], EHTeBB [52], or EH-TBB [25]. 
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Standardized abbreviations will improve searchability and ultimately global scientific 

communication regarding these contaminants. Reports of detections of alternative HFRs in 

temperate regions as well as remote detections in both the Arctic and Antarctic, confirm that they 

are now global contaminants, however, they are typically detected at a lesser frequency 

(particularly in remote environments) than legacy POPs and some PBDEs [7, 53].  

1.2.1.4.1 DECABROMODIPHENYL ETHANE (DBDPE) 

Production of DBDPE (technical formulations = Saytex 8010 and FM 2100) began in the 

mid-1980s to early 1990s [51, 54] and it is currently marketed as the replacement, additive flame 

retardant for decaBDE. DBDPE has a high MW and is very hydrophobic (slightly more 

hydrophobic than BDE209), sharing a similar structure to BDE209, except that an ethane bridge 

links the 2 phenyl rings in DBDPE, rather than an ether linkage as in BDE209. It is used 

primarily in high impact polystyrene (HIPS), ABS, polypropylene, in textiles (e.g., cotton, 

polyesters) and in insulating coatings for wire and/or cable [34, 53]. It is produced in large 

volumes exclusively in China (12 000 t y
-1

 in 2006), and is also imported in large volumes 

(1000–5000 t y
-1

) to Europe, despite bans on using DBDPE in electrical/electronic applications 

there; Japan and North American are also significant consumers of DBDPE [53]. 

DPDPE has benefits over the PBDEs as it is theoretically less likely to be released from 

its host polymers during heating and recycling due its greater thermal stability. Lack of an ether 

linkage in the structure also means that polybrominated dioxins or furans (PBDD/PBDFs), 

analogous to the highly toxic PCDD/PCDFs, are less likely to form during combustion [54]. 

DBDPE has been detected at concentrations in the particle phase of air in large cities around the 

Great Lakes basin within range (and in some cases exceeding) tetra- and pentaBDE congeners 

and decaBDE [55]. Most recently, DBDPE has been reported, although more sporadically than 

decaBDE, in polar bears (Ursus maritimus) and ringed seals (Pusa hispida) from the Canadian 
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Arctic [9, 56]. The RfD value for DBDPE is much greater than that of BDE209, at 0.33 mg kg
-1

 

d
-1

 [57]. 

1.2.1.4.2 TETRABROMOBISPHENOL A (TBBPA) 

TBBPA is mainly used as a reactive flame retardant in epoxy (e.g. printed circuit boards) 

and polycarbonate (e.g., molded or formed construction, electronic, medical, and automotive 

products) resins (90% of the PV) [22]. TBBPA is a high molecular weight, semi-polar HFR that 

has undergone a large reduction in PV from ≈ 120 000 t y
-1

 in 2001 to 3200 t y
-1

 in 2008 [58]. Of 

the remaining 10% of the TBBPA produced, most is derivatized into additive flame retardants 

that are used in other products such as HIPS, ABS, and paper [22]. TBBPA bis(allyl ether) 

(TBBPA-BAE; formerly referred to as TBBPA diallyl ether) and TBBPA bis(2,3-dibromopropyl 

ether) (TBBPA-DBPE) [51] are two of the commonly used derivatives of TBBPA. Production 

volumes in Europe and the US were <230 t y
-1

 and <4500 t y
-1

 respectively, with an additional 

PV of ≈ 3000 t y
-1

 in China for TBBPA-DBPE (in 2006) [51]. Little environmental data are 

currently available on these compounds; however, their fate and potential for bioaccumulation 

have been more thoroughly characterized in recent literature [e.g., 51, 52, 53, 59]. TBBPA and 

its derivatives can be thermally unstable and can degrade during gas chromatography-mass 

spectrometry (GC-MS) and hence should be analyzed by liquid chromatography-MS (LC-MS); 

however, some authors have reported success in applying a GC-MS method to analyze TBBPA-

DBPE [52]. 

The non-brominated bisphenol A (BPA) is used as a plasticizer and is present as an 

impurity in polybrominated BPA technical formulations [60]. BPA is a potential endocrine 

disruptor, which has generated widespread public concern due to its use in food and drink 

containers, liners for canned infant formula (epoxy resins), and in polycarbonate resins used to 
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make infant/toddler bottles and cups [61]. This is discussed further as it provides a useful case 

study regarding the toxicity of aromatic HFRs and public perception of the risks of exposure. 

Initial concerns regarding BPA were related to its estrogenicity (effects on estrogen 

receptors), and its potential effects on infants and developing children (since it was used in cups, 

bottles and baby food containers), as well as in adults [62]. In vitro experiments have illustrated 

that BPA does bind to estrogen receptors (ERs), acting as a weak estrogen agonist (i.e. it can 

initiate estrogenic responses), and that it also binds antagonistically to the androgen receptor, 

functioning as an anti-androgen [63]. However, the experimental methodology (the use of in 

vitro experiments alone, small sample numbers, and unusually large exposure concentrations) of 

these studies has been called into question [reviewed in 63]. Detailed laboratory analyses of 

estrogenicity of BPA in mice in vivo in parallel with the known pseudoestrogen, ethinyl 

estradiol, demonstrated no estrogenic effects of BPA at environmentally relevant concentrations 

[64]. Similarly, TBBPA had no estrogenic potential with the α or β form of the ER receptor in 

vitro, but did have weak androgenic activities. In vivo experiments in fish do suggest that there 

may be some, very limited, hormonal effects after exposure to TBBPA [65], however, these 

results may not extrapolate to mammals. 

In addition to interference with sex hormone receptors, like many halogenated aromatics, 

due to structural similarity to T3 (3,3,5-triiodothyronine) and T4 (thyroxine; 3,3,5,5-tetraiodo-

L-thyronine), TBBPA and BPA can potentially interact with thyroid hormones and/or their 

receptors and/or their transport proteins [36, 66]. However, based on an extensive review of 

available literature, the US Food and Drug Administration (FDA) has most recently (July 2014) 

stated that the concentrations of BPA that migrate from plastic applications to food productions 

are not a risk for human health [61]. Regardless, industry has voluntarily withdrawn BPA from 
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use in baby bottles, cups and formula containers due to public backlash, and as a result, the FDA 

has amended their food additive regulations to disallow future use of BPA in any of these 

applications [61]. Concomitantly then, the use of TBBPA as a flame retardant was decreased as 

BPA became an increasingly undesirable by-product of producing epoxy and polycarbonate 

resins. The RfD for non-brominated bisphenol A is 0.05 mg kg
-1

 d
-1

 [50]. 

1.2.1.4.3 HEXABROMOCYCLODODECANE (HBCDD) 

HBCDD is most often used additively in expanded and extruded polystyrene (EPS and 

XPS respectively), which, among other uses, are used in insulation in building materials to 

prevent damage from frost-heaving in buildings and roads, as well as in textile back-coatings 

used for upholsteries and furniture [34, 36]. Like TBBPA, the production of HBCDD has been 

greatly reduced in recent years, dropping from ≈ 17 000 in 2001 to 3200 t y
-1

 in 2008 [58]. 

Present as three diastereoisomers (each with different enantiomeric forms), the HBCDD 

technical mixture is ≈ 70% -HBCDD, with the remaining 30% being -HBCDD and -HBCDD 

[34, 36]. -HBCDD is rapidly metabolized and eliminated or biotransformed to other 

diastereoisomers (half-life <4 d), while -HBCDD is known to be the more persistent, 

recalcitrant isomer (half-life ≤21 d) and is not stereoisomerized to - or -HBCDD in mice [67-

69]. Evidence of the persistence and bioaccumulation of HBCDD have led to its recent listing as 

a new POP in the SCPOPs, with regulations going into force on November 26, 2014 [70]. The 

RfD for HBCDD is 0.20 mg kg
-1

 d
-1

[71]. 

1.2.1.4.4 TRIBROMOPHENOXY AND TRIBROMOPHENYL FLAME RETARDANTS 

The 2,4,6-tribromophenoxy and 2,4,6-tribromophenyl flame retardants are derivatives of 

2,4,6-tribromophenol (TBP; technical mixture = PH-73 FF), primarily produced by Chemtura 

Corporation (formerly Great Lakes Chemical Corporation, Arkansas, USA) [72]. The compound 
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1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE; technical mixture = FF-680), which entered the 

market in the 1970s has the greatest PVs of this subclass, with estimates ranging between 500 to 

5000 t y
-1

[72], classifying it as a high PV chemical. BTBPE is a large MW, hydrophobic 

compound, used as a replacement for c-pentaBDE in high temperature applications such as ABS, 

HIPS, polycarbonates, adhesives, coatings, textiles, as well as other products [52, 72]. BTBPE 

has also very recently been shown to degrade to TBP in aquatic mesocosm experiments [52], and 

has an RfD value of 0.24 mg kg
-1

 d
-1

. 

The flame retardants 2,4,6-tribromophenyl allyl ether (TBP-AE; formerly ATE; technical 

mixture = PHE-65), and 2,4,6-tribromophenyl 2,3-dibromopropyl ether (TBP-DBPE; formerly 

DPTE; technical mixture = Bromkal 73-5PE) are monocyclic, aromatic compounds, with TBP-

AE produced from TBP [72]. TBP-AE is used in EPS and foamed polystyrenes, with its 2006 

production estimated to be ≤230 t y
-1

; TBP-DBPE was synthesized from TBP-AE, but has not 

been produced since the mid-1980s in Germany [72]. TBP-AE can be produced from TBP-

DBPE during environmental degradation (under anaerobic conditions) or via biotransformation 

[73]. Finally, 2,4,6-tribromophenyl 2-bromoallyl ether (TBP-BAE, formerly BATE) has not been 

a commercially produced flame retardant. Rather it is an impurity in the production of TBP-AE 

and TBP-DBPE, and a biotransformation product of TBP-DBPE [73, 74]. 

These compounds are largely unregulated; however, all but TBP-BAE are listed in the 

San Antonio Statement on Brominated and Chlorinated Flame Retardants (along with many of 

the other flame retardants investigated in the thesis). The San Antonio Statement is a document 

signed by experts on HFRs from various fields providing guidance relating to potential 

regulations and giving industry advice on how to improve the safety of the production, use and 

disposal of HFR containing products [75]. Recent analyses show that TBP-AE and BTBPE in 
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particular are prevalent in the environment in regions of production and use and in the Arctic, 

reaching concentrations that are within range of some PBDEs [32, 72, 76]. Also, unidentified 

“tribromophenols” (structures not reported) were produced along with bromobenzene 

compounds during thermal stressing of polymeric BFRs [77]. The significance of these 

accidental emissions of TBP-related compounds relative to the typical pathways of emission 

during production and use is thought to be minimal, although specific estimates are not available 

in the literature to my knowledge. 

1.2.1.4.5 BROMOBENZENE FLAME RETARDANTS 

Bromobenzenes are monocyclic, aromatic flame retardants with different degrees of 

bromine substitution and some have alkyl functional groups on the benzene rings [78]. Because 

they have smaller MWs, they are generally more volatile (larger VPs and H) than the PBDEs and 

polymeric HFRs, although they have a wide range of physicochemical properties depending on 

the degree of bromination and the composition of functional groups [78]. Some bromobenzenes 

were manufactured as additive flame retardants in their own right, while others are formed as by-

products during production, use, degradation, and metabolism of other HFRs [51]. Most 

bromobenzenes are assumed to be relatively low PV chemicals, although there are little data 

available in the literature or from industry [51, 78]. Regardless, if they are produced during 

pyrolysis or production and degradation of other polymeric HFRs, they may have greater overall 

emissions than can be estimated from available PVs. Thermal stress is not necessarily required 

for the liberation of bromobenzenes from their host polymers; some are also released at room 

temperature [77].  

Hexabromobenzene (HBB) is an additive flame retardant applied to plastics, textiles, 

wood, paper products, and electronics [51]. HBB had PVs in Europe of 1000–5000 t yr
-1

, with 

Japanese and Chinese annual production estimated at 350 t yr
-1

 (in 2001) and 600 t yr
-1

 (in 2010), 
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respectively [51, 53], and an RfD value of 0.002 mg kg
-1

 d
-1

 [50]. Pyrolysis of the c-octaBDE 

and c-decaBDE mixtures produced PBDD/PBDFs, HBB, in addition to other bromobenzenes 

and unidentified organohalogens [79]. A similar study confirmed the release of bromobenzenes 

[including HBB, pentabromotoluene (PBT), pentabromobenzene (PBBz) and 

pentabromoethylbenzene (PBEB)], tribromophenols, tribromostyrenes, pentabromobenzyl 

acrylate (PBB-Acr) and many other relatively minor environmental contaminants from 

polymeric BFRs (TBBPA polycarbonate oligomer, polybrominated styrene polymers, PBB-Acr 

oligomer) under thermal stress [77]. It remained unclear whether this was due to the degradation 

of the polymeric BFRs themselves, or whether the bromobenzene compounds were simply being 

liberated from the matrices of the host polymers after being incorporated as impurities during 

production [77]. Concentrations in air over the Great Lakes were found to be more indicative of 

the use of HBB as an HFR directly, rather than it being released during degradation of other 

BFRs/polymers [77]. More data and accurate production estimates are required to estimate the 

actual contributions of the various processes to emissions of bromobenzene compounds. 

There were no current estimates of the PV of PBBz available in the literature, and it is 

unclear whether it is actually used as a flame retardant. However, PBBz was a dominant 

bromobenzene contaminant in the HFR profiles of air and was detected in seawater at small 

concentrations across a Pacific transect from the Antarctic to the Arctic; often at similar 

concentrations to HBB and other alternative HFRs [7]. This may be explained to some degree by 

PBBz being an impurity in the HBB technical mixture (<0.03% PBBz) [80], and its release when 

polymeric BFRs are heated [77]. However, the step-wise debromination of HBB to PBBz and 

other lower-brominated bromobenzenes during exposure to sunlight [81] may explain the 

observed environmental concentrations of PBBz. 
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Debromination of HFRs during exposure to sunlight and ultraviolet (UV) is of particular 

interest in the Arctic regions in the summer. The greatest rates of volatilization of volatile and 

semi-volatile organic contaminant from temperate and tropical regions and resulting long range 

atmospheric transport (LRAT) to the Arctic would theoretically be greatest during this period 

[82]. During the Arctic summer, daylight also ranges up to 24 h d
-1

. Taken together, these factors 

should logically increase the concentrations of PBBz via debromination of HBB, which is 

enhanced as the intensity and duration of exposure to sunlight increases [81]. PBBz was also 

found to be a major metabolite of HBB in rats, which, if common to other mammals, could add 

to the burdens of PBBz found in wildlife [80, 83]. 

Pentabromoethylbenzene (PBEB) is also an additive flame retardant, used in thermoset 

polyester resins that are applied to polyurethane foams, wire and cable coatings, printed circuit 

boards, textiles and adhesives [51]. No current estimates for production of PBEB exist, and it 

seems to be out of production in North America; however, it is produced in the European Union 

in small, unknown volumes [51, 53]. PBEB is another bromobenzene released from polymeric 

BFRs upon heating; however, the contribution of these processes to emissions of PBEB are 

relatively unknown; like HBB, concentrations in air seemed to be indicative of emission from 

use as a HFR rather than accidental production or emissions from polymeric BFRs [77, 78]. 

Pentabromotoluene (PBT) is a high PV (1000–5000 t yr
-1

), additive BFR that is used in 

rubbers, ABS, polyethylene, polypropylene, and polystyrenes, among other polymers [51, 53]. 

During thermal stress experiments, PBT was among the bromobenzenes and other alternative 

HFRs released from polymeric BFRs [77], and was identified as a degradation product of 

DBDPE (but not BDE209) after thermal stress of HIPS [84]. PBT is also produced as an 

intermediate during pentabromobenzyl bromide (PBBB) synthesis, although the amount of 
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residual PBT depends on the process used during PBBB production [85]. As a corollary then, 

PBT could also be present as an impurity when synthesizing PBB-Acr, as PBBB can be used in 

that process [85]. 

Other bromobenzenes relevant to this paper include the aforementioned PBB-Acr, PBBB, 

as well as 2,3,5,6-tetrabromo-p-xylene (pTBX). There is less information on the production and 

use of these HFRs than for other similar alternative HFRs. PBB-Acr is polymerized [poly(PBB-

Acr)] and marketed as the technical formulation FR-1025, or is sold as the monomer in the 

formulation FR-1025 M (Dead Sea Bromine Group, ICL Industrial Products, Israel) [78]. PBB-

Acr is used as both a reactive and additive flame retardant, with the PBB-Acr monomer detected 

with other bromobenzenes after thermal stress was applied to FR-1025 [77]. PBB-Acr is used as 

a flame retardant in polybutylene terephthalate (PBTp), polyethylene terephthalate (PET) and 

ABS [53]. PBTp and PET are both thermoplastic, polyester resins, with PBTp used as an 

insulator in electronic and tool housings, automotive parts, in irons and other household objects, 

and as a fibre for toothbrushes or in clothing and swimwear [86]. PET is used primarily in 

synthetic fibres for clothing (>50% of global synthetic fibres are PET), food and drink containers 

(soda and water bottles), and can also be turned into a sheet film for use in Mylar (aluminized 

PET) production and in tapes (magnetic, adhesive, etc.) [87]. Poly(PBB-Acr) should be less 

mobile and less volatile due to its overall size and weight, and although the acrylate group may 

provide a degree of polarity, the monomer has a hydrophobicity similar to that of the most 

persistent and bioaccumulative PBDEs such as BDE47 and BDE99. 

PBBB is marketed as the FR-706 technical formulation, also by Dead Sea Bromine 

Group, but little to no information is available about its use [78]. In addition to acting as an HFR 

directly, it is an intermediate in the production of PBB-Acr and poly(PBB-Acr) [85]. pTBX has 
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been patented for use as an additive flame retardant in “polymers and resins” since 1975, and the 

patent mentions its usefulness as a chemical intermediate in the formulation of other resins and 

polymers [78, 88]. It seems likely that pTBX is also a by-product and impurity in some technical 

formulations of other bromobenzenes and polymers, in addition to its use as an additive flame 

retardant. 

1.2.1.4.6 DECHLORANE PLUS 

Dechlorane Plus (DP) is a chlorinated flame retardant that has been produced by 

Oxychem (Niagara Falls, NY, USA) for over 40 y [89]. Production also occurs in China, 

although this was not public information until recently, and the discovery of which explained 

some anomalies in the global measurements and modeling of the DPs [90]. The technical product 

is composed of the anti-DP and syn-DP isomers (≈ 3:1 ratio) and is used in hard plastic 

connectors for electronics, wire coatings, and furniture textiles [89, 91]. DP is a low PV chemical 

in the European Union (no volume reported), but is considered a high PV HFR in the USA, with 

PVs ≥450 to 500 t y
-1

 [89]. The first detections of DP were reported around the Great Lakes 

region in 2006 [92], but it has more recently been recognized as a global contaminant [7, 32, 89, 

93]. 

1.2.1.4.7 OTHER ALTERNATIVE BFRS 

There are several other organohalogen flame retardants of note that are regularly reported 

in the literature on HFRs. The BFRs 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (EH-TBB) and 

bis(2-ethlyhexyl) tetrabromophthalate (BEH-TEBP) are now part of several environmental 

monitoring programs for HFRs, and have been detected in the environment and wildlife [2, 9, 51, 

53]. Both EH-TBB and BEH-TEBP are part of the technical flame retardant formulations FM 

550 and FM BZ-54 (in a 2.5:1–4:1 ratio) and are considered suitable replacements for the c-

pentaBDE formulation in polyurethane foams [2, 52, 94]. BEH-TEBP is also used without EH-
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TBB as a flame retardant and plasticizer in polyvinyl chloride (PVC), neoprene rubber, 

adhesives, cable and wire insulation, and textiles; whereas EH-TBB is typically only used in 

conjunction with BEH-TEBP [52]. Estimates of production are unavailable for EH-TBB, but 

BEH-TEBP has a cumulative usage volume of approximately 450–4500 t y
-1

 up to 2006, but no 

more recent data are available [53]. Regulations regarding production or use do not currently 

exist for either of these compounds; however, recent data have described their fate in aquatic 

ecosystems, a critical building block for the development of risk and regulatory assessments [52, 

59]. Photolytic debromination of BEH-TEBP occurs [95], and could theoretically produce the 

non-brominated, suspected endocrine disrupting bis(2-ethylhexyl) phthalate (DEHP) [51]; 

although this has not been confirmed experimentally at this point. 

1.2.1.5 TOXICITY OF FLAME RETARDANTS 

For a review of Arctic exposure and potential health effects for a range of OHCs, see 

Letcher et al.[45]. In terms of toxicity, PBDEs and other HFRs, particularly brominated 

bisphenol A compounds, are most often cited as environmental endocrine or immuno-disrupting 

chemicals [45], with their toxic effects generally considered within chronic, rather than acute, 

time frames (i.e. toxicity endpoints typically include reproduction, behavior, development, 

and/or immunosuppression). Because most HFRs are hydrophobic and lipophilic to varying 

degrees, they also effectively bioaccumulate from the environment and diet, and can biomagnify 

through food chains, resulting in concentrations that can be orders of magnitude greater in apex 

predators versus dietary items or initial environmental concentrations [96]. Given the rapidly 

increasing knowledge of the potential and realized health effects of HFRs, it has been called into 

question whether the benefits in terms of fire safety are actually justified [97]. 

Because of the similarity in the core mono- or dicyclic aromatic structures, and the 

diversity of linkages and functional groups, the toxic effects of HFRs are also diverse and 
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difficult to generalize. HFRs typically elicit toxicity via endocrine disruption involving the aryl 

hydrocarbon receptor (AhR), the thyroid hormone cascade, or sex hormones [45]. Dermal 

toxicity, immunotoxicity, carcinogenicity, as well as reproductive, developmental, and endocrine 

effects due to exposure to “dioxin-like” HFRs have all been reported [98]. For example, PCBs 

have effects on the immune, reproductive, nervous, and endocrine systems [45], and the co-

planar congeners are probable carcinogens [28]. Carcinogenicity is also a concern with some 

current use HFRs, including BDE209 [49]; however, data are lacking, particularly for the 

alternative HFRs. Currently, there are not enough data to assess the carcinogenic potential of 

many HFRs, including PBDEs, and most are classified as probable carcinogens based on dioxin-

like structures alone [36]. 

TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) and other dioxins and furans as well as their 

brominated analogues bind to the AhR and induce increases in the activities of the detoxification 

enzymes in the CYP1A group (cytochrome P450 monooxygenases, family 1, subfamily A) 

Contaminants that are structurally similar to TCDD (PCBs, PBBs) are potential agonists of the 

AhR, and their toxicity can be assessed relative to TCDD (the most potent AhR-binding 

contaminant known) [98, 99]. It is unlikely that PBDEs are able to bind the AhR effectively, as 

they lack a coplanar structure due to the ether linkage in their structure. The toxic equivalency 

factor (TEF) is calculated against TCDD (TEF of TCDD = 1.0) for dioxin-like contaminants, as 

it is assumed their mode of action (MoA) is similar, but that their relative potencies will differ 

[45]. From TEFs, toxic equivalents (TEQs) are calculated for mixtures of contaminants whose 

toxicity is additive by multiplying the sums of the concentrations of the contaminants in the 

mixture by their individual TEFs [98]. Increased activities of the CYP1A enzymes are often used 

as indicators of agonism of the AhR after exposure to HFRs. Other enzymes commonly 
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measured as biomarkers of detoxification processes besides the CYPs are deiodinases (DIs) and 

glutathione-s-transferase (GST) [100]. Recently, a World Health Organization (WHO) 

committee has recommended inclusion of PBDD/PBDFs and dioxin-like PBBs in calculations of 

TEQs [101]. 

There is conflicting information in the literature regarding toxicity of PBDEs via the 

AhR. A recent review states that PBDEs are most certainly not AhR agonists in mammals and do 

not induce CYP1A (although some bind to the AhR receptor and could potentially block it), 

because they are not rigid, coplanar structures [99]. Previously reported AhR agonism related to 

exposure to PBDE technical mixtures is likely a result of contamination by PBDD/PBDFs and 

PBBs, resulting in induction of hepatic CYP1A enzymes [99]. However, exposure to a highly 

purified BDE209 solution did result in increased activity of ethoxyresorufin-o-deethylase 

(EROD) enzyme, which is a marker for induction of CYP1A, but not necessarily AhR binding 

alone. The increased enzyme activities were hypothesized to be due to metabolic debromination 

products of BDE209 that were highly correlated with EROD activities (BDE197 and BDE208 

were highlighted) [49]. EROD-activities are also affected by other factors however, not just AhR 

binding, and increases in EROD enzyme activities are typically assumed to be suggestive of 

generalized exposure to OHCs [49]. PBDEs can induce other hepatic CYP enzymes not related 

to AhR binding, including CYP2B and CYP3A in mice, partially controlled by binding the 

pregnane-X-receptor (PXR) [99, 102]. Overall, the interaction of PBDEs with the various 

receptors and enzyme complexes involved in the detoxification of OHCs require future 

experimental clarification, but they are not likely AhR agonists. 

Regulation and homeostasis of the thyroid hormones is affected by exposure to PBDEs in 

rats; however, the mechanisms of toxicity are still being elucidated [103]. Exposure of young rats 
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to c-penta- and c-octaBDE mixtures (DE-71 and DE-79 respectively), but not c-decaBDE (DE-

83R) for 4 d, resulted in significantly decreased circulating thyroid hormone T4 (thyroxine). In 

the same study, the activities of the hepatic, thyroxine catabolising enzyme [uridinediphosphate-

glucuronosyltransferase (UDPGT)], and the hepatic, cytochrome P450 detoxification enzymes 

EROD and pentoxyresorfin-o-deethylase (PROD) were increased at concentrations (oral doses) 

between 10 to 300 mg kg
-1 

d
-1 

[39]. Concentrations of thyroid stimulating hormone (TSH) and 

thyroid hormone T3 (triiodothyronine) were not affected by exposure to the technical mixtures 

[39, 104]. These results together suggest that either T4 is being converted to T3 via induced-

enzyme activities (deiodinases), or that T4 is metabolized and/or depurated more quickly than T3 

after exposure to penta- and octaBDEs [103]. 

TBBPA and brominated bisphenols [2,4,6-tribromophenol (TBP), pentabromophenol 

(PBP)], PBDEs, and hydroxylated PBDEs (OH-BDEs), can also interfere with thyroid function 

by competitively binding to the T4 transport protein transthyretin (TTR; active in blood and 

cerebrospinal fluids, also transports vitamin A/retinol) [105]. TBBPA, 2,4,6-TBP and PBP as 

well as the OH-BDEs 2-bromo-4-(2,4,6-tribromophenoxy) phenol (T3 mimic) and 2,6-dibromo-

4-(2,4,6-tribromophenoxy) phenol (T4 mimic) were reported to have binding potencies for TTR 

that ranged from 1.2 to 10.6 (relative to T4 =1) in in vitro experiments. Based on these results, 

50% inhibitory concentrations (IC50) of 7.7 nM (TBBPA) to 67.2 nM (2,4,6-TBP) [105] were 

established. 

During in vitro experiments with genetically modified human breast cancer cells 

polybrominated BPAs (2.0  10
-6

–1.0  10
-4 
M), some BDE congeners (0.050–5.0 M) and 

OH-BDEs (2.0  10
-6

–2.0  10
-5

 M) also elicited estrogenic responses with concentrations that 

were within the range of those for BPA (0.01 M) [106]. The greatest estrogenic activities were 
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observed after exposure to BDE51 [lowest observable effect concentration (LOEC) = 0.5 M], -

75 (0.5 M), -100 (0.05 M) and -119 (0.05 M) [106], which is concerning given that BDE100 

is frequently detected in the environment and wildlife [32]. These BDE congeners all had double 

ortho (i.e. 2,6 and/or 2,6 positioned) Br substitution on one phenyl ring, non-brominated ortho 

and meta positions on the other phenyl ring, and one para Br. The greatest potency was observed 

when the para-Br was on the same ring as the ortho bromines; BDE47 and -85 were surprisingly 

the least estrogenic of the BDE congeners, with LOECs of ≈ 5.0 M [106]. 

Tribromophenoxy/phenyl and bromobenzene contaminants have different modes of 

toxicity than the PBDEs and legacy OHCs. HBB is one of the more well studied bromobenzene 

compounds, and will be used as a typical example of potential toxicity for this group of 

contaminants. Exposure to HBB during feeding experiments with rats (doses were either one 

time 16.6 mg kg
-1

 or repeated doses of 15 mg kg
-1

 every other day for four months) was shown to 

interfere with the pathway of synthesis of porphyrin, leading to excessive accumulation of its 

precursors (porphobilinogen and -aminolaevulinic acid) [80, 107]. Concentrations of HBB were 

greatest in fat >liver >blood >muscle, and the metabolic half-life (t1/2) in fat was ≈ 2.5 d with 

depuration to below detection limits in fat within 12 d of initial oral dosing [107]. Although the 

toxicokinetics showed that HBB was eliminated relatively quickly, the rates of excretion of 

porphobilinogen and -aminolaevulinic acid in urine and feces were not within control ranges for 

≈ 1.5 y. The authors hypothesized that exposure to HBB led to increases in activity of -

aminolaevulinic acid synthetase, which led to the accumulation of -aminolaevulinic acid and 

porphobilinogen (of which -aminolaevulinic acid is a precursor) [107]. This suggests possible 

long-term effects on the homeostasis of porphyrin (a disorder termed porphyria), which is 
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potentially significant as these pathways regulate the formation of hemoglobin in animals and 

chlorophyll in plants, among other processes [107]. 

Very recently, the tribromophenyl compounds TBP-AE, TBP-DBPE, and TBP-BAE 

were reported to act as androgen receptor antagonists and to interfere with amino acid transport 

proteins (L-amino acid transporter system; the LAT) during in silico and in vitro studies of 

cultured human cells [108]. Since the LAT facilitates the uptake of amino acids across the blood-

brain barrier as well as cellular plasma membranes, these compounds could have direct 

neurotoxic effects in addition to acting as androgen receptor antagonists [73, 108]. Whether this 

occurs at environmentally relevant concentrations, and whether it affects Arctic animals and 

humans, remains to be seen. 

Potential additive effects of contaminants (summed effects of multiple contaminants) are 

also important to consider for non-dioxin like contaminants. Anything with similar modes of 

action may act additively. In nature, biota are exposed to multiple stressors simultaneously, and 

although some contaminants may be eliciting specific responses, individual effects of a 

contaminant can be difficult or impossible to ascertain [45]. Assuming simple concentration 

addition of contaminants can underestimate the effects (if contaminants actually act 

synergistically) or overestimate the effects (if they act antagonistically) [45]. Further 

complicating the assessment of effects of contaminants is the process of potentiation, which 

results in increased toxicity of a given contaminant on its target in the presence of another 

contaminant that is not toxic/active with that specific target [45]. These effects have been 

investigated in mixtures of dioxin-like legacy POPs, in estrogenic and/or anti-estrogenic 

contaminants, and in mixtures of thyroid hormone mimics [45], but there are little to no data on 

any new POPs or current use organohalogen mixtures in nature. It may be valuable to establish 
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different TEF/TEQ methods for these contaminants using different reference chemicals that 

utilize different modes of action than AhR binding. Currently, the pool of knowledge regarding 

the specific modes of action of current use contaminants and alternative HFRs, and their 

potential additive effects is not great enough to perform these analyses. 

1.2.2 PESTICIDES 

1.2.2.1 DEVELOPMENT AND USE OF ORGANOCHLORINE PESTICIDES 

OCP production and use began in the late 1930s and early 1940s when DDT was used to 

control malaria-carrying mosquitoes in Sardinia and the Pacific Islands during World War II. 

Agricultural uses of DDT in North America escalated in the following decades in response to 

several factors, including a low level of toxicity to humans and a lack of farm personnel, many of 

whom were fighting in the war [37, 109]. The introduction of well known, highly effective 

broad-spectrum OCPs (most now reclassified as POPs) such as DDT, toxaphene, cyclodienes 

(aldrin, endrin, and dieldrin), and lindane [or -hexachlorocyclohexane (-HCH)], as well as the 

herbicide 2-4-dichlorophenoxyacetic acid (2,4-D) addressed the market demand for highly 

effective, cheap and easy pest control, making mass production of crops more viable [37, 109]. 

With little guidance on appropriate use, and no data on the risks of OCPs to the 

environment, application of these pesticides was relatively uncontrolled [110]. However, it was 

reported that DDT and other OCPs (e.g., dieldrin) were likely sources of the deleterious effects 

on the health of agricultural workers and non-target organisms in the areas surrounding the 

application zones [37]. The potential for these lipophilic OCPs to bioconcentrate at the base of 

the food chain, bioaccumulate in animal tissues, and biomagnify through food chains via dietary 

transfer, sometimes achieving concentrations orders of magnitude greater than environmental 

concentrations, was a key component to the effects that were observed in wildlife and humans, 
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which would not be realized at concentrations in environmental media (water, air, and soils) 

alone [37]. 

Cumulative PVs (i.e. over the lifespan of use) of several legacy OCPs exceed one million 

tonnes. Total use of DDT alone was estimated at 4.5 × 10
6
 t globally; HCH use was ≈ 10 × 10

6
 t; 

toxaphene was ≈ 1.3 × 10
6
 t [110]. Emissions of these pesticides generally decreased with 

decreased use [110]; however, many of these compounds are extremely persistent (DDT persists 

in soils with a half-life of 2–15 y). Therefore, current datasets for concentrations of pesticides in 

air will also logically represent those undergoing re-emission from secondary sources, such as 

environmental sinks (e.g., snowpacks, soils, upwelling in the ocean, and volatilization), and due 

to changing conditions (climate change) or large-scale disturbances (environmental disasters) 

[58]. Climate change will likely have a significant effect on the re-emission of OCs from 

environmental sinks, particularly from the permafrost layers and glaciers of the Arctic and 

Antarctic [111]. 

1.2.2.2 CURRENT USE PESTICIDES OF INTEREST 

Brief descriptions of CUPs of interest to this study are given here. Relevant contaminant 

properties and structures are discussed thoroughly in Chapter 2 and 4, and so are not elaborated 

at length. A larger suite of CUPs were screened in some samples, but here I focus on those that 

have been consistently detected in the Arctic or are suspected Arctic contaminants (see [1, 14, 

32]). CUPs detected infrequently and with small PVs are also discussed in the relevant chapters, 

and will not be outlined in the following section. Some information on mode of action is 

provided but this review is not intended to be comprehensive. Basic information for these CUPs 

of interest is summarized in Table 1.1. 
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1.2.2.2.1 ENDOSULFAN 

Endosulfan [(1,4,5,6,7,7-hexachloro-8,9,10-trinorborn-5-en-2,3-ylenebismethylene) 

sulfite] has been reviewed thoroughly relatively recently [14], and was also assessed during 

review for its inclusion in the SCPOPs, which now classifies it as a new POP [112]. Endosulfan 

exists in 3 major forms, the -endosulfan and -endosulfan stereoisomers and the metabolite, 

endosulfan sulfate (ES), with other minor components, some of which also result from 

environmental, chemical, or metabolic degradation [14, 113, 114]. The technical formulation 

consists of the - and -endosulfan isomers in a ≈ 7:3 ratio, with a minor contribution from ES 

[14]. Endosulfan is a “legacy-type” cyclodiene synthesized from hexachlorocyclopentadiene like 

the POPs aldrin, dieldrin, endrin, chlordane, nonachlor and heptachlor [115]; and is structurally 

similar except that it also has a cyclic sulfite group. However, unlike the legacy cyclodienes, 

endosulfan was not regulated until recently [18]. 

Endosulfan has been in use as an insecticide since 1954 [116], and was used primarily on 

cereals, fruits, vegetable, tobacco, cotton, wood, and to control insects that act as vectors for 

disease (tsetse flies) [110]. Production and use have been severely curtailed in recent years, even 

before regulation under the SCPOPs. However, it is still exempted from bans where there are not 

suitable replacements available. Exemptions exist for continued use of endosulfan in China 

(cotton and tobacco), Costa Rica (coffee), and Zambia (several crops) (as listed in Article 4 of 

the SCPOPs [18]). Despite this, the fate of endosulfan in food webs, particularly in Arctic 

environments, remains poorly understood. Several publications cite conflicting data regarding its 

potential for bioaccumulation, and whether endosulfan biomagnifies in aquatic food chains [14]. 

These conflicting results could be due to interconversion of the stereoisomers, metabolism of the 

isomers to ES, and/or re-synthesis of the stereoisomers from the metabolite ES (as in tobacco 
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leaves) [e.g., 14, 113, 117]. The investigations that resulted in re-synthesis of the stereoisomers 

from ES used experimental conditions to force this transition, and though they showed that it 

could be possible, it is unlikely to be a major source of either - or -endosulfan. 

Although the stereoisomers of endosulfan and ES have similar toxicological properties 

[114], like the chlordane-related compounds, they have different bioaccumulation potentials and 

fates in the environment, and differentially distribute in environmental media, biota, and food 

chains [14]. The -isomer is asymmetrical (2 twisted chair enantiomers), but is more 

thermodynamically stable, and under experimental, laboratory conditions, -endosulfan converts 

irreversibly to -endosulfan [117]. This conversion is likely to be observed in natural systems as 

well, as -endosulfan contributes little to the total endosulfan concentrations in air or water [2, 

14]. The endosulfans should be assessed as both endosulfan (Endo) and as its individual 

components (- and -endosulfan and ES) in order to comprehensively assess their risk of 

toxicity and bioaccumulation in natural systems. The polar metabolites would typically 

contribute very little to the practical estimate of Endo in environmental samples and need not 

be included, although they are useful for assessments of metabolism and biotransformation of 

endosulfan [113, 114, 118, 119]. 

Endosulfan is a neurotoxin and, like other cyclodienes, it primarily acts by interfering 

with nerve conduction. Specifically, it interferes with the gamma-aminobutyric acid (GABA)-

gated chloride channels [115] and can also inhibit calcium/magnesium and sodium/potassium-

ATPases [120]. GABA is the main inhibitory neurotransmitter in vertebrates, and binding of an 

appropriate ligand results in chloride ions leaking across the membrane, inhibiting membrane 

depolarization and helping control nerve transduction [115]. Endosulfan acts as a GABA 
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antagonist with exposures resulting in uncontrolled nerve conduction, as the post-synaptic 

membrane fails to repolarize [115, 121]. 

Endosulfan is very acutely toxic to fish and invertebrates, particularly insects and 

planktonic organisms. Mice exhibit acute neurotoxic effects (pain tolerance, tremors, 

convulsions, coma and death) after oral dosing, with much larger doses required to elicit the 

same affects after dermal exposure alone [119]. After cessation of exposure, endosulfan is 

depurated from invertebrates, fish, and mammals relatively quickly, although residues that are 

not depurated do have the potential to bioaccumulate in tissues and act as an endocrine 

disrupting chemical [14, 119, 122, 123]. Biotransformation was estimated to account for at least 

50% of the depuration of endosulfan from fish [124], and is also significant in mammals [119]. 

Biotransformation can however, increase tissue residues of ES, which has similar toxicity to the 

- and -isomers, and is similarly bioaccumulative [114]. 

Endosulfan has been shown to act as an estrogen agonist in human breast cancer cell lines 

(MFC7) in vitro, however exposure concentrations were in excess of any realistic risk of 

exposure in nature [116]. At dietary exposure concentrations of 10 mg endosulfan kg
-1

, male rats 

exhibited testicular atrophy [119], and had less circulating gonadotropin and testosterone, 

however, these in vitro results also only occurred at unrealistic concentrations [125]. The 

acceptable daily intake (ADI) for endosulfan is 0.006 mg kg
-1

 body weight (bw) d
-1

 [126, 127], 

which, owing to its neurotoxic potential, is the smallest for the CUPs investigated here. 

1.2.2.2.2 CHLORPYRIFOS 

Chlorpyrifos (0,0-diethyl-0-3,5,6-trichloro -2-pyridyl phosphorothioate) is an organo-

phosphate insecticide used to control a wide range of crop pests on fruits, vegetables, nuts and 

grains [128]. Chlorpyrifos is neurotoxic, with a MoA that inhibits the enzyme 
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acetylcholinesterase, preventing degradation of the neurotransmitter acetylcholine, resulting in 

uncontrolled neuronal firing [128]. Chlorpyrifos has an ADI of 0.01 mg kg
-1

 bw d
-1

[126, 129]. 

The US EPA states that volatilization and photodegradation are not likely to be a significant loss 

processes for chlorpyrifos in the environment [128]. However, modeled data using the US EPA 

Estimation Programs Interface Suite (EPI Suite) v.4.10 identify chlorpyrifos as volatile, and that 

it has an atmospheric half-life (t1/2) of <1 d, indicating that atmospheric degradation is significant 

(see Chapter 2). 

Anaerobic and aerobic metabolism by microorganisms and other biota are identified as 

the major modes of dissipation of chlorpyrifos from the environment [128, 130-132]. The 

primary metabolites of interest are 2,3,5-trichloro-2-pyridinol (TCP), and chlorpyrifos oxon 

(CPO). CPO is the most toxic metabolite in the chlorpyrifos degradation pathway and can be up 

to ≈ 100 times more effective in the inhibition of acetylcholinesterase than unmodified 

chlorpyrifos [133, 134]. CPO is produced via aerobic metabolism by microorganisms in soils, 

and by hepatic biotransformation in human liver, and is considered to be the bioactivated form of 

the parent compound, while TCP is produced in the detoxification pathway [133, 134]. CPO is 

produced via CYP P450 enzymes in humans, and though CPO is a potent neurotoxin, 

chlorpyrifos is more readily hydrolyzed to TCP (detoxified) than desulphurated (bioactivated) 

[133]. Regardless, the binding potency of CPO metabolite is worth noting and monitoring when 

residues of chlorpyrifos in wildlife tissues are substantial. 

1.2.2.2.3 DACTHAL 

Dacthal (also known as DCPA; dimethyl tetrachlorophthalate) is an aromatic OC, pre-

emergence herbicide used since 1958. Dacthal is used on ornamental turf grasses and plants, 

strawberries, vegetables, field beans, and cotton [135]. The acute MoA involves disrupting 

microtubules in the germinating seeds, disrupting normal cell division and cell wall formation, 
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ultimately killing the seedling [135]. Dacthal and its metabolites, tetrachloroterephthalic acid 

(TPA) and monomethyl tetrachloroterephthalic acid (MTP), are not considered a risk for acute 

toxicity to vertebrates at environmentally relevant concentrations; however, there may be some 

chronic health effects from exposure, including carcinogenicity [135]. The ADI of dacthal is the 

greatest of the CUPs investigated in the thesis at 0.5 mg kg
-1

 bw d
-1

[136]. 

Dioxins, including TCDD, as well as hexachlorobenzene (HCB) are impurities and by-

products found in the dacthal technical mixtures. Dacthal has been identified as a possible human 

carcinogen due to tumor development on the thyroid and liver of rats and mice during 

experiments; however, since TCDD and HCB are known carcinogens, at least some of the 

carcinogenic potential may originate from these compounds [135]. To this point, risk 

assessments performed by the US EPA has concluded that the risk of dacthal acting as a human 

carcinogen is negligible [135]. 

1.2.2.2.4 PENTACHLORONITROBENZENE (PCNB) 

Pentachloronitrobenzene (PCNB; primary technical formulation = quintozene) is a 

protective, contact (non-systemic), aromatic, OC fungicide in use since 1964 [137, 138]. PCNB 

is applied to soils prior to planting, is used for seed treatment of a range of fruit and vegetable 

crops, and is applied to some foliage directly (primarily turf grass and ornamental plants), and 

was previously used at high rates on cotton seeds and crops in the USA up until the early 2000s 

[138]. The EPA recently (September 2014) approved a voluntarily request by AMVAC to 

withdraw PCNB use in a number of applications in order to reduce worker exposure [139]. 

Health Canada issued a phase out for all uses of PCNB except on cole crops (including Brussels 

sprouts, cabbage, collard greens, broccoli, and kale) which grow close to the soil and for dips for 

ornamental bulbs in 2010 [137]. 
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PCNB is a non-systemic, broad spectrum fungicide classified as “Group 14” by the 

Fungicide Resistance Action Committee (FRAC; Brussels, Belgium) [140]. PCNB is an inhibitor 

of the synthesis of lipids and membranes [141]. PCNB acts via free radical chain reactions in 

which a free radical formed by the presence of PCNB causes lipid peroxidation, leading to 

further lipid-radical formation and peroxidation that continues and potentially destroys the 

plasma membranes of cells [140]. PCNB does have alternate modes of action, including 

interruption of metabolic cycles via production of CO2 as a degradation product—inhibiting 

aerobic metabolism by limiting oxygen uptake in the spore or fungi. PCNB also interferes with 

the hexose monophosphate shunt, and with pyruvate activation and entry into the citric acid 

cycle, as well as with other aspects of glucose metabolism or synthesis [141]. 

PCNB is not acutely toxic to terrestrial mammals, birds, or bees; however, it is 

moderately to highly acutely toxic to aquatic organisms (decapods, bivalves, and fish) [141]. 

Growth of fish was retarded after chronic exposures to chlorothalonil [139]. PCNB is classified 

as a possible human carcinogen [141] and as had several deleterious effect in rats. PCNB 

increased concentrations of thyroid stimulating hormone (TSH) disrupting thyroid homeostasis, 

induced the development of thyroid tumors, and causes hypertrophy of the liver [141]. The ADI 

of PCNB is 0.007 mg kg
-1

 bw d
-1 

[142]. 

1.2.2.2.5 CHLOROTHALONIL 

Like PCNB, chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile) is an aromatic OC 

fungicide, that acts non-systemically by contact [137]. It can also act as an algaecide, bactericide, 

acaricide, and insecticide depending on the concentrations used for application [143]. 

Chlorothalonil is relatively free of regulations, and is a high volume pesticide in the USA (≈ 

4500 t in 2011) and between 1000 to 10 000 t y
-1

 were produced in or imported to Canada in 

2000 [144]. Chlorothalonil is applied directly to crops, rather than being applied to soil or used in 
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seed treatments. It is used on a number of fruit, vegetable, bean, and rice crops, as well as coffee, 

terrestrial feed crops (graminoids), and ornamentals; it is also used as a preservative for wood 

and paints [143]. 

Also like PCNB, chlorothalonil has several modes of action that inhibit the growth of 

fungal cells during germination of spores [137]. Oddly, although the US EPA states that the 

exact MoA of chlorothalonil is unknown [143], there is at least one reasonably clear mechanism 

described in the literature dating back to 1973. Chlorothalonil is a FRAC Group M5 

(chloronitriles/phthalonitriles) fungicide [140]. Chlorothalonil acts by interrupting cellular 

metabolism via chlorine substitution of the sulfhydryl hydrogens on glutathione, decreasing 

cellular concentrations of glutathione, and inhibiting the action of thiol (e.g., glutathione)-

dependent enzymes, which are important during synthesis of amino acids and proteins, 

metabolism as well as other cellular functions [145]. Chlorothalonil also impedes cellular 

respiration by inhibition of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase 

[146]. 

HCB and the dioxins/furans are known contaminants of some formulations of 

chlorothalonil, but are found at concentrations below EPA guidelines and are not likely to 

substantially increase the toxicity of the mixtures [135]. Chlorothalonil is acutely toxic to fish 

and decapods but, at environmentally relevant concentrations, it is not acutely toxic to other 

invertebrates or mammals and was classified as practically non-toxic to mammals in dermal or 

oral routes of exposure [143, 147]. 

During chronic and sub-chronic exposures to chlorothalonil, Daphnia were immobilized 

at ≈ 2 mg L
-1

 concentrations, indicating that acute toxicity is quite limited in aquatic 

invertebrates. Rats exposed to a similar concentration (2 mg kg
-1

) for 13 weeks developed 
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abnormalities of the kidney tubules (including hyperplasia) and stomach lesions [143, 147]. Dogs 

experienced weight gain and reduced alanine amino transferase enzyme activities (due to the 

effects on glutathione) [143], an important marker enzyme for hepatic function, protein synthesis 

and metabolism. Chlorothalonil is classified as a probable human carcinogen (stomach and renal) 

based on these and other results [143], and has an ADI of 0.02 mg kg
-1

 bw [148]. 

1.3 ORGANOHALOGENS IN THE CANADIAN ARCTIC 

1.3.1 FIRST DETECTIONS OF ORGANOHALOGENS IN THE CANADIAN 

ARCTIC 

The first measurements of OC contaminants in Canadian Arctic wildlife began appearing 

in the literature in the early 1970s and focussed on OC compounds of concern; primarily PCBs 

and DDT [149]. The number of samples (n) for each animal in these studies were generally small 

(generally <5) due to a number of ethical and practical reasons. These included difficulty and 

cost of travel to the Arctic, difficulty obtaining and transporting uncontaminated samples from 

such distances, safety while working on sea-ice, and ethical barriers relating to hunting marine 

mammals for scientific purposes. Many of these challenges are still applicable to Northern 

research today. 

Measurements of concentrations of the two major DDT isomers (p,p′-DDT and o,p′-

DDT) and the related metabolites dichlorodiphenyldichloroethylene (DDE) and 

dichlorodiphenyldichloroethane (DDD) (together considered as DDT) and PCBs were first 

reported in blubber of ringed seal in the Canadian high Arctic in 1972 [150]. Wet weight 

concentrations of DDT (2.7 ± 1.5 μg g
-1

) and PCB (3 ± 1.2 μg g
-1

) were similar [150], which 

suggested that transport, uptake and retention of these contaminants could be similar. These 

contaminants have very different uses (insecticide versus industrial flame retardant); with the 

commonality being that they were both high PV in temperate/tropical regions. 
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The first review of concentrations of OCs in Canadian Arctic marine mammals was 

included in a larger paper reviewing global OC and metal contaminants in these animals [149]. 

Similarly the first Arctic food chain study that investigated concentrations and biomagnification 

of PCB across a range of trophic levels (cod-ringed seal-polar bear) was published 1988 [151]. 

This provided valuable insight as to the degree of trophic transfer and biomagnification of OCs 

from diet to consumer species, and illustrated differences in both general contaminant and 

congener specific (PCBs) bioaccumulation and biomagnification between species and between 

an Arctic and temperate food chain [151]. 

Significant public and scientific attention was directed towards the issue of 

bioaccumulation and biomagnification of OC contaminants in Arctic wildlife and humans when 

researchers analyzed breast-milk collected from Inuit women in Arctic Quebec (now Nunavik, 

Canada) to compare with data from women that lived along the St. Lawrence river in Southern 

Quebec, closer to sites of production and use of the PCB products [152]. They found 

concentrations of PCB in the Inuit women that were ≈ 4 x (whole milk) to ≈ 5 x (milk fat) those 

in samples from the Southern Caucasian women (Figure 1.2). Those PCB concentrations were 

some of the greatest ever measured in breast milk, which led to further large scale monitoring 

efforts to establish the factors influencing these differences [152]. 

Ultimately, the elevated concentrations of OCs in breast-milk from Inuit women were 

found to be due to biomagnification through the Arctic marine food web to humans [152, 153]. 

The propensity of Arctic wildlife to store lipids as sub-cutaneous fat or blubber can intensify the 

degree to which lipophilic contaminants bioaccumulate and biomagnify [154]. The Inuit and 

other Northern aboriginal peoples represent the ultimate apex predators of the Arctic, as they are 
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opportunistic subsistence hunters that consume other top predators (mammals, fish, and seabirds) 

that are themselves subject to contaminant biomagnification from their diets [154]. 

1.3.2 THE NORTHERN CONTAMINANTS PROGRAM 

In direct response to the concerns raised by these and other contaminant studies, the 

Government of Canada established the Northern Contaminants Program (NCP) through the 

Aboriginal Affairs and Northern Development Canada [AANDC; formerly Indian and 

Aboriginal Affairs Canada (INAC)] [155]. The NCP initiative began an Arctic wide focus on 

contaminants, with a focus on “Working to reduce and, wherever possible, eliminate 

contaminants in traditionally harvested foods, while providing information that assists informed 

decision making by individuals and communities in their food use” [155]. Initially, the NCP 

research focussed on POPs due to the results of the aforementioned studies; however, their 

mandates have expanded significantly in recent years to encompass the broad range of inorganic 

and organic contaminants reaching the Arctic and potentially accumulating in biota and posing 

threats to human health [155]. 

1.3.3 TRANSPORT OF ORGANIC CONTAMINANTS TO THE ARCTIC 

After discovery of the elevated concentrations of PCBs in breast-milk of Inuit [152], 

trophic transfer and biomagnification of PCBs through the Arctic marine food web [151], and 

ultimately to humans [153], some of the focus of the research shifted to describe how 

contaminants released in tropical or temperate latitudes were transported to the Arctic. 

The current models of global organic contaminant transport were developed in the early 

to mid-1990s to elucidate the seemingly paradoxically high concentrations of hydrophobic POPs 

at high latitudes. The models of global distillation and polar cold condensation (now more 

commonly referred to as global fractionation) described the LRAT of organic contaminants. 

These models reasonably predicted the latitudinal global distribution of the legacy POPs, helping 
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to explain how contaminants reach, and why they remain, in the Arctic [82, 156-158]. These and 

subsequent models have been described in detail in the aforementioned publications and have 

been reviewed thoroughly relatively recently [e.g., 58, 159]. 

The basic principles of the model for global fractionation hinge on the fact that many 

organic contaminants are volatile enough that net volatilization exceeds deposition in warmer, 

low latitude environments, while the opposite is true in the polar regions (Figure 1.3)[82]. 

Between the equator and the poles, there is a gradient of temperatures through which the volatile 

and semi-volatile organic contaminants are deposited (some are repeatedly re-volatilized and re-

deposited). Where on the gradient they ultimately deposit depends on their volatility, which is 

related to VPs and partitioning properties, particularly their octanol-air partition coefficient 

(KOA) [82]. Highly volatile contaminants (higher VPs, small log KOA) can undergo LRAT to the 

Arctic in a single transport event, or “hop,” however, it often involves multiple hops for less 

volatile compounds (multiple deposition and revolatilization events, related to seasonal changes 

in temperature) [82]. This has been termed the “Grasshopper Effect” [82], and is considered the 

template for transport of volatile and semi-volatile contaminants to the Arctic.  

Note that some contaminants (or fractions of the total volume of a contaminant initially 

volatilized) are sorbed to particles/soils and retained near source regions or are degraded during 

transport, deposition, or “rests” between hops or do not deposit effectively, even in Arctic 

climates [82]. Once deposited in the Polar Regions the low temperatures limit revolatilization 

and redistribution of these contaminants back to lower latitudes [82]. Some contaminants do re-

volatilize from Arctic waters, particularly in the summer, but they tend to cycle within the Arctic 

and are eventually retained in environmental sinks (multi-year ice packs, sediments, soils) [82, 

159]. Climate change is warming the oceans and the atmosphere, which could change the degree 
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of cold condensation and revolatilization, remobilize contaminants from environmental sinks, 

ultimately affecting the entire global refractionation model [111]. Indeed, trends of 

concentrations legacy POPs had shown steady declines over the last two decades; however, more 

recent trends suggest that remobilization and revolatilization are already occurring for some 

contaminants [2, 111]. 

As described by Wania and MacKay [82], global fractionation and the grasshopper effect 

result in three primary postulates for distribution of organic contaminants: 

1. Volatile and semi-volatile contaminants have an “inverted concentration gradient” 

relative to temperature. This suggests that their concentrations will be greater in soil, 

water and other non-biological, non-gaseous media at colder high latitudes than at low 

latitudes. 

2. The composition of contaminant mixtures (e.g., PCB and PBDE technical formulations, 

enantiomeric pesticides) will change with latitude; lower volatility components of the 

mixture will undergo faster LRAT over greater distances and hence the patterns of 

contaminants in the Arctic will likely not be representative of the technical products 

released at low latitudes. 

3. The timing and pattern of deposition of contaminants is different for those that are 

constantly emitted (i.e. industrial and commercial contaminants, such as PBDEs) versus 

those with pulsed releases, such as pesticides. After application and/or release, there is a 

delay in delivery to Polar Regions. 

Concepts of global fractionation remain the authoritative descriptors of distribution of 

contaminants to the Arctic. These concepts are incorporated into a number of multimedia 

models, most notably the Global Distribution Model (Globo-POP model; available online 
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http://www.utsc.utoronto.ca/labs/wania/downloads/) [157], which is a “zonally averaged multi-

media model describing the global fate of persistent organic chemicals on the time scale of 

decades.” This model has been shown to perform well compared to other models of organic 

contaminant transport, and is updated and validated as data for new processes and new 

contaminants with a broader range of properties become available [12, 160]. 

Combinations of the environmental, multimedia models with food web models such as 

the Arnot-Gobas or Kelly-Gobas bioaccumulation models [161, 162] are useful for estimating 

the combined Arctic contamination and bioaccumulation potential [e.g., 163]. Up-to-date field 

data for contaminants of interest in environmental media (for Globo-POP applications) and in 

biota throughout the Arctic marine and terrestrial food webs (for food web models) are required 

to validate the models and parameterize them appropriately to describe the Arctic contamination 

and bioaccumulation potential of these contaminants. 

1.4 STABLE ISOTOPES AND ECOLOGICAL RELATIONSHIPS 

Stable isotope ratios of some elements, particularly those of carbon (
13

C) and N (
15

N), 

can be used as ecological tracers to track carbon sources and the flow of both carbon and N 

through ecosystems. The 
13

C and 
15

N values for an organism or substance are calculated by the 

formulae 
13

C or 
15

N = [(Rsample/Rstandard -1) x 1000‰], where R = either 
13

C/
12

C or 
15

N/
14

N 

[164]. Typically, ratios of atmospheric N are used as the standard for 
15

N, and Pee Dee 

belemnite (cretaceous marine fossil) is used for 
13

C [164]. In practice, 
13

C signatures in living 

organisms are negative relative to Pee Dee belemnite, and most 
15

N signatures are positive 

relative to atmospheric N in consumers; primary producers may have negative 
15

N values due to 

nitrogen fixing bacteria in soils, when availability of N is limited (rootless, atmospherically 
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dependent organisms), and/or due to symbioses with soil-based fungi (mycorrhizal plants) [165, 

166].  

Discrimination or fractionation occurs against the heavier isotopes (
13

C and 
15

N) in 

primary producers both during initial diffusion of CO2 and atmospheric N, and during 

physiological processes in the organisms [167]. In rooted vegetation, N is primarily acquired 

from soil, with rooted vegetation typically 
15

N enriched relative to rootless primary producers 

due to a less fractionation against 
15

N relative to atmospheric uptake [165]. Together, these 

isotope values allow us to establish the flow of nutrients and ultimately energy from the primary 

producers to the apex predators in a food web, as well as establishing trophic links between 

consumers, which are important factors in assessments of biomagnification of contaminants 

[168]. 

1.4.1 STABLE ISOTOPES OF CARBON (
13

C) IN ECOLOGY 

Carbon fixation only occurs in autotrophic organisms, and converts inorganic carbon 

from CO2 into organic molecules via photosynthesis or chemosynthesis [169]. Fractionation 

against 
13

C occurs during diffusion of CO2 into vegetation through stomata, and during carbon 

fixation in primary producers. There is some fractionation against 
13

C between primary producer 

and herbivore, but very little further fractionation (i.e. enrichment of the 
13

C ratios) occurs 

beyond this point (≤1‰ total difference from primary producer) [168]. The 
13

C ratios of both 

primary producers and consumers can provide information on the sources of carbon at the base 

of a food web, as different photosynthetic mechanisms yield different characteristic 
13

C 

signatures [167]. If the isotopic signatures of the food sources for the consumers food sources 

have unique ranges, they may be able to be identified based on the 
13

C signatures [167].  
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There are three primary forms of photosynthesis: Crassulacean acid metabolism (CAM), 

C3 photosynthesis and C4 photosynthesis. C3 photosynthesis involves CO2 fixation via 

carboxylation of ribulose bisphosphate by the enzyme RuBisCo (ribulose bisphosphate 

carboxylase); C4 photosynthesis fixes CO2 to phosphoenol pyruvate (PEP) via PEP carboxylase; 

the majority of terrestrial plants utilize C3 photosynthesis [169]. Crassulacean acid metabolism 

(CAM) is a form of photosynthesis generally used by plants and other vegetation that have 

adapted to living in low moisture conditions such as deserts. CAM vegetation can fix CO2 via 2 

pathways: one that utilizes RuBisCo (C3-like; utilized in optimal conditions) and one that utilizes 

PEP carboxylase (C4-like). This results in a relatively wide range of 
13

C isotope signatures both 

between and within groups of CAM plants depending on the conditions and the resulting 

photosynthetic pathway that is utilized [167, 169]. 

The enzymes for carbon fixation fractionate against 
13

C to different degrees [167]. C3 

photosynthesis causes the greatest fractionation against 
13

C (median 
13

C = -27‰); C4 

photosynthesis results in less 
13

C fractionation (median 
13

C = -14‰), and CAM-utilizing 

organisms have even less fractionation against 
13

C (median 
13

C = -11‰) [167]. Since there is 

significant variation between species of primary producers, the expected ranges of 
13

C 

signatures for different photosynthetic mechanisms are quite broad: C3 photosynthesis = -32‰ to 

-22‰, C4 photosynthesis = -23‰ to -9‰ and CAM photosynthesis = -34‰ to -11‰ [170]. 

These ranges clearly overlap, so tracing the diet of consumers back to single or multiple dietary 

carbon sources in terrestrial environments in particular is often difficult or impossible [170]. 

Ratios of stable carbon isotopes can also provide insight into the influence of terrestrial 

versus marine derived photosynthetic carbon [170]. Marine algae have the enzymes involved in 

both C3 and C4 photosynthesis, and primarily utilize C3 photosynthesis with a C4-like pathway 
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that can be utilized when necessary [171]. There is less fractionation against 
13

C in marine 

primary producers than in terrestrial C3 vegetation (probably related to the abundance of CO2 

dissolved in ocean water, and with its simple diffusion into algae versus diffusion through 

stomata in green plants), with Arctic marine ice-algae reported to have 
13

C values that range 

from -18.7‰ to -17.7‰ [168, 172, 173], while those of marine phytoplankton range from -

24.5‰ to -19.3‰ [170, 174]. Since the majority of terrestrial plants utilize C3 photosynthesis 

with median values of 
13

C = -27‰, 
13

C values with greater fractionation against 
13

C in marine 

ecosystems are indicative of an influence of terrestrial carbon on the system.  

Similarly, since algae and phytoplankton have relatively distinct 
13

C signatures, it may 

be possible to identify seasonal or species-specific preferences in carbon source utilization. 

Arctic marine systems typically only have two primary carbon sources to pelagic organisms 

(phytoplankton versus algae), making dietary interpretation, and identifying seasonal and 

species-specific preferences in carbon utilization, simpler than in terrestrial systems with 

complex nutrient dynamics [165]. Macroalgae in marine systems also have distinct isotopes 

signatures that are extremely 
13

C depleted (
13

C = -37.1); however, since they are only present in 

shallow waters, they are not typically important carbon sources to pelagic marine organisms 

[172]. 

1.4.2 STABLE ISOTOPES OF NITROGEN (
15

N) IN ECOLOGY 

In ecological analyses, 
15

N is used to establish trophic linkages between the organisms 

composing the food web [168]. Fixation of N from atmospheric N2 to NH4
+
 and conversion to 

usable nitrogen (nitrites and nitrates) is a microbally-driven process in soils and water [171]. 

Fixed nitrogen is taken up differentially by primary producers in both aquatic and terrestrial 

systems, but in consumers, 
15

N is enriched between organisms in (theoretically) predictable 
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increments (enrichment or diet-tissue discrimination factor = 
15

N). The 
15

N typically increases 

by 3–5‰ between every trophic position (e.g., primary producer, primary consumer, secondary 

consumer (carnivore), up to apex predator) [17]. Enrichment is due to favoured assimilation of 

15
N into tissues of consumers [175] and greater excretion of 

14
N in nitrogenous wastes 

(ammonia, urea, uric acid) [176]. An enrichment factor of 3.8‰ or 3.4‰ is assumed when 

analyzing trophic relationships in marine food webs; however, it is acknowledged that using 

fixed values between all trophic positions and food webs is an oversimplification [17, 173, 177, 

178]. A 
15

N of 3.4‰ is usually applied in studies of terrestrial mammals [179], as well as for 

piscivorous, freshwater food chains [177]; and a 
15

N of 2.4‰ is used for piscivorous marine 

birds [173]. 

Nitrogen is often limited in terrestrial ecosystems, with the N dynamics of soil associated 

vegetation being extremely complex interactions that incorporate multiple source inputs, 

microbial and macrobiotic transformations and multiple loss processes, all of which may result in 

fractionation against 
15

N [180]. Fractionation does not typically occur between soil and the roots 

of primary producers, so that organisms that simply take up nutrients from the soil typically have 


15

N signatures similar to the bulk soil itself [with some exceptions, 165]. Since organisms that 

are rootless are strictly dependent on uptake of N from the atmosphere, they typically have 

different 
15

N signatures than rooted vegetation [165]. Some rooted vegetation also form 

symbioses with soil-based mycorrhizal fungi, and these have different isotope signatures than 

non-mycorrhizal plants [165]. Regardless, differences in 
15

N between atmospherically 

dependent organisms are generally based on the rates of diffusion of N, while soil-dependent 

organisms have more complicated and difficult to interpret nutrient dynamics with a wide range 

of 
15

N values [165]. 
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1.4.3 TROPHIC POSITION AND TROPHIC LEVEL 

Trophic position and trophic level (TL) are often used interchangeably in the literature. I 

will use the term trophic position to describe the relative position of an organism in the food 

chain; that is whether they are autotrophic primary producers, primary consumers, secondary 

consumers, and so on through the food chain up to the apex predator(s). I will use “trophic level” 

exclusively to refer to the numeric value calculated for an organism or tissue based on its 
15

N 

signature in relation to the base-line 
15

N signature of the food web. This approach has been 

shown to work well in marine systems with relatively straight-forward trophic interactions [e.g., 

5, 10, 33, 173, 178, 181]; however, there are still many potential confounding factors that should 

be considered when using stable isotope ratios to calculate TLs [177, 181]. When systems 

become more complex and involve multiple primary producers and inputs of fertilizers 

(terrestrial systems), or opportunistic top predators such as sharks that feed on a wide range of 

dietary items [182], it may not be as directly applicable. Regardless, the current convention in 

ecological and ecotoxicological analyses is to assume 
15

N values of 3.8‰ [5, 10, 173, 183] or 

3.4‰ [17, 179]. 

TL can be calculated by correcting for the 
15

N of baseline primary producer or primary 

consumer using the formulae [17]: 

TL = 1+ (
15

NConsumer –
15

NPrimary producer)/
15

N   (1.1) 

TL = 2 + (
15

NConsumer –
15

NPrimary consumer)/
15

N   (1.2) 

TLs are used in important assessments of contaminant biomagnification including trophic 

magnification factors (TMFs; cf. food web magnification factor, FWMF), which give estimates 

of contaminant biomagnification through entire systems [17, 177]. The majority of studies 

investigating organic contaminant bioaccumulation and biomagnification now routinely include 
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stable isotope analyses in order to accurately characterize the feeding relationships in the food 

webs, and to calculate appropriate bioaccumulation metrics such as TMFs. 

1.5 CURRENT STATE OF KNOWLEDGE REGARDING NEW POPS AND 

EMERGING ORGANOHALOGEN CONTAMINATION IN THE CANADIAN 

ARCTIC 

Legacy contaminants are now routinely monitored in some environmental matrices, and 

the database for new and current use OHCs from the Canadian Arctic has been steadily growing 

as evidenced in the most recent CACAR Report [32]. Despite this growth, significant gaps in the 

datasets still exist that should be addressed in order to holistically assess the status and trends of 

contaminants in the Canadian Arctic. Rather than an extensive review of the literature, I will 

outline the specific gaps in the datasets to be addressed in this thesis, with additional background 

literature reviewed within each chapter. 

1.5.1 SEAWATER 

Atmospheric trends of OHCs in the Canadian Arctic are primarily monitored at Alert, NU 

as part of the NCP core monitoring programs [2]. Measurements of legacy POPs and some CUPs 

(-endosulfan) have relatively complete time trends from 1992–present, while new OHCs have 

been added to the analytical suite over time [2]. CUPs such as dacthal, chlorpyrifos, 

chlorothalonil, and PCNB have been monitored in air since 2006; PBDEs since 2002; and 

alternative HFRs since 2007 [2]. In addition to monitoring of air at Alert under the NCP, several 

authors have reported concentrations of POPs in air throughout the Canadian Arctic, 

occasionally in conjunction with concentrations in water [e.g., 4]. 

Despite thorough monitoring of air for a wide range of current use OHCs and new POPs 

in the Canadian Arctic, there is a lack of data for the same contaminants in seawater [2]. Legacy 

POPs have been reported in seawater more frequently and, in some cases, spatial differences in 

concentrations of POPs have been detected across the Arctic basin [e.g., HCH 110, 159, 184, 
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185, 186]. Annual sampling of seawater has not been a priority (partially due to the difficulties in 

obtaining clean, high volume samples), so reports of new POPs and current use OHCs in 

seawater are sporadic, with little to no systematic sampling regime in place to establish trends in 

seawater [2]. 

Many of the CUPs identified during air monitoring have been reported in the few studies 

on seawater that do exist, including dacthal, chlorpyrifos, chlorothalonil, the endosulfans, and 

trifluralin; all found in the low pg L
-1

 range (<50 pg L
-1

) [4, 14, 187, 188]. Studies of seawater in 

the Bering-Chukchi Sea [189] and in air and water near the Alaskan coast [15] also reported 

several of these CUPs, but no further studies have investigated these compounds within the 

Canadian archipelago. 

PBDEs and alternative HFRs have not been reported in seawater of the archipelago, 

although they were measured in water near East Greenland and near Alaska at very small pg L
-1

 

concentrations (<1 pg L
-1

) [7, 93, 190]. Off the Alaskan coast, only BDE47, -99, -100 and -209 

were reported in the dissolved phase of seawater and all PBDEs were below method detection 

limits (<MDLs) in the particle phase [7], which conflicts with the general assumption that 

PBDEs are mostly particle-bound in water based on their hydrophobicity (high log KOW values). 

HBB, PBBz, TBP-DBPE and the DPs were also detected in this region at comparable or greater 

concentrations than PBDEs [7]. 

Local releases of contamination from Arctic communities, resource extraction sites, and 

near military outposts may also be important sources of HFRs [2] and theoretically for some 

CUPs that are used as preservatives in wood or paints (e.g., chlorothalonil). PBDEs have been 

confirmed to leach from wastes in landfills within Arctic communities, with different waste sites 

showing congener profiles representative of different PBDE technical formulations [2]. Although 
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PBDEs are generally strongly particle bound and are retained in soils and sediments [191], these 

results suggest that concentrations in seawater could be affected by run-off from land of leachate 

containing PBDEs and other HFRs. 

There is a need for measurements of a broader range of emerging contaminants in water, 

in locations that would preferentially elucidate the spatial differences across the Canadian Arctic 

[2]. Establishing concentrations of some of the lesser known contaminants now will help to 

monitor the effects of climate change and results of the national and international regulation of 

these contaminants. 

1.5.2 MARINE FOOD CHAINS 

Very few studies have reported concentrations of CUPs other than endosulfan in Arctic 

marine animals, particularly from Canada [9]. Endosulfan has been studied in a range of marine 

biota, including fishes, cetaceans, seals, and polar bears [14]. Biomagnification was apparent 

between fish and marine mammals, and -endosulfan was present in tissues of seals [14]. No 

further data were available to review for other CUPs in Arctic food webs. 

More studies have reported PBDEs in Canadian Arctic biota than CUPs or alternative 

HFRs [9]; however, only a few full food web studies have been completed. Concern regarding 

bioaccumulation of PBDEs and biomagnification in Arctic animals escalated quickly when it 

was reported that concentrations were increasing exponentially in blubber of ringed seals from 

1981–2000, a time when the use of PBDEs was increased dramatically to compensate for bans 

on PCBs [3]. These trends slowed and concentrations plateaued shortly thereafter, likely in 

response to the voluntary phase out of c-pentaBDE formulations [192]. Regardless, these studies 

illustrated the bioaccumulative nature of PBDEs in Arctic marine mammals, and that lower 

brominated congeners were accumulating more rapidly in high-TL biota [192]. 
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No studies on the marine food web studies have reported concentrations and 

trophodynamics of octaBDE or nonaBDE congeners—the work is typically restricted to 

measuring tri- to hepta-BDE congeners and (in some cases) BDE209 [5, 9, 10, 183]. Polar bears 

were shown to accumulate and biomagnify BDE47, -99, -100, -153 and -154 from ringed seal in 

the Canadian Arctic [8]. Other studies have shown spatial variation in concentrations of PBDEs 

and HBCDD, in the PBDE congener profiles in the biota, and in the bioaccumulation pattern of 

the HFRs. For example, BDE47 biomagnified through one Eastern Arctic marine mammal food 

web [183], but not in a food web from Eastern Hudson Bay [5] or in a Western marine mammal 

system [10]. Based on available data, overall biomagnification of lower brominated PBDEs 

appears to be limited, particularly in comparison with recalcitrant PCBs [5]; however, the 

potential for biomagnification of higher brominated compounds is relatively unexplored in both 

marine and terrestrial systems of the Arctic. 

PBDEs (primarily BDE47, -99, -100, -153, -154 and -209), including octa- and nonaBDE 

congeners, have also more recently been found in the livers of glaucous gulls (Larus 

hyperboreus) from the Eastern Canadian Arctic. Alternative HFRs including PBEB, HBB, EH-

TBB, BEH-TBP, s-DP and a-DP were also reported in the eggs and plasma of these gulls [193]. 

In polar bears from Canada, the USA, Greenland and Norway, higher brominated congeners 

(BDE194, -206) were detected along with the typical tetra- to hexaBDEs and low concentrations 

of alternative HFRs including PBEB, HBB, DBDPE, and BTBPE [56]. 

Environmental and metabolic degradation and biotransformation have been confirmed to 

modify the bioaccumulation patterns of PBDEs, and these factors can confound both temporal 

and spatial studies, and complicate comparisons to technical products or environmental matrices 

such as seawater [5, 47-49, 100, 194-198]. Debromination of BDE209 both photolytically [199-
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201] and metabolically [49] has been suggested to be the reason for elevated concentrations and 

proportions (relative to their presence in technical mixtures) and increasingly frequent detections 

of octa- and nonaBDE congeners in wildlife [e.g., 56, 193, 195, 196]. This is clearly an 

important facet to elucidating the behaviour of PBDEs and other new HFRs in comparison with 

the more recalcitrant legacy POPs; however, studies thus far have not reported octa- or nonaBDE 

bioaccumulation metrics, such as bioaccumulation factors or biomagnification factors, in Arctic 

marine food webs. 

1.5.3 TERRESTRIAL FOOD CHAINS 

Reports of OHCs in terrestrial animals are far scarcer than those in marine or freshwater 

systems. Since most regulatory guidelines were established for aquatic environments and 

organisms, monitoring of contaminants has generally been undertaken in aquatic environments. 

As such, the risks of bioaccumulation, biomagnification and exposure of terrestrial biota to 

OHCs have been relatively unexplored [202]. 

Measurements of legacy OCs in Arctic terrestrial biota are more common than 

measurements of current or recent use OHCs. Legacy OC contaminants have been primarily 

described in terrestrial top predators and grazing herbivores in the Canadian Arctic [9, 203-210]. 

The now seminal study on legacy OCs by Kelly and Gobas [210] led to the development of a 

terrestrial food chain model for POPs in the vegetation-caribou (Rangifer tarandus 

groenlandicus)-wolf (Canis lupus) food chain of the Canadian Arctic, which has been used to 

screen other contaminants for bioaccumulation potential in these animals [33, 162]. Model 

results suggest that -Endosulfan will biomagnify significantly in wolves, as will some other 

OHCs with lesser lipophilicity than legacy POPs [162]. These are the only measurements of 

endosulfan or any other CUP in Canadian terrestrial biota to my knowledge. 
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Low concentrations of PBDEs (BDE47, -99, -100, -153 and -154) were found in lichens 

from Eastern Hudson Bay by Kelly et al. [5]; however, this was part of a marine food web study, 

so no other terrestrial data were provided. Modeling and monitoring studies have shown that 

PBDEs (BDE47, -99, -209), along with other OHCs with classically bioaccumulative properties 

(relatively recalcitrant, significant lipid partitioning) and some with intermediate partitioning 

properties, would biomagnify through the food chain into wolves, and eventually to humans [33, 

162, 211, 212]. Interestingly, the models show that the contaminants with intermediate 

properties, that would not be considered a risk for significant bioaccumulation or 

biomagnification in aquatic food chains, can biomagnify in terrestrial systems due to 

physiological differences in the animals that compose the food chains [33, 162, 211, 212]. These 

data have not been validated to my knowledge, as no other measurements of PBDEs or 

alternative HFRs in terrestrial biota in the Canadian North appear to exist. 

There are clear gaps in the understanding of the bioaccumulation of CUPs and HFRs in 

both the marine and terrestrial systems in the Canadian Arctic. Complete food web studies, rather 

than one-off measurements in biota at varying TLs, will provide valuable information on the 

bioaccumulation behaviour of these OHCs. This is particularly true for CUPs which have been 

confirmed to deposit in Arctic regions in multiple studies and possess physicochemical 

properties that make them useful targets for modellers, yet remain unreported (except 

endosulfan) in most marine and terrestrial biota in the Canadian Arctic. Endosulfan is a new 

POP, yet its behaviour through food webs is also relatively unknown, although it does appear to 

have a limited biomagnification potential in some food chains. Lower brominated BDE 

congeners show substantial spatial variation in different food webs, and higher brominated 

congeners and alternative HFRs are rarely reported, so a complete picture of the trophic transfer 



51 
 

and biomagnification of these contaminants in sorely lacking in the literature. Modellers have 

also expressed a need for more data on these higher brominated PBDEs and alternative HFRs in 

order to validate, adjust and utilize current food web models to predict their behaviour in Arctic 

food webs. 

1.6 STUDY LOCATIONS AND ECOSYSTEMS 

To investigate spatial differences in the distribution of organic contaminants, three 

marine sampling locations were selected (Figure 1.4). The Barrow Strait is in the high central 

Arctic Archipelago (NU, Canada), neighboring only the community of Resolute Bay 

(Population: 215) on Cornwallis Island. The organisms investigated compose the polar bear-

ringed seal food chain [algae-plankton-amphipods-Arctic cod (Boreogadus saida) -ringed seal-

polar bear]; a conceptual model for the study systems is provided in Figure 1.7. For the 

trophodynamic investigations in the three locations, HFRs were investigated with seals as the top 

predator of the system; polar bears were only included in analyses of CUPs. Specific location 

and capture data are provided in the appropriate Chapters. 

The Rae Strait (NU, Canada) is further south, located closer to mainland Nunavut, and is 

within range of discharges from large rivers such as the Back, Hayes, and Ellice Rivers, as well 

as many other smaller rivers. Gjoa Haven is on King William Island (Pop: 1059) on the west side 

of the strait, opposite Taloyoak (Pop: 795) which is on the Boothia Peninsula. The food chain 

investigated at the Rae Strait was plankton-Arctogadus-ringed seal-polar bear, as Boreogadus 

samples were not obtained here. The terms “Arctic cod” and “polar cod” appear to be used 

interchangeably in the literature for two species of cod that are sympatric in the Arctic. 

Morphologically they are easily distinguishable as pelagic (B. saida) and benthic (A. glacialis) 

fishes; B. saida also has also has a chin barb that is present on most gadid fishes, while A. 

glacialis is one of few gadids that lacks a barb. Recently, it was confirmed that B. saida feeds 
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primarily on pelagic prey such as zooplankton, while A. glacialis feeds on benthic invertebrates 

such as mysids, so despite being sympatric throughout the Arctic, the cod have different diets 

[213]. Here, the fishes will be referred to by their generic names (Arctogadus and Boreogadus) 

in order to avoid confusion. 

The Cumberland Sound (NU, Canada) is a large, deep body of water, on the South 

Eastern coast of Baffin Island facing Greenland. Pangnirtung (Pop: 1364) is located in 

Pangnirtung Fjord, and is the only community that is on the coast of the Sound. Pangnirtung has 

substantially more shipping and air traffic than is observed in the other locations due to its 

greater accessibility, and well developed tourism industry centered around Autuittuq National 

Park, as well as the species richness of fish and marine mammals in the area. The Cumberland 

Sound is influenced by the Labrador and East Greenland ocean currents, and different prevailing 

air currents than those that influence the two other locations. Due to its location, the Cumberland 

Sound has a very diverse food web composed of both resident and transient (present 

intermittently and travel distances >1000 km) marine mammals and a wide range of fish and 

invertebrate species [214]. The food web here was different from that in the other locations, as 

samples included plankton, Arctic char (Salvelinus alpinus), capelin (Mallotus villosus), ringed 

seal and polar bears (for CUPs only). 

The terrestrial sampling location was the Bathurst caribou herd range in the Northwest 

Territories (NWT) (the range overlaps the NWT and NU border, but samples were obtained in 

the NWT). The Bathurst range is close to Yellowknife, the largest city in the NWT (Pop: 19 

234), as well as several small aboriginal communities, and overlaps with numerous mining 

operations, including the Diavik, Ekati, Gahcho, Kue and Snap Lake diamond mines [215]. The 

target system here was the Bathurst vegetation-caribou-wolf food chain. Previous investigations 
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of hydrophobic OHCs have only reported concentrations in two types of vegetation [two species 

of lichen, Arctic willow (Salix sp.)], so one objective of the thesis was to sample a broader range 

of vegetation composing the majority of the caribou diet to elucidate differences in 

bioconcentration at the base of the food chain. Trophic interactions in the terrestrial study system 

are much simpler than those in the marine environment (Figure 1.7), although the nutrient 

dynamics in the range of vegetation sampled will be more complex than those at the base of the 

marine food webs. 

1.7 CONCEPTUAL MODEL 

The conceptual model of the theoretical movement of the OHCs of interest through the 

environment and the Arctic ringed seal and wolf food chains is presented in Figure 1.7. 

1.8 PROBLEM FORMULATION 

The objective of the current thesis was to address a number of significant knowledge gaps 

outlined in the literature review and expanded upon in each Chapter that follows. This will 

expand our knowledge of contaminant behaviour in Arctic regions and food chains and will be 

useful for future monitoring and modeling efforts in the North. The objectives and associated 

null hypotheses are presented in the following sections. The alternate hypotheses are obvious and 

are therefore not presented. 

1.8.1 OBJECTIVE #1 

To measure the concentrations of OHCs in vegetation and mammals that compose the 

Bathurst Region, Arctic wolf food chain in the Canadian Arctic (NWT and NU, Canada) and 

establish their bioaccumulation behaviour throughout that system. 

This objective and the related research questions are addressed in Chapters 2 and 3. 
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1.8.1.1 RESEARCH QUESTIONS 

ARE THE OHCS OF INTEREST DETECTABLE IN VEGETATION? 

Null hypothesis: 

 CUPs and PBDEs or alternative HFRs will not be detectable in vegetation. 

H0: [OHC]Vegetation MDL 

ARE THERE DIFFERENCES IN BIOACCUMULATION BETWEEN TYPES OF 

VEGETATION? 

Null hypothesis: 

There will be no differences in concentrations or volumetric bioconcentration factors 

(BCFv) of OHCs in types of vegetation composing the caribou diet. Types of vegetation include 

lichens (Cladonia and Flavocetraria sp.), green plants [Salix sp. (willow), Rhytidium moss, 

graminoids (Carex aquatilis, Eriophorum vaginatum)], and mushrooms.  

H01: [OHC]Lichens = [OHC]Green plants = [OHC]Mushrooms 

H02: [OHC]Cladonia = [OHC]Flavocetraria = [OHC]Salix sp. = [OHC]Moss = [OHC]Graminoids = [OHC]Mushrooms 

ARE OHCS DETECTABLE IN TISSUES OF TERRESTRIAL MAMMALS? 

Null hypothesis: 

We will not detect the CUPs, PBDEs, or alternative HFRs in liver or muscle tissue of 

caribou or wolves from the Bathurst Region. 

H0: [OHC]Tissue MDL 

ARE THERE DIFFERENCES IN OHC CONCENTRATIONS BETWEEN THE TISSUES 

OF THE MAMMALS? 

Null hypothesis: 

There will be no differences in the concentrations of OHCs in the liver and muscle tissues 

of caribou and wolves. 

H0: [OHC]Caribou liver = [OHC]Caribou muscle = [OHC]Wolf muscle = [OHC]Wolf liver 
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DO OHCS BIOMAGNIFY TO CONSUMERS FROM THEIR RESPECTIVE DIETS IN 

THE BATHURST REGION? 

Null hypothesis: 

There will be no significant biomagnification of OHCs from the diet to consumers 

through the food chain. Biomagnification will be evaluated using two metrics. 

Biomagnification factors (BMFs) for OHCs will not statistically exceed one in 

caribou:vegetation or wolf:caribou comparisons. 

H01: BMF 1 

Trophic magnification factors (TMFs), as measures of food web wide biomagnification will not 

exceed one (i.e. the slope of the underlying regression that produces the TMF will not differ 

statistically from 0). 

H02: TMF 1 

1.8.2 OBJECTIVE #2 

To measure the concentrations of OHCs including CUPs, PBDEs and alternative HFRs in 

the dissolved and particulate phases of seawater at three sampling locations using high volume 

sampling methods and portable pumps, using either the ice-floes or a small craft as a sampling 

platform. 

 This objective and the related research questions are addressed in Chapters 4 and 5 of the 

thesis. 

1.8.2.1 RESEARCH QUESTIONS 

Contaminants were measured in both the dissolved and particulate phases of seawater, 

and the following hypotheses will be assessed in both phases. 
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ARE THE OHCS OF INTEREST DETECTABLE IN SEAWATER? 

Null hypothesis: 

We will not detect CUPs, PBDEs or alternative HFRs in seawater at the Barrow Strait, 

Rae Strait and Cumberland Sound above their method detection limits. 

H01: [OHC]Freely dissolved MDL 

H02: [OHC]Particulate MDL 

ARE THERE SPATIAL DIFFERENCES IN CONCENTRATIONS OF CUPS, PBDES, 

AND ALTERNATIVE HFRS IN SEAWATER AT THE THREE ARCTIC SAMPLING 

LOCATIONS?  

Null hypothesis: 

There will be no spatial variation in concentrations of OHCs between the Barrow Strait, 

Rae Strait and Cumberland Sound, NU, Canada. 

H0: [OHC]Barrow Strait = [OHC]Rae Strait = [OHC]Cumberland Sound 

ARE THERE DIFFERENCES IN CONCENTRATIONS OF CUPS, PBDES AND 

ALTERNATIVE HFRS AT DEPTHS OF 2 M AND 10 M WHEN SAMPLED UNDER 

SEA-ICE? 

Null hypothesis: 

There will not be differences in the concentration of the selected OHCs with depth in 

seawater sampled at 2 m and 10 m in Barrow and Rae Straits. 

H0: [OHC]2 m = [OHC]10 m 

1.8.3 OBJECTIVE #3 

To measure the concentrations of OHCs in organisms comprising the polar bear-ringed 

seal food chains at the same locations as seawater throughout NU, Canada. Polar bears will be 

analyzed for CUPs but not HFRs, as these contaminants have been reported previously in these 

animals [56, 216]. A range of bioaccumulation metrics along with concentrations will be used in 
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order to establish the contaminant behaviour throughout the three individual food chains and in 

the marine food web as a whole. 

 This objective and the related research questions are addressed in Chapters 4 and 5 of the 

thesis. 

1.8.3.1 RESEARCH QUESTIONS 

ARE OHCS DETECTABLE IN BIOTA THROUGHOUT THE MARINE FOOD 

CHAINS? 

Null hypothesis: 

The OHCs of interest will not be detectable above their respective MDLs or zero in the 

tissues of the organisms throughout the food chains. 

H0: [OHC]Tissue MDL 

ARE THERE SPATIAL DIFFERENCES IN CONCENTRATIONS OF OHCS BETWEEN 

BARROW STRAIT, RAE STRAIT AND CUMBERLAND SOUND BIOTA IN SIMILAR 

TROPHIC POSITIONS? 

Null hypothesis: 

The spatial variation in concentrations of OHCs in biota at similar trophic position or TLs 

between the three sampling locations will not be significant. 

H0: [OHC]Barrow Strait biota= [OHC]Rae Strait = [OHC]Cumberland Sound biota 

ARE THERE TISSUE-SPECIFIC DIFFERENCES IN CONCENTRATIONS OF OHCS 

IN RINGED SEAL BLUBBER, MUSCLE, LIVER AND BLOOD? 

Null hypothesis: 

There are no differences in the concentrations of OHC between the blubber, muscle, liver 

and blood of ringed seals within each location. 

H0: [OHC]Seal blubber = [OHC]Seal liver = [OHC]Seal muscle = [OHC]Seal blood 
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DO OHCS BIOACCUMULATE EFFECTIVELY THROUGHOUT THE MARINE FOOD 

WEB? 

Null hypothesis: 

The bioaccumulation factor (BAF) of the CUPs, PBDEs and alternative HFRs will not 

exceed 5000. 

H0: BAF 5000 

DO OHCS BIOMAGNIFY TO CONSUMERS FROM THEIR RESPECTIVE DIETS IN 

THE MARINE FOOD CHAINS AND FOOD WEBS? 

Null hypothesis: 

There will be no significant biomagnification of OHCs from the diet to consumers 

through the food chain. BMFs for OHCs will not differ significantly less than or not statistically 

different from 1. 

H01: BMF 1 

Trophic magnification factors (TMFs), as measures of food web wide biomagnification 

will be less than or not significantly different from 1 (i.e. the slope of the underlying regression 

that produces the TMF will not differ statistically from 0). 

H02: TMF 1 

 



59 
 

1.9 TABLES 
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1.10 FIGURES 

 

Figure 1.1. Basic structure of A) PCBs and PBBs and B) PBDEs. The numbers represent hydrogen atoms; the 

compounds are numbered on halogen substitutions on the rings. PBDE numbering is identical to that of 

PCBs and PBBs, beginning at the ether linkage. Ortho, meta and para positions are the same on the second 

ring. Structures were drawn using Chemwindow 3.1.4 (SoftShell International). 

 

 

Figure 1.2. Concentrations of PCB in the breast milk of Inuit (n = 24) and Caucasian (n = 48) women from 

the Arctic and temperate regions of Québec, Canada respectively. Scale on the left y-axis (g L
-1

) is for whole 

milk, scale on the right y-axis (mg kg
-1

) is for milk fat. Data are means graphed from Table 3.1 in Deawailly et 

al. [152]. 
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Figure 1.3. Diagrammatic representation of the Global Fractionation model (redrawn from Wania and 

MacKay [82]). 
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Figure 1.4. Marine study sites for the thesis. Coordinates are given for the nearest respective communities. 

Exact sampling coordinates for water and biota are given in the appropriate chapters. Map scale is 1: 

8000000. 

 

Figure 1.5. Illustrations of the A) pelagic “Arctic cod” Boreogadus saida and the B) benthic “polar cod” 

Arctogadus glacialis. The diagrams are replicated from A) Todd [219] and B) Jordan et al. [220]. Diagram A 

was available freely in the public domain, diagram B was reproduced with permission (Wiley and Sons 

Publishing, Hoboken, NJ, USA, License number 3655530354620, June 24, 2015). 
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Figure 1.6. The Bathurst caribou herd range, approximated from Nesbitt and Adamczewski [221]. Map scale 

is 1:10000000. 

 

Figure 1.7. Conceptual model for exposures of organisms in the Arctic environment. Terrestrial components 

are green, marine components are shown in blue. OHCs = organohalogen contaminants. Red lines and 

arrows indicate flow through the abiotic environment; black arrows indicate flow through the food chain. TL 

= Trophic level. 
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2 TROPHODYNAMICS OF CURRENT USE PESTICIDES AND 

ECOLOGICAL RELATIONSHIPS IN THE BATHURST REGION 

VEGETATION-CARIBOU-WOLF FOOD CHAIN OF THE 

CANADIAN ARCTIC
1
 

2.1 ABSTRACT 

The bioaccumulation of current use pesticides (CUPs) and stable isotopes of carbon and 

nitrogen were investigated in vegetation-caribou-wolf food chain in the Bathurst region 

(Nunavut, Canada). Volumetric bioconcentration factors (BCFv) in vegetation were generally 

greatest for dacthal (10–12) ≥endosulfan sulfate (10–11) >-endosulfan (>9.0–9.7) ≥PCNB 

(8.4–9.6) >-endosulfan (8.3–9.3) >chlorpyrifos (8.0–8.7) >chlorothalonil (7.6–8.3). BCFv 

values in vegetation were significantly correlated with the logarithm of the octanol-air partition 

coefficients (log KOA) of CUPs (r
2
 = 0.90, p = 0.0040), although dacthal was an outlier and not 

included in this relationship. Most biomagnification factors (BMFs) for CUPs in caribou:diet 

comparisons were significantly <1. Similarly, the majority of wolf:caribou BMFs were either 

significantly <1 or were not statistically >1. Significant TMFs were all <1, indicating that these 

CUPs exhibit trophic dilution through this terrestrial food chain. The log KOA reasonably 

predicted bioconcentration in vegetation for most CUPs, but was not correlated with BMFs or 

TMFs in mammals. Our results, along with those of metabolic studies, suggest that mammals 

actively metabolize these CUPs, limiting their biomagnification potential despite entry into the 

food chain through effective bioconcentration in vegetation. 

2.2 INTRODUCTION 

Studies of organic contaminants in Northern terrestrial biota have generally focussed on 

highly persistent, bioaccumulative and toxic compounds that were likely to biomagnify in high 

                                                 
1
Morris AD, Muir, D.C.G., Solomon, K.R., Teixeira, C., Duric, M., Wang, X. 2014. Trophodynamics of 

current use pesticides and ecological relationships in the Bathurst Region vegetation-caribou-wolf food 

chain of the Canadian Arctic. Environmental Toxicology and Chemistry 33:1956-1966. 
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trophic level (TL) animals and pose a threat to humans (reviews in [9, 206]). Recent studies 

show that, in general, concentrations of legacy persistent organic pollutants (POPs) such as the 

original “dirty dozen” organochlorine pesticides (OCPs) and PCBs are decreasing in Arctic air 

and biota [2, 9], due to national bans and/or phases-outs under the Stockholm Convention on 

Persistent Organic Pollutants [16]. Compared with the attention paid to legacy OCPs and POPs, 

relatively few field studies have investigated the presence or bioaccumulation of current-use 

pesticides (CUPs) in Arctic terrestrial environments. 

CUPs that have been detected in remote environments have diverse physicochemical 

properties and PVs [1, 14]. In Northern Canada, CUPs have been reported in Arctic air [2], lakes 

[222], seawater [4], and ringed seal (Pusa hispida) food webs [14]. Modeled data also show that 

the Arctic contamination potential (ACP) of CUPs varies, with some having ACPs within range 

of legacy OCPs (-endosulfan, dacthal), while others are highly dependent on specific 

conditions for transport and deposition to Northern latitudes [12, 222]. 

Bioaccumulation of organic contaminants can vary considerably between food web types, 

particularly between aquatic and terrestrial systems [33]. The octanol-air partition coefficient 

(KOA) has been shown to be an important parameter to be considered along with the octanol-

water partition coefficient (KOW) when assessing bioaccumulation of organic contaminants in air-

breathing organisms [162, 212]. Hydrophobic contaminants with negligible chemical and/or 

biological transformation rates are likely to biomagnify in all food web types when KOW ≥10
5
 and 

KOA ≥10
6 

[33]. In terrestrial systems, the range of KOW values for contaminants with large 

potential for bioaccumulation expands to 10
2 
KOW 10

10
 when the KOA ≥10

6
 due to slow 

respiratory elimination
 
[33, 212]. Therefore, contaminants classified as comparatively non-

bioaccumulative in aquatic systems can bioaccumulate in terrestrial food webs [33]. Many CUPs 



66 
 

have intermediate KOW and high KOA values that fall into or just out of these ranges (Table A1); 

however, their bioaccumulation in food webs that include air-breathers has rarely been 

investigated. 

The Bathurst caribou (Rangifer tarandus groenlandicus) are a socio-economically 

important herd in the Northwest Territories (Canada) that has been in decline, with collaborative 

efforts made to identify stressors affecting the animals. Previous studies on organic contaminants 

in this food chain have been limited to legacy OCPs [162, 210] and perfluoroalkyl substances 

(PFASs) [179]. Here, we investigated the bioaccumulation of seven CUPs that fit the “low KOW, 

high KOA” profile for greater potential for bioaccumulation in terrestrial food webs [33, 212]. 

The present study investigated 1) the distribution and bioaccumulation of CUPs in a range of 

vegetation relevant to the caribou diet as well as in caribou and muscle and liver of Arctic wolf 

(Canis lupus) 2) stable isotopes of carbon (
13

C) and nitrogen (
15

N) of all biota to confirm and 

elaborate on previously observed isotope signatures [179] and ecological relationships in the 

food chain and to calculate relevant trophodynamic comparisons. 

2.2.1 METHODS 

2.2.2 SAMPLES 

Samples of liver and muscle were collected from caribou and wolves by local subsistence 

hunters and trappers in the Bathurst caribou herd region on the border of the Northwest 

Territories (NWT) and Nunavut (Figure A1). Tissues from caribou were collected in early spring 

and fall of 2008 and 2009 (n = 6) and wolves in late winter 2010 (n = 7). Measurements of mass 

(kg), length (m), girth (m), back fat thickness (mm) and stomach contents of wolves were also 

noted at the time of collection (Table A2). Ages of caribou were estimated from cementum 

layers in teeth. Ages of wolves were estimated from sex-specific, mass-age regression in a large 

wolf dataset from the Eastern NWT as cementum results were not available (D. Heard, M. 
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Williams and D. Cluff, Government of the NWT, Yellowknife, NWT, Canada, unpublished 

data). Regression equations are provided with Table A2. 

Vegetation was collected in August 2009 within the Bathurst range (64°04N, 114°08W), 

and included lichens (Cladonia mitis/rangiferina: n = 6; Flavocetraria nivalis/cucullata: n = 6), 

moss (Rhytidium rugosum: n = 6), arctic willow leaves (Salix pulchra: n = 6), cotton grass 

(Eriophorum vaginatum) and aquatic sedge grass (Carex aquatilis) (= graminoids: n = 8) and 

brown mushrooms (not identified: n = 5). Cladonia and Flavocetraria species were not 

differentiated and graminoids (cotton grass and sedge) were pooled for analyses. 

After collection, samples were kept at -20°C and handled in a clean room laboratory 

(positively pressurized with carbon and high efficiency particulate arresting (HEPA) filters) at 

the Canada Centre for Inland Waters (Environment Canada, Burlington, ON). Sub-samples were 

weighed and freeze dried for analysis of stable isotopes and calculation of moisture-content 

during sample preparation. Five CUPs, which included chlorothalonil, chlorpyrifos, dacthal, 

pentachloronitrobenzene (PCNB),  and -endosulfan, and endosulfan sulfate (ES), were 

selected for analysis (Figure A2; Table A1). A larger suite of CUPs was initially screened but did 

not meet quality control standards under our methods (Table A3). Because recoveries of 

chlorpyrifos were smaller than other CUPs (52 ± 17%), these data have a greater degree of 

uncertainty. 

2.2.3 PREPARATION, EXTRACTION AND CLEAN UP 

Extraction methods followed those of Hoesktra et al. [223] and Johansen et al. [224], 

except that an accelerated solvent extractor (ASE 300, Dionex) and a simplified silica elution 

were used to maximize recoveries of CUPs. Note that only leaves of willow, and leaves and 
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stems of graminoids were included in analyses (i.e. the edible parts of the vegetation). Details are 

provided in the Supplemental Data. 

2.2.4 CONTAMINANT ANALYSES AND INSTRUMENTATION 

Residues were analyzed using negative chemical ionization, low resolution, electron 

capture mass spectrometry (GC-NCI-LRMS) using an Agilent 7890A GC coupled to an Agilent 

5975C MS operated in selective ion monitoring (SIM) mode (Agilent Technologies). Samples 

were injected (1 l) into the GC in pulsed, split-less mode using an Agilent CTC Analytics 

Combi PAL Autosampler. Extracts were vaporized at 220°C and separated using an Agilent HP-

5MS UI column (30 m × 250 m × 0.25 m FT) (details of GC-MS analyses are provided in the 

Supplemental Data). 

2.2.5 DATA ANALYSES, QUALITY ASSURANCE AND QUALITY CONTROL 

(QA/QC) 

Chromatograms for each sample were integrated using Agilent MSD Chemstation 

version D.03.00.611. Final data were blank and lipid equivalent corrected from wet weight data 

and are presented as geometric mean (GM) concentrations ± standard errors. For mammals, the 

sorptive capacity of the lipid equivalent fraction (Leq) ≅ lipid fraction (L) when lipid contents 

are relatively large [161, 225]; however, Leq values for vegetation were calculated to include 

non-lipid organic matter (NLOM), using Equations 2.1 and 2.2 [33],and Equation 2.3. 

Leq = L + (0.05 × Protein) + (0.10 × Carbohydrate)  (2.1) 

Protein = 6.28 × Total Nitrogen (ww)    (2.2) 

Carbohydrate = Total organic carbon (ww) - L   (2.3) 

Final concentrations are expressed as ng g
-1

 lipid weight (lw). Each batch of 10 to 12 

samples was extracted with a method blank packed with Hydromatrix (Dionex) and Ottawa sand 

(Fisher Scientific), a spiked blank, a GPC procedural blank, and a standard reference material 
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(SRM 1588b or SRM 1947, National Institute of Standards and Technology). Further QA/QC 

details are provided in the Supplementary Data. 

2.2.6 STABLE ISOTOPE ANALYSES AND TROPHIC LEVEL CALCULATIONS 

Analyses of carbon (
13

C) and nitrogen (
15

N) isotopes, as well as total nitrogen and total 

carbon were performed at the Environmental Isotope Laboratory (University of Waterloo, 

Waterloo, Ontario). Total organic carbon was measured for vegetation only at the National 

Laboratory for Environmental Testing (NLET, Canada Centre for Inland Waters, Burlington, 

ON, Canada), in order to determine the Leq. Stable isotope methods and calculation of trophic 

levels (TLs) were identical to those described in [179], applying a 
15

N of 3.8‰ and using the 

mean Cladonia lichen 
15

N value as the baseline signal. Calculations are provided in the 

Supplementary Data. 

2.2.7 BIOACCUMULATION, BIOMAGNIFICATION AND TROPHIC 

MAGNIFICATION 

 Volumetric bioconcentration factors (BCFv) were calculated for vegetation using 

existing gaseous concentrations in Arctic air measured near the North Alaskan coast (Station A9, 

in Supplemental Data of Zhong et al. [15] or at Alert, Nunavut when data were unavailable from 

Alaska (PCNB and ES only; Hung, H. Environment Canada, Toronto, ON, Canada, unpublished 

data). Vegetation:air BCFvs were calculated using Equation 2.4 and 2.5: 

Ct,v = Ct,m ×  × (1.0 × 10
6
)     (2.4) 

BCFv = Ct,v/CA      (2.5) 

Where the Ct,v is the volumetric concentration in vegetation tissues (pg m
-3

 lw), Ct,m is the 

lipid equivalent-normalized concentration in vegetation tissue (pg g
-1

 lw), is the density of the 

plant tissues (g cm
-3

), 1.0 × 10
6
 is the conversion factor (pg cm

-3
 to pg m

-3
), and CA is gaseous-

phase air concentration (pg m
-3

) (vegetation densities are provided in the Supplementary Data). 
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BCFv values were calculated from the ratio of arithmetic means for analytes in individual 

vegetation types to air, which were then averaged to obtain estimates for Lichens, Green Plants 

(moss, willow and graminoids) and Total Vegetation (VT). BCFv was chosen rather than a simple 

mass-based BCFM or BAF as it more realistically represents the bioconcentration from air into 

fresh vegetation, and has direct application to fugacity models/concepts [226]. Error for BCFv 

values could not be calculated, as error terms were not reported with air data. 

Biomagnification factors (BMFs) were calculated on tissue-specific and total body 

burden (TBB) bases for several caribou:diet comparisons and for wolf:caribou. BMFs were 

calculated as the ratio of the lipid-normalized, arithmetic mean concentrations (pg g lw
-1

) of a 

contaminant in the higher TL organism (consumer) to the lower TL organism (diet) using 

Equation 2.6.  

BMF = (CConsumer/CDiet)     (2.6) 

Caribou:diet BMFs were calculated using concentrations of grouped vegetation (as for 

BCFv) and by calculating proportionate dietary concentrations from the literature on Yukon 

caribou diets [227], as food web nutrition models were not appropriate for this data 

(Supplementary Methods; Figure A3). TBBs were calculated using the formulae and data for 

caribou and wolves in a similar dataset [179], using muscle, liver, and fat as the primary 

reservoirs of CUPs. Error term calculations for BMFs, dietary proportion calculations, and TBB 

calculation details are provided in the Supplementary Data. 

Trophic magnification factors (TMFs) were calculated using log-linear regression 

analyses of lipid-normalized concentrations (CB; pg g
-1

 lw) versus TL using Equation 2.7. The 

trophic magnification factor (TMF) was calculated as the anti-log of the slope (m) of the 

regression line using Equation 2.8 [177]. 
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Log CB = m × TL + b       (2.7) 

TMF = 10
m
       (2.8) 

TMFs used TBB concentrations for the consumers, and regressions were calculated using 

all vegetation (VT), lichens or green plants as the base of the food chain. 

2.2.8 STATISTICS 

 Statistical analyses were performed using SigmaStat® Version 3.0.1a or 

SYSTAT® Version 12.0 (SPSS Inc.). Statistical hypotheses tests were all 2-tailed where 

applicable, with a Type 1 error rate probability of  = 0.05. Stable isotope data were compared 

using one-way ANOVAs, with Tukey’s post-hoc test to identify significantly different groups. 

When the data did not meet normality or equal variance assumptions, a Kruskal-Wallis (K-W) 

ANOVA on ranks with a Dunn’s test was used to assess differences between groups. 

Contaminant data were typically log-normal and as such are presented in text as geometric 

means ± SE. These data were log-transformed for all statistical comparisons to better satisfy 

parametric assumptions of the tests, and were compared using the same tests as for stable isotope 

ratios, except for lichens versus green plants, and caribouTBB versus wolfTBB concentrations, 

which were compared with student’s t-tests. BMFs were tested for significant differences from 

1.0 using t-tests. BCFv values, BMFs, and TMFs were tested for relationships with log KOA and 

log KOW (Table A1) using Pearson’s Correlation analyses. Further details are provided in the 

Supplemental Data. 

We also tested the effect of age, lipid equivalent (Leq, %), TL and back fat thickness 

(mm) on logged wet weight (pg g
-1

ww) concentrations of CUPs using analyses of covariance, by 

applying general linear models (GLMs). Details of GLM analyses are provided in the 

Supplementary Data. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 ECOLOGICAL ANALYSES & DIETARY ASSESSMENT 

Lichens (-25.0 ‰) were significantly more 
13

C-enriched than green plants (-28.1‰), but 

neither were significantly different from mushrooms (-26.8‰) (Table A7; Figure A4). The order 

of 
13

C enrichment was Flavocetraria lichens (-23.8‰) >Cladonia lichens (-26.2‰) >mushrooms 

(-26.8‰) >moss (-26.9‰) >graminoids (-27.7‰) >willow leaves (-29.9‰) (statistics are 

provided in Table A7). Flavocetraria lichens were the only vegetation with a 
13

C signature that 

was not significantly different than caribou or wolves, which were also not significantly different 

from each other (p <0.05). Nitrogen isotope signatures (
15

N) in vegetation were more variable 

than 
13

C values in general, with mushrooms (2.97‰) and green plants (-0.554‰) being 

significantly more 
15

N-enriched than lichens (-4.65‰) (p <0.05). Individual comparisons showed 

that graminoids were the most 
15

N-enriched (4.24‰) followed by mushrooms (2.97‰) >willow 

(-3.38‰) >Flavocetraria (-4.25‰) >moss (-4.60‰) >Cladonia (-5.19‰); 
15

N signatures were 

significantly different between graminoids and mushrooms and all other vegetation, but not 

between each other (p <0.05). Caribou (5.46‰) were significantly more 
15

N-enriched than all 

vegetation except graminoids and mushrooms, and wolves (8.40‰) were significantly more 
15

N-

enriched than all other biota (Table A7; Figure A4). 

The 
15

N isotope signatures previously reported for tundra plants agree well with our data 

[Eriophorum = 3.7‰, Carex = 2.2‰, Salix = -2.4‰ and mushrooms = (range) 2.5 to 6.5] [228]. 

Moss and lichen 
15

N signatures were similar, which is consistent with the fact that lichens 

(fungal-algal symbioses) and mosses (bryozoans) are rootless, non-vascular, primary producers 

that are dependent on uptake of nutrients from the atmosphere [229]. Lichens were significantly 
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more 
13

C enriched than green plants due to their different carbon fixation mechanisms 

(crassulacean acid metabolism (CAM) or C3 photosynthesis respectively) [169, 228] (p <0.05). 

Nutrient uptake in fungi occurs primarily from soil via the fungal mycelia, with 

mushrooms produced on the surface for reproduction seasonally [171, 229]. Fungi generally 

have high proteolytic capacities related to their role as decomposers [165]. Given their niche, 

some 
15

N enrichment in mushrooms relative to the primary producers was expected and 

observed. Nutrient assimilation in fungi is also affected by mycorrhizal symbioses, which occur 

in most vascular land-plants [165, 171, 229]. Fungal symbionts transfer 
15

N depleted amino acids 

to host plants and retain 
15

N enriched compounds, which are then transferred to mushrooms 

during growth [165], further explaining the 
15

N enrichment in these organisms. Willow (Salix 

sp.) are mycorrhizal plants, but graminoids, including species of the Eriophorum and Carex 

genera are not, which explains the 
15

N-depleted signal of willow relative to graminoids. In 

contrast to willow, graminoids take up N from soil/pore water with little fractionation, which 

results in enriched 
15

N signals similar to fungi/mushrooms and soil, rather than to the 
15

N 

signature of willow [165]. 

The diet of barren-ground caribou has been shown to be 40 to 70% lichens from fall until 

spring, supplemented with mosses in the winter months, and graminoids in the spring, with a 

summer diet primarily composed of shrubs (>90% of the diet) [227]. Therefore, if the caribou-

muscle 
13

C dietary signature was representative of the summer diet, which would be primarily 

willow and other shrub leaves, it would be 
13

C depleted, which is not the case. Additionally our 


13

C signatures in caribou muscle were similar to samples collected in fall 2008 from Bathurst 

caribou (
13

C = -23.8‰) [179], indicating a consistency in nutrient assimilation between years. 

The half-life (t½) of carbon in muscle is ≈ 4.5 months in other ruminants [230]. Turnover times 
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are similar for muscle-N, so muscle 
13

C and 
15

N signatures in caribou are the result of 

proportionate integration of dietary sources over months to years [230], and would not be 

representative of the most recent diet, making accurate dietary interpretation from these 

measurements impossible. 

Calculating the caribou:diet 
13

C- and 
15

N-enrichment factors (∆
13

C and ∆15
N; Table 

A6) as a simple difference between the isotope signature in the consumer and in the dietary 

source (
15

NCaribou or 
13

CCaribou - 
15

NDiet or 
13

CDiet) showed that isotope enrichment was 

variable, even when all dietary sources were primary producers, complicating the interpretation 

of diet, and the calculation of TLs based on 
15

N values [177, 228, 231]. These complications are 

illustrated by using a source-mixing polygon [177, 231], which showed that the signal for 

caribou muscle and the theoretical dietary signal (even assuming a large ∆
13

C of 2‰ and a 

terrestrial-specific 
15

N of 3.8‰) were both outside of the range of source isotope signatures 

(Figure A3), which is unusual. The caribou:diet enrichment factors ranged from 0.50‰ 

(Flavocetraria) to 6.6‰ (willow) for ∆
13

C, and from 1.2‰ (graminoids) to 11‰ (Cladonia 

lichens) for ∆15
N (Table A6); no direct combination resulted in the commonly used enrichment 

factors of ∆
13

C = 2‰ and 
15

N = 3.8‰. 

Mathematically, many combinations of sources can result in similar mixture signals 

[231]. Difficulties interpreting the diet of ruminant herbivores from stable isotope ratios may be 

exacerbated due to ruminant digestive efficiency, which is enhanced by increased fermentation 

and thorough mixing relative to other mammals [232]. Based on signal overlap, it would seem 

that lichens may exert a long-term dietary influence on the 
13

C-signal of caribou muscle [179]. 

However, variability in 
13

C and 
15

N and related enrichment factors between dietary sources 

and caribou show that isotope signatures in ruminants are a result of complex integration of 
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13
C/

12
C and 

15
N/

14
N from different food sources over long periods of time [230, 231], and basing 

interpretation on the simple overlap of 
13

C signatures is likely not representative of the 

relationships between diet and consumer in this food chain. Because of these factors, the stable 

isotope data did not allow us to ascertain specific dietary contributions to caribou nutrition, so we 

tested a number of possible seasonal dietary combinations [227] to assess the effects of diet 

selection on biomagnification of CUPs. 

Wolves feed mainly on caribou in the Bathurst Region (Table A2); however, the 

wolf:caribou ∆
13

C and ∆15
N of 0.3‰ and 2.7‰, respectively, also were smaller than the 

theoretical enrichment factors typically used to assess dietary relationships. The deviations from 

the expected values are likely affected by a number of factors, including the high efficiency of 

nutrient assimilation provided by gut microbes in the rumen of caribou and the relatively 

inefficient digestion in wolves [227, 233]. Isotopic routing is reduced in ruminants, but 

metabolism by gut microbes increases fractionation against 
15

N [228, 232]. This may add another 

level of fractionation to the system, resulting in enriched isotopic signatures in caribou and other 

ruminants compared to dietary sources. These effects, combined with temporal variation and 

nutritional stress on caribou and wolves [233, 234], could result in skewed isotope enrichment 

between TLs. 

Two distinct ranges of vegetation TLs were apparent; Cladonia, Flavocetraria, moss and 

willow occupy TLs = 1.0, 1.3, 1.2 and 1.5, while mushrooms were TL = 3.2 and graminoids TL 

= 3.5 (Table A7). Caribou and wolves occupy TLs = 3.8 and 4.6 respectively. Most of these 

calculated TLs were used for TMF analyses to represent relationships based on 
15

N. However, 

we randomly assigned TLs between 1.0 and 1.5 to each graminoid sample for TMF analyses to 

avoid skewing the regressions and to more accurately represent their position in the food chain 
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(resulting TL = 1.3 ± 0.18). TL calculations using multivariate statistical methods to provide 

species-specific 
15

N values for consumer species with a range of dietary sources have been 

shown to be useful for sharks [182], an approach that would be valuable for ruminant grazers. 

However, further study and more data are required to re-evaluate the 
15

N values used to 

calculate TLs in terrestrial food webs before these approaches can be applied in smaller field 

datasets. 

2.3.2 BIOCONCENTRATION OF CUPS IN VEGETATION 

Concentrations of CUPs varied between analytes and between vegetation types. In the 

mean total vegetation (VT) dataset, of the 7 CUP analytes ES had the greatest concentrations at 

0.88 ± 0.27 ng g
-1

 lw, followed by -endosulfan at 0.57 ± 0.42 ng.g
-1

 lw (GM ± SE; Table A7; 

dry weight concentrations in Table A8). In other comparisons of grouped vegetation, GM 

concentrations of PCNB, chlorothalonil, dacthal, -endosulfan, -endosulfan, ES, and total 

endosulfan (= Endo =  +  + ES) were greatest in lichens >green plants >mushrooms. 

Concentrations of chlorpyrifos were greatest in mushrooms >lichen ≅ green plants (Table A7). 

- and -endosulfan had the greatest and smallest concentrations in the dataset respectively, 

ranging from non-detect (0% detection of all endosulfans in mushrooms) to 3.8 ± 1.3 ng g
-1

 lw 

(-endosulfan in Cladonia lichens). The variation in detection frequency and concentrations of 

CUPs both between and within individual vegetation types suggest that concentrations are 

influenced by a number of factors including properties of contaminants, structural and 

physiological variation in, and the lifecycle of, the vegetation, as well as differences in exposure 

routes between vegetation [235]. 

Frequencies of detection (DFs) varied between CUPs. DFs >MDL for PCNB ranged from 

17% (moss) to 100% (Cladonia lichens, graminoids). DFs for PCNB in moss were smaller than 
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other vegetation due to a co-eluting peak that made quantification of the PCNB peak impossible, 

and concentrations may be underestimated as one-half MDL concentrations were substituted into 

the dataset when the peak could not be definitively quantified. GM concentrations of PCNB 

ranged from 0.072 ± 0.065 ng g
-1

 lw in mushrooms to 0.89 ± 0.62 ng g
-1

 lw in Flavocetraria 

lichens (Figure 2.1; Table A7). Concentrations in Flavocetraria lichens were significantly 

greater than mushrooms and moss; concentrations in Cladonia lichens were also significantly 

greater than mushrooms (ANOVA, p <0.05; all statistical results are summarized in Table A7). 

Concentrations of chlorothalonil ranged from 0.12 ± 0.038 ng g
-1

 lw in mushrooms (40% DF) to 

0.69 ± 0.20 ng g
-1

 lw in moss (83% DF), but no significant differences were detected (p >0.05). 

DFs >MDL for chlorpyrifos were only 50% in lichens, willow, and grasses, but were greater in 

moss (67%) and mushrooms (80%). Concentrations of chlorpyrifos ranged from 0.18 ± 0.068 ng 

g
-1 

lw to 0.85 ± 0.52 ng g
-1 

lw in willow and mushrooms respectively, but did not differ 

significantly among species. DFs for dacthal ranged from 40% to 100% in mushrooms and 

lichens respectively; concentrations in both lichen species (0.74 and 0.99 ng g
-1

 lw; 100% DFs) 

were significantly greater than those in graminoids (0.085 ± 0.048 ng g
-1

 lw; 63% DF) and 

mushrooms (0.043 ± 0.027 ng g
-1

 lw; 40% DF) (Figure 2.1; Table A7). 

Concentrations of -endosulfan were greatest in lichens (3.8 ± 1.3 and 1.3 ± 1.4 ng g
-1

 lw 

in Cladonia and Flavocetraria respectively) and smallest in mushrooms (<MDL) and willow 

(0.27 ± 0.099 ng g
-1

 lw). DFs for the endosulfans ranged widely for both isomers, ranging from 0 

to 100%; although -endosulfan was detected less frequently than -endosulfan overall. 

Concentrations in Cladonia and Flavocetraria were significantly greater than mushrooms, and 

Cladonia were also significantly greater than willow and graminoids (p <0.05) (Figure 2.1; Table 

A7). Cladonia also had the greatest mean-endosulfan concentrations (0.36 ± 0.14 ng g
-1

 lw), 
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while concentrations in willow, graminoids, and moss had a narrow range (<MDL–0.079 ng g
-1

 

lw). ES was detected at concentrations >MDL in 100% of primary producers (0% in 

mushrooms), and concentrations in both genera of lichen (3.1 ± 0.71 ng g
-1

 lw and 3.9 ± 0.28 ng 

g
-1

 lw respectively) were significantly greater than those of graminoids (0.43 ± 0.037 ng g
-1

 lw) 

and mushrooms (<MDL) (Figure 1; Table A7). Individual sample, non-detect concentrations (i.e. 

that were substituted with one-half MDL) were removed from the VT dataset to test for 

correlations. Significant relationships were detected between all of the log transformed 

concentrations of endosulfans;  and -endosulfan (Pearson r
2
 = 0.92; p <0.001, n = 10), -

endosulfan and ES (r
2
 = 0.47; p = <0.001, n = 23) and -endosulfan and ES (r

2
 = 0.42; p = 0.043, 

n = 10). Concentrations of Endo in Cladonia (7.7 ± 1.7 ng g
-1

 lw) and Flavocetraria (7.4 ± 1.5 

ng g
-1

 lw) were significantly greater than moss (2.1 ± 0.49 ng g
-1

 lw), willow (2.0 ± 0.35 ng g
-1

 

lw), graminoids (0.92 ± 0.28 ng g
-1

 lw) and mushrooms (<MDL); all green plant concentrations 

were also significantly greater than mushrooms (p <0.05).  

Cladonia, Flavocetraria, mosses and graminoids had very similar profilesof Endo 

overall; -endosulfan:ES ≈ 50:50 (Figure 2.2). The profilesof Endo in rootless vegetation 

(lichens and moss) were different from air, which is ≈ 98% -endosulfan (calculated from [15]), 

suggesting that the transformation of - and -endosulfan to ES occurs during or post-

deposition, most likely involving significant biotransformation [113]. Willow and high-altitude 

soil had near identical percentages of ES (≈ 77%) (Figure 2.2) [236], which could be indicative 

of some uptake of ES from soil. However, previous studies suggest that root to foliage 

translocation of organic contaminants is relatively small or negligible compared to uptake in 

leaves [237]. It is interesting that grasses, also rooted, had a profile of endosulfan more like 

lichens and moss than willow, indicating a strong atmospheric influence on uptake of endosulfan 



79 
 

in graminoids. Ectomycorrhizal fungi have been shown to effectively metabolize a range of 

PCBs [238], and therefore might be able to metabolize chlorinated, cyclic aliphatics such as 

endosulfan, which might explain why all endosulfans were had 0% detections in mushrooms. 

Alternatively, this could simply also be a function of both the short life-span of mushrooms and 

the recent decreases in the use of endosulfan [14]. 

Chlorpyrifos (peaks detected, but concentrations <MDL), dacthal (≈ 0.60 ng g
-1

 lw) and 

Endo (1.6 ng g
-1

 lw) have been detected in Alaskan lichens [239]. Concentrations of Endo in 

lichens from the Bathurst area were up to 5-fold greater than lichens from Alaska; however, 

variation of this magnitude was present in spatial and interspecies comparisons of Alaskan 

samples alone [239] and does not appear to be unusual. Kelly et al. [33] did not report detections 

of α-endosulfan in lichens from northern Quebec, but found detectable amounts of -endosulfan 

(0.03 ng g
-1

 lw). Perhaps there is a differential longitudinal influence from Asian sources such as 

China and India in our more western sampling location [240], or the differences could simply be 

due to lower limits of detection in the present study.  

BCFv values of CUPs were relatively consistent in comparisons of grouped vegetation 

(Table 2.1). BCFv values for CUPs in mushrooms were the smallest for all contaminants except 

chlorpyrifos which was greater than both grouped lichens and green plants. In lichens, BCFv 

values were greatest for dacthal >ES >PCNB >-endosulfan >-endosulfan >chlorpyrifos 

>chlorothalonil. In green plants, the order was different with dacthal ≈ ES >-endosulfan 

>PCNB >-endosulfan >chlorothalonil >chlorpyrifos. Lastly, in mushrooms BCFv values were 

greatest for dacthal >chlorpyrifos >PCNB >chlorothalonil. The greatest BCFv values for 

individual vegetation types were observed for dacthal (BCFv = 12) in both Cladonia and 

Flavocetraria lichens, and ES (BCFv = 11) in moss and willow (Table 2.1). BCFv values for 
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chlorothalonil (range 7.6 to 8.5) and chlorpyrifos (8.0 to 8.7) were the smallest observed here, 

with PCNB and -endosulfan having intermediate values (Table 2.1). 

Foliar revolatilization is a significant loss process for chlorpyrifos [130], and -

endosulfan is isomerised to -endosulfan or oxidized to ES in tobacco plants [113], which may 

explain the low BCFv values for-compared to -endosulfan and ES, and other CUPs with 

comparable properties (e.g., dacthal; Table A1). Likewise, the apparently greater BCFv values of 

ES and -endosulfan may be due to post-depositional biotransformation rather than direct uptake 

[113]. Log BCFv estimates were greater than those observed for OCPs in Ontario lichens, which 

ranged from ≈ 6.3 (-HCH) to 8.2 (p,p-DDT) [241]. This is probably a result of temporally and 

spatially offset concentrations measured in air over the Arctic Ocean [15] or at a higher latitude 

([2]; Hung, H, Environment Canada, Toronto, ON, Canada, unpublished data) than the region 

where vegetation was collected, and these may not accurately represent local concentrations in 

the air over the Bathurst region. 

2.3.3 CUPS IN MAMMALS 

Geometric mean concentrations of CUPs in mammalian tissues were generally smaller 

than those in vegetation (Figure 2.3; Table A9). The greatest concentrations of individual CUPs 

were ES in liver of caribou (1.9 ± 0.40 ng g
-1 

lw) and chlorothalonil in the muscle of wolves 

(0.44 ± 0.54 ng g
-1

 lw), followed by chlorpyrifos (0.40 ± 0.16 ng g
-1

 lw) and -endosulfan (0.40 

± 0.073 ng g
-1

 lw), both in muscle of caribou. In contrast to vegetation, there were no significant 

relationships between the endosulfan isomers and ES in or between caribou or wolf tissues, or in 

TBB estimates (Pearson correlation, p >0.05). Note that-endosulfan was not included in 

caribou correlation analyses since it had 0% DFs in caribou tissues. 
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The elevated concentrations of chlorothalonil in the muscle of wolves were driven largely 

by 2 samples, both of which had anthropogenic items in their guts, including aluminum foil, 

plastic and a plastic garbage bag (Table A2.). Given that chlorothalonil is a broad-spectrum 

fungicide used on a range of agricultural crops, wood treatment, and as a preservative in paint 

and other coatings [147], garbage scavenging could theoretically increase exposure to 

chlorothalonil in these wolves. However, the 
15

N and 
13

C signatures of these wolves did not 

differ substantially from the other animals, suggesting that this was not a long term feeding 

strategy. Regardless, it is important to note stomach contents during sampling in order to detect 

these short term changes in exposure pathways.  

Total body burdens and tissue-specific concentrations of CUPs varied between species 

and trophic levels. Caribou had significantly greater TBB concentrations than wolves for all 

contaminants except PCNB, chlorothalonil and -endosulfan, which were greater in estimates of 

WolfTBB, but were not statistically different between mammals (two-tailed t-tests, p >0.05) 

(Figure 2.3B; Table A9). In caribou, DFs and concentrations for CUPs were smaller in liver 

compared to muscle (except for PCNB and the metabolite ES). In contrast, most CUPs were 

detected at approximately the same or greater frequency and concentration in muscle of wolves 

compared to liver, except -endosulfan which was only detected in one wolf liver sample (Table 

A9). These observations could suggest a high degree of digestive metabolism, and/or rapid 

absorption and tissue exchange to muscle in caribou [210]. Wolves, in contrast, are known to 

efficiently take up several legacy organic contaminants from their diet, with hepatic 

biotransformation of metabolizable compounds playing a key role in observed concentrations 

and tissue distribution in of contaminants in these animals [210]. 
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Investigating the proportions of the components of ΣEndo in mammalian tissues showed 

that -endosulfan accounted for ≈ 20% of the ΣEndo in both the liver and muscle of wolves, but 

liver had a greater proportion of ES (ES ≈ 45%,  ≈ 37%), while muscle had a greater proportion 

of -endosulfan (ES ≈ 27%, ≈ 53%) (Figure 2.2). The proportion of ES in muscle of caribou 

(≈ 24%) was similar to muscle of wolf, but -endosulfan was <MDL and contributed <1% to 

Endoin liver and muscle of caribou, so the remaining 75% was primarily -endosulfan. In liver 

of caribou, Endowas dominated by ES (≈ 93%), with only ≈ 7% -endosulfan (Figure 2.2). 

Large concentrations of ES in liver of caribou (Figure 2.3) and increased proportions of ES in the 

livers of both mammals (Figure 2.2) are consistent with rapid enzymatic oxidation of  and -

isomers to ES [114, 242].  

Covariation was observed between wet weight concentrations of CUPs (pg.g
-1

 ww) and 

several physiological parameters. Analysis of CUPs in caribou by ANCOVA showed that age 

was only a significant covariate with dacthal concentrations in the muscle of caribou (Table 

A10). In wolves, age was a significant covariate with concentrations of chlorothalonil and -

endosulfan in muscle, and PCNB and chlorpyrifos in liver. This suggests that long term exposure 

to these CUPs over their life time may be a more significant issue for wolves than caribou. 

Enrichment of 
15

N (represented as TL) and %Leq were both significant covariates with 

concentrations of dacthal and Endo in caribou muscle, but neither varied significantly with 

CUP concentrations in caribou liver. Back fat thickness (BFT) was also a significant covariate 

with concentrations of Endoin muscle of caribou, and with ES and Endoin caribou liver. 

Logically, these relationships may be more related to greater bioaccumulation of the more 

lipophilic  and -isomers and subsequent oxidation to ES in the liver, rather than a direct 

biomagnification of ES. In wolves, BFT was only a significant covariate with concentrations of 



83 
 

chlorpyrifos in the liver, while TL covaried significantly with concentrations of chlorothalonil in 

muscle and ES in liver (Table A10). The %Leq was a significant covariate with concentrations of 

-endosulfan and Endo in wolf muscle, and with ES in wolf liver (Table A10). 

Other authors have reported the detection of CUPs in mammals. Alaskan moose (Alces 

alces) also had low DFs for CUPs and OCPs (<30%); endosulfan was not detected and 

chlorpyrifos was detected in only one muscle sample (1.2 ng g
-1 

lw); however, the authors also 

noted challenges with collections that may have affected sample condition [239]. Median 

concentrations of Endo (+  isomers only) in muscle and liver of Greenland musk ox (Ovibos 

moschatus) (<MDL to 0.27 ng g
-1 

lw) and muscle and liver of caribou (0.17 and 0.030 ng g
-1 

lw 

respectively) were in good agreement with our data, with the same distribution in tissues of 

ruminants (i.e. muscle >liver) [243]. 

Few studies have investigated CUPs in multiple tissues of mammals; however, legacy 

OCPs and PCBs with a wide range of properties have been described in the Bathurst food chain. 

Concentrations of OCPs such as -HCH and hexachlorobenzene (HCB) were approximately 

equal between muscle and liver of fall sampled caribou [210]. The chlordane metabolite 

oxychlordane was ≈ 20 greater in caribou liver than muscle, similar to what we observed for ES 

(chlordane isomers were mostly <MDL). More recalcitrant compounds (e.g., PCB138, PCB153) 

generally had greater concentrations in caribou liver over muscle. Wolves had greater 

concentrations -HCH and HCB, as well as chlordanes (when detectable) in muscle over liver. 

Oxychlordane concentrations were greater in liver than muscle of wolves [210], whereas our 

concentrations of ES between tissues of wolves were not significantly different. This may 

suggest more efficient depuration of ES, or further biotransformation to polar metabolites once 

ES is formed. Recalcitrant PCB138 and PCB153 were generally greater in liver over muscle of 
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fall sampled, NWT wolves although the results were inconsistent, with some groups of wolves 

having greater concentrations in muscle than in liver [210]. 

Top predators tend to have small concentrations and approximately equal proportions of 

and -endosulfan (e.g.,[244]), suggesting efficient metabolism of this CUP; however, the 

effects of differential uptake versus biotransformation in these animals is currently unknown. 

Measuring the polar metabolites (endosulfan diol, ether, and lactone) could help elaborate on the 

differences in biotransformation to ES and differences in concentrations between caribou and 

wolves, however, detecting these compounds, given the small environmental concentrations of 

the -and -isomers, would prove challenging.  

2.3.3.1  BIOMAGNIFICATION IN MAMMALS 

For caribou, only the BMFs of chlorothalonil in caribouMuscle:summer diet (BMF = 2.2 ± 

0.61) and of ES in caribouLiver:green plant diet (2.1 ± 0.35) significantly exceeded 1 (two-tailed t-

tests, p <0.05). BMFs of Chlorpyrifos, PCNB, dacthal, -endosulfan and -endosulfan and 

Endo were not significantly greater than 1 in any caribou:diet comparisons (p <0.05) (Table 

2.2; Table A11). Several of the BMFs of ES and Endo in caribouLiver:diet were slightly >1, but 

these results were not significant (Table 2.2, Table A11). The elevated BMFs for ES in caribou 

liver are most likely due to metabolism of the - and -isomers, rather than direct uptake and 

accumulation from the environment. 

BMFs based on TBB concentrations in caribou and proportionate representations of 

vegetation in the diet are perhaps the most realistic estimate of biomagnification from vegetation 

to caribou in nature. None of the BMFs for caribouTBB:proportionate diets (fall/winter or spring) 

significantly exceeded 1, suggesting limited overall biomagnification of CUPs from diet to 

caribou, regardless of the combinations of vegetation selected by caribou, or used for the 
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calculation by researchers. Most of the caribou were fall sampled, and interestingly the BMFs for 

caribouTBB:fall/winter diet were the smallest of the 3 seasonal comparisons, while summer diet 

(100% willow leaves) tended to be the largest. Relatively large concentrations in lichens and 

moss, and comparatively small concentrations in willow drove this difference. 

For several CUPs, wolf:caribou BMFs were significantly >1, however, like caribou:diet 

BMFs, the majority were <1 or were not statistically different from 1 (Table 2.2). Only the BMF 

of PCNB in the wolfMuscle:caribouMuscle comparison was significantly >1 (2.5 ± 0.69; two-tailed t-

test, p <0.10); although both chlorothalonil (2.6 ± 1.0) and -endosulfan (1.6 ± 0.34) were also 

>1. BMFs for chlorothalonil (3.7 ± 1.4), -endosulfan (2.8 ± 0.92) and chlorpyrifos (1.7 ± 0.52) 

were >1 in wolfLiver:caribouLiver comparisons, but results were not significant (p >0.05). Similar 

to the caribouTBB:diet comparisons, the wolfTBB:caribouTBB comparisons were nearly identical to 

the estimates for muscle and were not statistically greater than 1 (Table 2.2; Table A11). It 

should be noted that BMFs for the wolf:caribou food-chain are based on samples from wolves 

that were collected in late winter and caribou in the fall, which might affect the estimates. 

All combinations of concentrations of CUPs in vegetation and TBBs in mammals yielded 

TMFs <1 (Table 2.3, Table A12). These TMFs indicate significant trophic dilution, and no food 

chain magnification for any CUP investigated here, however, it is important to note that BMFs 

for specific CUPs and caribou:diet and wolf:caribou comparisons do indicate some 

biomagnification between these mammals and their diets. 

Our BMFs for β-endosulfan in wolf:caribou comparisons (range 1.2–2.8) were smaller 

than the modelled BMFs of 5.3 to 17.9 (in male wolves <2.25 yr) [162]; however, our data were 

based on concentrations <MDL in caribou, and thus the caluclated concentrations in caribou 

could be overestimates of actual values, even when one-half MDL concentrations were 
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substituted. Further, the modeled concentrations of -endosulfan assume that no metabolism of 

endosulfan occurs in the animals, which is not the case. Similar to our results, small BMFs for 

dacthal, -endosulfan, and ES in ringed seal:diet comparisons have been reported (<1.0) [245]. 

Caribou in the Bathurst region have been shown to bioaccumulate a range of PCBs and 

OCPs and to biomagnify some of these compounds [210]. A narrower range of legacy OCs and 

PCBs were detected in wolves, with wolves exhibiting significant biomagnification of only a few 

compounds such as known recalcitrant PCBs (e.g., PCB153, PCB180) as well the chlordane 

metabolite oxychlordane. The BMF of PCB153 in fall sampled caribou was 2.0, similar to what 

we observed for PCNB and ES, however, BMFs of recalcitrant PCBs in wolves were orders of 

magnitude greater than any observed in the present study (e.g., BMF of PCB180 = 93). 

Similarly, the BMF for the p,p-DDT metabolite p,p-DDE in caribou was within range of our 

calculated BMF for ES in caribou liver (BMFs = 1.8 to 6.1 and 2.1 respectively). As with ES, 

p,p-DDE did not further biomagnify in wolves, possibly due to further metabolism of this 

compound [210].  

Uptake must exceed loss processes such as excretion, growth dilution, lipid off-loading 

(females), and biotransformation for biomagnification to occur [162]. Since the CUPs 

investigated here should have high dietary absorption efficiencies in mammals and low rates of 

renal and respiratory excretion (based on partitioning properties), they should biomagnify if 

biotransformation is limited [33]. However, in laboratory exposures 70% or more PCNB [246], 

chlorpyrifos [128] and dacthal [135] were excreted within 3 d of dosing in mammals, suggesting 

that biotransformation does play an important role in the bioaccumulation of CUPs in these 

animals. Even the more recalcitrant endosulfan (as Endo) was eliminated in ≤14 d in rats [114]. 

Biotransformation may be less important for chlorothalonil, as it was shown to have very limited 
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absorption across the gut (30%) in rats, with ≈ 85% of the total dose excreted in the feces within 

7 d, while absorption in dogs has been found to be as low as 7.75% [247]. 

BMFs for CUPs in caribou and wolf were independent of log KOW and log KOA values. 

Independence of BMFs from KOA values and weak relationships with KOW values were observed 

for OCPs in caribou from the Bathurst region while BMFs in wolves had significant relationships 

with both the KOA and KOW [210]. If metabolizable contaminants were included with OCPs in 

comparisons, no significant relationships between BMFs and partition co-efficients of OCPs for 

either caribou or wolves were apparent [210], similar to what we observed here with these 

relatively labile CUPs. However, in addition to metabolism of the CUPs, these relationships were 

affected by the small range of KOA values for our analytes, thus making it relatively difficult to 

detect significant relationships between the variables. In contrast, there was a significant, 

positive relationship between the log BCFv and log KOA for CUPs in vegetation for the VT 

dataset, but only when dacthal was not included in the calculation (r
2
 = 0.90; p = 0.0040) (Figure 

A5). This indicates that log KOA is a reasonably good predictor of the bioconcentration potential 

of most CUPs investigated here in vegetation, as it is for legacy OCPs [241]. 

Concentrations and BCFv values of CUPs in vegetation demonstrate that they effectively 

enter this food chain; however, metabolism of CUPs appears to negate the increased 

biomagnification typically associated with increased contaminant lipophilicity (high log KOA 

and/or log KOW) for recalcitrant compounds [33]. The variability of concentrations in mammals, 

particularly wolves, also appears to indicate active metabolism and excretion of these CUPs. 
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Table 2.3. Trophic magnification factors (TMFs) generated using regressions of TL versus log lipid-

normalized concentrations (CB; pg g
-1

 lw). 

  TMFs for Vegetation/CaribouTBB/WolfTBB (95% confidence intervals) 

  VT Lichens Green Plants 

PCNB 0.52 (0.41 ± 0.67) 0.44 (0.32 ± 0.62) 0.61 (0.49 ± 0.76) 

Chlorothalonil - - - 

Chlorpyrifos - - 0.61 (0.47 ± 0.79) 

Dacthal 0.40 (0.31 ± 0.51) 0.29 (0.23 ± 0.35) 0.50 (0.4 ± 0.64) 

-Endosulfan 0.44 (0.33 ± 0.57) - 0.57 (0.44 ± 0.72) 

-Endosulfan - 0.43 (0.34 ± 0.55) - 

Endosulfan sulfate 0.34 (0.28 ± 0.41) - 0.42 (0.35 ± 0.52) 

Endosulfan 0.39 (0.32 ± 0.46) 0.30 (0.26 ± 0.35) 0.49 (0.41 ± 0.58) 
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2.5 FIGURES 

 
Figure 2.1. Geometric mean concentrations ± standard errors (ng g

-1
 lw) of grouped vegetation sampled from 

the Bathurst region. Data are also summarized with statistical results and detection frequencies in Table A7. 

Analytes with 0% detection frequencies are not shown. 
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Figure 2.2. Percent composition of Endosulfan (- + - + endosulfan sulfate) in Bathurst vegetation, 

mammals, soil, air, and the technical mixture. Proportions in biota are based on lipid-normalized 

concentrations (ng g
-1

 lw). Sources for the technical mixture, air, and soil are provided in the Supplemental 

Data. 
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Figure 2.3. Geometric mean concentrations ± standard errors (ng g
-1

 lw) for (A) muscle and liver and (B) 

TBB for mammals sampled from the Bathurst region Arctic wolf food chain. Concentrations marked with (*) 

in panel B are significantly greater than the concentration for the same CUP in the other animal. Other 

statistical data are summarized in Table A9 with concentrations and detection frequency. Analytes with 0% 

detection frequencies are not shown. 
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3 BIOACCUMULATION AND TROPHODYNAMICS OF 

POLYBROMINATED DIPHENYL ETHERS AND ALTERNATIVE 

HALOGENATED FLAME RETARDANTS IN THE BATHURST 

REGION VEGETATION-CARIBOU-WOLF FOOD CHAIN IN 

THE CANADIAN ARCTIC
2
 

3.1 ABSTRACT 

Halogenated flame retardants (HFRs) including polybrominated diphenyl ethers (PBDEs) 

and alternative HFRs were investigated in the vegetation-caribou-wolf food chain in the Bathurst 

Region of the Canadian Arctic. Geometric mean concentrations in combined vegetation 

estimates were greatest for BDE209 >2,4,6-tribromophenyl allyl ether (TBP-AE) >BDE47 

>BDE99 >BDE207 >BDE208 >BDE206 >BDE100. The majority of HFRs effectively 

bioconcentrated in vegetation, demonstrating efficient entry into the terrestrial food chain 

(volumetric bioconcentration factors = 8.8–11). Biomagnification factors (BMFs) of BDE197, 

and BDE206 to -209 were significantly greater than one (range = 2.5–5.1) for the majority of 

caribou:diet comparisons. Total body burden concentrations of BDE28/33, -154, -206, -209, 

PBDE (BMF = 8.9 ± 2.9) and HFR (PBDEs + alternative HFRs; BMF = 8.7 ± 2.9) all 

biomagnified significantly from caribou to wolves. Alternative HFRs did not biomagnify 

significantly to caribou or wolves from their diet. Trophic magnification factors (TMFs) of 

BDE28/33, several octaBDEs, BDE206 to -209, BTBPE and the total PBDE and HFR 

concentrations exceeded one, although the magnitude of biomagnification was relatively small 

(TMFs = 1.3–2.1). In contrast, the tetra- and pentaBDEs and remaining alternative HFRs 

exhibited trophic dilution (TMFs <1). The BCFv values, TMFs, and BMFs (in caribou only) of 

                                                 
2
 Morris AD, Muir, D.C.G., Solomon, K.R., Teixeira, C., Duric, M., Wang, X. 2014. Bioaccumulation and 

trophodynamics of polybrominated diphenyl ethers and alternative halogenated flame retardants in the Bathurst 

Region vegetation-caribou-wolf food chain in Canadian Arctic. To be resubmitted to Environmental Science and 

Technology. 
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the HFRs were correlated with the octanol-air partition coefficients, despite suspected effects of 

metabolic transformation on the bioaccumulation patterns of these compounds. 

3.2 INTRODUCTION 

Production and use of all polybrominated diphenyl ether (PBDE) technical formulations, 

widely used halogenated flame retardants (HFRs), is being phased out world-wide,[34, 38], yet 

PBDEs continue to be routinely detected in environmental matrices and biota from the Antarctic 

to the Arctic [2, 7, 9, 248]. The phase-out of PBDEs [18, 40, 41] has led to increased use of 

alternative compounds such as hexabromocyclododecane (HBCDD), which has now also been 

included in amendments to the Stockholm Convention on persistent organic pollutants, along 

with BDE congeners from commercial pentaBDE and octaBDE technical mixtures (c-pentaBDE 

and c-octaBDE respectively) [18]. These bans have spurred further development and use of a 

broad range of halogenated organic compounds as flame retardants. 

Despite their widespread application, there are few ecotoxicological data pertaining to 

most of these alternative HFRs. Some, including pentabromotoluene (PBT) and 

hexabromobenzene (HBB), have been detected in Asian and Alaskan Arctic air and seawater at 

concentrations greater than, or equivalent to, the PBDEs [7]. PBT, HBB, 1,2-bis 2,4,6-

tribromophenoxy ethane (BTBPE), pentabromoethylbenzene (PBEB) have also been detected at 

low concentrations [ng.g
-1 

lipid weight (lw)] in plasma and eggs of Arctic seabirds along with 

PBDEs and HBCDD [9, 11].  

Although PBDEs are known to bioaccumulate in wildlife, few studies have investigated 

their behavior through terrestrial food chains. The concentrations of organic contaminants in 

terrestrial biota are often lower than those observed in marine animals at analogous trophic 

positions [34]. However, food chain modeling has predicted that PBDEs (BDE47, -99, and -209), 

should biomagnify to a greater degree in terrestrial environments due to greater retention of 
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organic contaminants in air-breathing organisms, particularly in food chains where low trophic 

level (TL) consumers also breath air [33, 212]. The patterns of bioaccumulation of PBDEs also 

differ between marine and terrestrial animals, as grizzly bears (Ursus arctos horribilis) with 

large proportions of vegetation in their diets (during inland feeding periods) had greater 

concentrations of the more highly brominated BDE congeners [249]. The resulting PBDE 

profiles were dominated by nonaBDE congeners, and differed substantially from those in marine 

mammals or seabirds [10, 11, 249], suggesting that vegetation could be an important exposure 

route for highly brominated PBDEs in terrestrial biota. 

The broad goal of the current study was to further improve our understanding of the 

bioaccumulation of HFRs (PBDEs + alternative HFRs) in the Canadian Arctic by reporting their 

concentrations and trophodynamics in the Bathurst Region, vegetation-caribou-wolf terrestrial 

food chain. This food chain has been well characterized in terms of the bioaccumulation 

processes of legacy organochlorine (OC) contaminants,[33, 162, 210] current use pesticides and 

ecological interactions [76] as well as perfluorinated alkyl substances [179]. We know that 

PBDEs enter this food web through bioaccumulation in lichens [5] but little else is known 

regarding HFRs in this food chain. 

3.3 METHODS 

3.3.1 SAMPLE COLLECTION AND PREPARATION 

Samples of Cladonia rangiferina/mitis and Flavocetraria cucullata lichens (both n = 6), 

Rhytidium rugosum moss (n = 6), Salix sp. willow leaves (n = 6), Eriophorum vaginatum and 

Carex aquatilis (pooled as graminoids, n = 8) and brown mushrooms (n = 5) were collected 

within the Bathurst caribou herd range (64°04N, 114°08W) in the Northwest Territories (NWT) 

in August 2009. Caribou (Rangifer tarandus groenlandicus) (n = 6) and wolf (Canis lupus) (n = 

7) muscle and liver samples were collected in 2008-2009 and 2010, respectively, by local 
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subsistence hunters and trappers working with the Government of the NWT. Details are provided 

in the Supplemental Data, and mammalian morphometric, condition and capture data have been 

described previously [76] and are provided in Table B1. 

3.3.2 ANALYTES, SAMPLE EXTRACTION, CLEAN-UP AND 

INSTRUMENTATION 

The list of full list of analytes and their recoveries are provided in the Supplemental Data 

and Table B2, with structures in Figure B1. The study primarily focussed on 30 tri- to decaBDE 

congeners (between BDE17–BDE209) and a suite of alternative HFRs that included gamma ()-

hexabromocyclododecane (HBCDD), 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE), 2,4,6-

tribromophenyl allyl ether (TBP-AE), 2,4,6-tribromophenyl 2-bromoallyl ether (TBP-BAE), 

2,4,6-tribromophenyl 2,3-dibromopropyl ether (TBP-DBPE), 1,2,3,4,5-Pentabromobenzene 

(PBBz), pentabromotoluene (PBT), pentabromoethylbenzene (PBEB), hexabromobenzene 

(HBB), syn (s) and anti (a)-Dechlorane Plus (DP), Decachloropentacyclooctadecadiene 

(aCl10DP), Undecachloropentacyclooctadecadiene (aCl11DP), Hexachlorotricyclotridecadiene 

(1,5-DPMA; Dechlorane Plus mono-adduct), and Chlordecone (ChlDec). Note that naming of 

the BFRs followed the practical abbreviations (PRABs) presented in Bergman et al.[25], note 

that TBP-BAE is a novel naming scheme for this compound to our knowledge (formerly referred 

to as “BATE”). 

Note that BDE198 co-elutes with BDE199, -200 and -203, but is referred to as 

“BDE198.” BDE209 concentrations were measured against 2 standards (Table B2) in each 

sample (Table B3), which were averaged for reporting the final concentration. Extraction 

methods were similar to those of Hoesktra et al.[223] and Johansen et al.[224], except that 

extractions were performed using pressurized solvent extraction (ASE 300, Dionex, Sunnyvale, 

CA). The ASE extraction and initial clean-up methods are the same as in Morris et al.[76], 
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although there was further fractionation for HFR analyses (details in the Supplemental Data). 

Lipids were determined gravimetrically during gel permeation chromatography. Analyses were 

performed with gas chromatography-low resolution mass spectrometry (GC-LRMS), using 

negative chemical ionization (NCI) on an Agilent 7890A GC-5975C MS system run in selective 

ion monitoring (SIM) mode (Agilent Technologies). Analytical methods are provided in 

Appendix B, and stable isotope analyses and calculations of TL are described in detail in 

Appendix A. 

3.3.3 DATA ANALYSES, QUALITY ASSURANCE AND QUALITY CONTROL 

(QA/QC) 

Batches of samples were extracted with method blanks and standard reference materials 

(SRM 1588b or SRM 1947, National Institute of Standards and Technology, Gaithersburg, MD, 

USA) (Table B4). Method detection limits (MDLs) of analytes were determined as 3 times the 

standard deviation (SD) of method blank concentrations for each sample type (Table B2). Data 

were blank corrected, and recovery corrected using BDE71. When detection frequencies for a 

given HFR in subset of samples (e.g., caribou liver, Cladonia lichens) were <20%, we considered 

this as a non-detect and concentrations are not reported as it was typically a single detection. 

These concentrations were included in statistical comparisons however. Details of data analyses 

and QA/QC are provided in the Supplemental Data. 

Lipid equivalent-normalized concentrations (Leq) were calculated from wet weight 

concentrations for vegetation so that non-lipid organic matter (NLOM, includes protein, 

carbohydrates) is accounted for, as in Morris et al [76]. Mammalian lipid fractions (L) can be 

considered equal to the lipid equivalent fraction (Leq), as NLOM has a negligible effect on 

sorption of organic contaminants [161, 225]. Vegetation Leq included NLOM using Equation 3.1 

[33] and Equations 3.2 and 3.3. 
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Leq = L + (0.05 × Protein) + (0.10 × Carbohydrate)  (3.1) 

Carbohydrate = Total organic carbon (ww) - L    (3.2) 

Protein = 6.28 × Total nitrogen (ww)    (3.3) 

3.3.4 BIOACCUMULATION AND BIOMAGNIFICATION 

Volumetric bioconcentration factors (BCFv) were calculated as the ratio of the arithmetic 

mean concentration of an analyte in individual vegetation types to the total concentration in air 

(gaseous + particulate phases) from Alert, Nunavut for PBDEs and BTBPE (Hung et al. 2012. 

Environment Canada, personal communication) or air off of the North Alaskan coast for other 

HFRs (Station A9, [7]) using Equations 3.4 and 3.5 (concentrations in air shown in Table B9).  

Ct,v = Ct,m ×  × (1.0 × 10
6
)      (3.4) 

BCFv = Ct,v/CA,T       (3.5) 

Ct,v is the mean Leq corrected, volumetric concentration (pg m
-3

), Ct,m represents the 

mass-based Leq-corrected tissue concentration in vegetation (pg g
-1

 lw), is the density of the 

vegetation (g cm
-3

; densities in the Supplemental Data), 1.0 × 10
6
 is the pg cm

-3
 to pg m

-

3
conversion factor and CA,T is the total air concentration (pg m

-3
). BCFv values were averaged for 

each sample type to compare ecologically grouped “Lichens,” “Green Plants” (moss, willow, 

graminoids), and “Total Vegetation (VT),” as well as functionally grouped “Rootless” (lichens 

and moss) or “Rooted” (willow and graminoids) vegetation. Mushrooms are non-vascular 

consumers; they are included in the VT means, but were otherwise assessed separately. Further 

details of BCFv analyses are provided in the Supplemental Data. 

Biomagnification factors (BMFs) of wolves were calculated as the ratio of the arithmetic 

mean, lipid-normalized concentrations in wolves to caribou, using tissue specific and total body 

burden (TBB) concentrations [96]. TBBs were calculated from muscle, liver and extrapolated fat 
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results (see Supplemental Data for details). BMFs of caribou were calculated relative to mean 

concentrations in 1) grouped vegetation (VT, lichens, green plants; results in the Supplemental 

Data only) and 2) proportionate diets observed in Yukon caribou [227] for winter, spring and 

summer. Details of seasonal dietary composition are identical to those in Morris et al.[76] (also 

given in the Supplemental Data). TMFs were calculated as the anti-log of the slope of log-linear 

regression analyses of lipid-normalized concentrations (CB; pg g
-1

 lw) versus TL (equations in 

the Supplemental Data) [177]. TMFs were calculated using TBB concentrations for mammals 

and using total vegetation (VT), lichens, or green plant concentrations as the base of the food 

chain for comparative analyses (see Supplemental Data). 

3.3.5 STATISTICS 

Concentration data were log-normally distributed and were therefore log-transformed for 

statistical analyses and are presented as geometric means (GM) ± standard errors (SE), providing 

a better measure of the central value. All applicable statistical analyses tested data against a type 

I error rate of  = 0.05. Lipid normalized contaminant data were assumed to be log-normal 

(normality tests on our sample sizes would have a high degree of uncertainty) and hence were 

log-transformed for statistical analyses. Pair-wise comparisons of stable isotope ratios and 

concentrations were made using student’s t tests or Mann-Whitney U tests when parametric 

assumptions of the tests were not met. Student’s t tests were also used to test BMFs for 

significant differences from 1. For multi-group comparisons, we tested hypotheses using a one-

way analysis of variance (ANOVA) with Tukey’s post-hoc test or a Kruskal-Wallis ANOVA on 

Ranks with Dunn’s test when data failed assumptions of normality (specific tests used are 

specified in the Supplemental Data). 
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TMFs were reported for log-linear regressions that yielded significant p-values, 

indicating that the slope of the fitted line was significantly different from zero. BMFs and TMFs 

as well as logged BCFv values were tested for correlations with partition co-efficients (log KOW, 

log KOA) using Pearson’s correlation analyses with empirical values for partition coefficients 

where possible (indicated in Table B8; [33, 250]). 

SigmaStat® V.3.0.1a or SYSTAT® v.11.0 (SPSS, Chicago, IL, USA) were applied for 

all statistical tests. 

3.4 RESULTS AND DISCUSSION 

3.4.1 CONCENTRATIONS AND PATTERNS OF BIOCONCENTRATION OF HFRS 

IN VEGETATION 

Note that ecological interactions based on stable isotopes were discussed in Chapter 2 

[76]; 
15

N isotope values were used here primarily to investigate contaminant trophodynamics. 

In the total vegetation (VT) the descending rank of the ten greatest GM concentrations 

were BDE209 (11 ± 2.2 ng g
-1

 lw) >TBP-AE (10 ± 6.0 ng g
-1

 lw) >BDE47 (5.5 ± 3.7 ng g
-1

 lw) 

>BDE99 (3.9 ± 2.8 ng g
-1

 lw) >BDE207 (1.9 ± 0.32 ng g
-1

 lw) >BDE208 (1.2 ± 0.21 ng g
-1

 lw) 

>BDE206 (0.96 ± 0.077 ng g
-1

 lw) >BDE100 (0.82 ± 0.42 ng g
-1

 lw) >PBBz (0.72 ± 1.3 ng g
-1

 

lw) >BDE153 (0.49 ± 0.12 ng g
-1

 lw; Figure 3.1A; Table B5). Several other BDE congeners 

(e.g., BDE28/33, -66, -85, -154, and -183) and BTBPE were consistently detected, but were at 

low concentrations in vegetation (<0.50 ng g
-1

 lw). The octaBDE congeners (BDE194 to 

BDE205) were the least frequently detected PBDEs with the lowest concentrations in vegetation 

(Table B5). With the exception of TBP-AE and PBBz, alternative HFRs were also infrequently 

detected at small, variable concentrations (<0.50 ng g
-1

 lw; Figure 3.1A, Table B5). 

When concentrations were assessed in grouped lichens versus green plants, the majority 

of HFRs, including the most prominent environmental contaminants (e.g., BDE47, -99, -209), 
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were not substantially different. Specifically, concentrations of most tri- to heptaBDE congeners, 

decaBDE, the PBDE (26 congeners) and HFR (=PBDE + alternative HFRs = 35 HFRs) 

were not statistically different between these groups (2-tailed t tests, p >0.05; Figure 3.1A; Table 

B5). When differences in concentration were present, green plants had significantly greater 

concentrations than lichens in all cases, with the most prominent differences found for high 

molecular weight BDE congeners (p <0.05; Table B5). Volumetric bioconcentration (BCFv) of 

PBDEs in grouped vegetation followed trends like those observed for concentrations (Table 3.1), 

however, lack of concentration data in air for octa- and nonaBDEs prevented BCFv values from 

being calculated for these compounds. Assessed in total vegetation (VT), the greatest degree of 

bioconcentration for PBDEs was found for BDE209 (BCFv = 10) >BDE153 (9.9) >BDE99 (9.8) 

>BDE47 (9.7) ≥BDE154 (9.7). When comparing individual vegetation types, concentrations and 

BCFv values were consistently largest in Cladonia lichens, moss or graminoids and smallest in 

Flavocetraria lichens, willows and mushrooms (Table B5 and B6). 

The PBDE homologue group profile (Figure 3.2) measured in air at Alert (Hung et al. 

2012. Environment Canada, personal communication) most resembled the pentaBDE technical 

mixture (c-pentaBDE; Bromkal 70-5DE; Figure 3.2) [38]. Functionally grouping vegetation as 

rootless or rooted (as with BCFv; Table B6) revealed a strong similarity between rootless 

vegetation and air, suggesting proportionate bioconcentration relative to analyte concentration 

availability in the surrounding media for these organisms. In rootless vegetation, the order of 

contribution of the homologue groups to PBDE was tetra- (40%) >penta-(26%) >deca- (21%) 

>nonaBDEs (7%) >other (6%) (Figure 3.2). In rooted plants, the proportions of the more volatile 

tetra- and pentaBDEs were reduced to 18% and 20% respectively, while proportions of 

nonaBDEs (12%) and decaBDE (42%) were increased. 
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Mushrooms and Flavocetraria lichens had PBDE compositions that were very 

comparable to rooted vegetation (Figure 3.2). This could be related to the broad, flat surfaces of 

these organisms mimicking the foliar surfaces of the rooted plants, which would more effectively 

bind airborne particles and also sorb high MW contaminants such as BDE209 than would the 

thinner, branched thalli of Cladonia lichens and Rhytidium mosses [251]. Similarly, Cladonia 

lichens and moss were different from the other vegetation but had similar compositions to each 

other (Figure 3.2), again likely related to their morphological and physiological similarities to 

each other (see discussion in Morris et al. [76]). 

The array of BDE congeners and patterns in vegetation, combined with those previously 

reported for the Devon Island ice cap, demonstrate that PBDEs likely undergo atmospheric 

modification via photolytic debromination [6, 201, 252]. Exposure to UV radiation debrominates 

BDE209 to lower brominated congeners (e.g.,[200]), which was shown to follow a 

debromination pathway to BDE206, BDE207 and BDE208 (in order of rate of formation)[199]. 

Photolysis can also affect contaminants bound to foliar surfaces of vegetation, and can therefore 

continue to alter the profiles of HFRs after deposition [235], which, given the 24 h Arctic 

summer, would be a likely source of debromination of PBDEs in our samples. This could be why 

we see large nonaBDE concentrations in the green plants samples in particular (Table B5), but 

this hypothesis requires more evaluation. 

Concentrations of some alternative HFRs, particularly those of TBP-AE, approached or 

exceeded those of BDE congeners in vegetation (range of TBP-AE = 5.9–24 ng g
-1

 lw; Figure 

3.1A, Table B5). Other 2,4,6-tribromophenol derivatives (Figure B2) [72] were detected less 

frequently (BTBPE), or not at all (TBP-BAE, TBP-DBPE) and were found to be at lower 

concentrations than those of TBP-AE (<MDL–1.4 ng g
-1

 lw). These concentration trends were 
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slightly different from those in air close to their Great Lakes production regions (BTBPE ≥TBP-

AE >TBP-DBPE >TBP-BAE), however, TBP-AE and BTBPE were the most prominent of the 

compounds in both locations [72]. A significant relationship was observed between the logarithm 

of the concentrations of TBP-AE and BTBPE in the VT (Pearson r
2
= 0.11, p = 0.041, n = 37) and 

green plant datasets (Pearson r
2
= 0.32, p = 0.0087, n = 20; Table B7), which may be a result of 

both common delivery pathways for these related compounds, or could be related to 

interconversion of BTBPE and TBP-AE via chemical or biological transformation (Figure 

B2)[72, 73]. Concentrations of TBP-AE are influenced by both photolytic and anaerobic 

debromination of TBP-DBPE, which would primarily affect patterns on foliage and in soils 

respectively [51, 72]. Like PBDE debromination in vegetation, the 24 hours of daylight in the 

Arctic summer would exacerbate these effects and could be followed by revolatilization 

(indicated by VP and Henry’s Law constant in Table B8) and could theoretically result in further 

bioconcentration of TBP-AE in vegetation. 

Of the bromobenzenes, PBBz, HBB, PBEB and PBT were the most prominent in 

vegetation. Concentrations of PBBz ranged from 0.24 to 1.8 ng g
-1

 lw (Flavocetraria and 

Cladonia lichens respectively; Table B5), while concentrations of HBB and PBT were similar 

and lower, ranging from below their MDLs to 0.60 ng g
-1

 lw. Positive detections of this suite of 

compounds are probably a result of their greater potential for long range atmospheric transport 

(LRAT) relative to the other bromobenzenes (modeled half-lives; Table B8), as a wider range of 

these contaminants were detected in air from mid-latitude North America [78]. As confirmation 

of their LRAT, both HBB and PBT have also been detected in air at Alert, NU [2]. 

The DP isomers have been detected in air and seawater in the Chukchi and Beaufort Sea 

[7], as well as in air at Alert [2]. Although they were rarely detected in vegetation here (Figure 
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3.1A, Table B5), their presence is supportive of these previous studies. We did not detect the DP-

related compounds (1,5-DPMA, aCl10DP or aCl11DP) during preliminary screenings, so these 

compounds were not investigated further. HBCDD was not detected in any biota, which 

contrasts with results from other studies of the aquatic environments in the Canadian Arctic [9]. 

Since total HBCDD was estimated via GC-MS, our analytical sensitivity for this compound may 

have been insufficient to detect it at concentrations near the MDL (MDL=16 pg g
-1

 ww). 

Concentrations of HBCDD were also small in the Devon ice cap, ranging from only 0.01 to 1.7% 

of the ΣPBDE concentrations, suggesting a low relative abundance compared with PBDEs, 

which would also affect our ability to detect this compound [6]. 

Also like the PBDEs, the log BCFv estimates for alternative HFRs were very similar or 

identical when compared between lichens, green plants and VT; bioconcentration factors of the 

HFRs in mushrooms were typically within the same order of magnitude as lichens and green 

plants, but were the smallest of the groupings (Table 3.1). BCFv values for alternative HFRs in 

VT were of the order BTBPE (10) ≥PBBz (9.9) >HBB (8.9) ≥PBT (8.9); unfortunately a lack 

data for the alternative HFRs in air and/or limited detections of HFRs in vegetation (a- and s-DP) 

limited the number of BCFv values that could be calculated. Of interest is that the BCFv values of 

BTBPE and PBBz exceeded those of both BDE47 and BDE99, which are classified as highly 

bioaccumulative compounds [18]. 

3.4.2 CONCENTRATIONS OF HFRS IN MAMMALS 

In both mammals the alternative HFRs contributed little to the overall total HFR 

concentration (HFR); the majority of the flame retardant burdens were provided by the PBDEs 

(Figure 3.1B; Figure B3; Table B10). Total PBDE and HFR body burdens in wolves were 269 

± 259 ng g
-1

 lw and 284 ± 265 ng g
-1

 lw, respectively, which were approximately four times 
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greater than those of caribou (67 ± 23 ng g
-1

 lw and 71 ± 23 ng g
-1

 lw respectively). Tissue-

specific concentrations were quite similar between muscle and liver of caribou, with PBDE 

concentrations of 85 ± 28 and 77 ± 18 ng g
-1

 lw respectively (HFR = 89 ± 28 and 82 ± 18 ng g
-1

 

lw). The PBDE concentrations in wolves were less alike between muscle and liver, with 

concentrations of 345 ± 388 ng g
-1

 lw and 608 ± 608 ng g
-1

 lw respectively, and HFR 

concentrations of 363 ± 398 ng g
-1

 lw and 620 ± 608 ng g
-1

 lw (Table B10). 

DecaBDE had the greatest TBB based, HFR concentration in both caribou (34 ± 19 ng g
-1

 

lw) and wolves (190 ± 235 ng g
-1

 lw) (Figure 3.1B, Figure B3, Table B10). Concentrations of 

BDE28/33 (triBDE), and BDE153 and BDE154 (hexaBDEs) were significantly greater in wolves 

over caribou (p <0.05; Figure 3.1B; Table B10), but the majority of PBDEs did not differ 

significantly between animals on a total body burden basis. TBB and tissue-specific 

concentrations are provided in the Supplemental Data, with statistical results (Figure B3; Table 

B10). 

Mammalian PBDE profiles had much greater proportions of more highly brominated 

PBDEs than vegetation or environmental media (Figure 3.2). Both mammals had large 

contributions of decaBDE and nonaBDEs to the PBDE in tissues and TBB estimates, 

particularly relative to the lower brominated congeners that compose the majority of the PBDE 

profile in marine mammals [10]. Caribou had greater contributions from tetra- and pentaBDEs to 

PBDE relative to wolves, while the wolves had congener profiles dominated by decaBDE. The 

tri-, penta-, hexa- and heptaBDEs differed very little between muscle and liver of caribou, 

although contributions of tetra-, octa- and nonaBDEs to PBDE were greater in liver over 

muscle (Figure B4). The tetra-, penta-, octa- and nonaBDEs contributed more to the PBDE in 

muscle over liver of wolves, while decaBDE contributed slightly more in liver (92%) than 
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muscle (87%). Congener profiles in the consumers suggest differential uptake and retention of 

the PBDEs, and the different profiles in caribou and wolves are also suggestive of 

biotransformation of the PBDEs, as observed in other wildlife [49]. 

This prevalence of higher molecular weight PBDE residues (nona- and decaBDE in 

particular) in caribou and wolf tissues has precedent from previous studies of terrestrial animals. 

In grizzly bears from Western Canada, the greatest congener concentrations were BDE209 >-206 

>-47 >-207 >-208 when the bears shifted to diet that had significant amounts of vegetation 

(grizzlies are opportunistic, omnivorous consumers), while lower brominated BDE congeners 

were more prominent when the bears were feeding primarily on fish in coastal habitat [249]. Our 

data, showing a significant contribution to PBDE from the nonaBDEs and BDE209, support the 

hypothesis that vegetation-eating increases exposure to more highly brominated BDE congeners 

[249], which bioconcentrate effectively in plants (Table 3.1), increasing their bioavailability to 

caribou and other terrestrial herbivores. 

The bulk of the concentrations in terrestrial consumers presented here were comparable 

to previous studies (Table B11). Concentrations of PBDEs in Belgian rodents (monogastric 

herbivores) were within range of those in caribou, except rodents had approximately 5-fold 

greater concentrations of BDE153 and BDE183 (Table B11) [195]. The ranges of concentrations 

of BDE47, BDE99 and BDE209 in moose from the Norwegian Arctic overlapped with our 

results in caribou tissues [253]. Concentrations of PBDEs in the Bathurst wolves exceeded those 

in Belgian foxes, except for liver BDE183, and while BDE209 was positively detected, the 

median concentration was below the MDL in foxes (as it was in moose) [195]. PBDE congener 

patterns in livers of glaucous gulls (Larus hyperboreus) from the Eastern Canadian Arctic were 
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primarily composed of BDE209 and the pentaBDEs, but the octa- and nonaBDEs also 

contributed significantly to PBDE as they did in the Bathurst region mammals here [193]. 

As in vegetation, TBP-AE and PBBz were the most frequently detected and abundant 

alternative HFRs in the tissues of both mammals. TBP-AE was highest in muscle of wolves (4.0 

± 9.7 ng g
-1

 lw), but only the differences in concentration between the livers of caribou and 

wolves were significant (3.3 ± 0.61 ng g
-1

 lw and 0.99 ± 0.25 ng g
-1

 lw respectively; Figure B3). 

TBP -DBPE was not positively detected in either caribou tissue or muscle of wolves, but was 

present in 71% of the livers of wolves (0.39 ± 0.055 ng g
-1

 lw). Conversely, BTBPE was 

detected in 71% of wolf muscle samples at relatively high concentration (2.4 ± 3.8
 
ng g

-1
 lw), but 

was not detected in either caribou tissue or livers of wolves. The concentrations of BTBPE and 

TBP-DBPE were correlated in wolf TBB estimates (r
2
 = 0.68, p = 0.022, n = 7), and between 

muscle (BTBPE) and liver (TBP-DBPE; r
2
 = 0.65, p = 0.028, n = 7); TBP-AE was not correlated 

with any of the TBP-related compounds (correlations were not tested in caribou due to 

insufficient overlap in detections of these compounds). 

Concentrations of TBP-AE in wolves were within range of those reported in Greenland 

harp seal (Pagophilus groenlandicus) blubber (5.4–9.1 ng g
-1

 lw), however, seals had greater 

concentrations of TBP-DBPE (322–470 ng g
-1

 wet weight) and measurable amounts of TBP-

BAE (0.015 ± 0.0040ng g
-1

 wet weight) [73]. Differences in exposure pathways between seals 

and wolves are significant factors to consider, however, biotransformation is another important 

factor as it is for PBDEs, as TBP-DBPE was metabolized to TBP-AE (and some TBP-BAE) in 

the seals [73]. Both environmental and biological transformation of other TBP-related 

compounds probably contributed to the elevated concentrations of TBP-AE in mammals, but 
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more data are required on the fate of these compounds in the environment and biota to validate 

this hypothesis. 

3.4.3 BIOMAGNIFICATION AND TROPHIC MAGNIFICATION OF HFRS IN 

MAMMALS 

BMFs generated for comparisons of caribou with VT, lichens and green plants, as well as 

the tissue-specific BMFs, are included in Table B12; here we emphasize the BMFs of HFRs 

derived from TBB concentrations relative to the proportionate dietary concentrations for caribou 

and the BMFs in the wolf:caribou comparisons. 

The BMFs of HFRs in caribou calculated from the three seasonally-derived (winter, 

spring, and summer) diets had similar patterns of HFRs, but those based on summer diets (Arctic 

willow leaves) were typically the greatest, and those based on winter diets (70% lichens, 30% 

moss) were the smallest. For caribouTBB:diet, all BMFs for tri- to heptaBDE congeners were 

significantly less than one or were not significantly different from it (2-tailed t tests,  = 0.05; 

Table 3.1, Table B12). In contrast, nona- and decaBDE congeners, as well as BDE197 had BMFs 

that significantly exceeded one in caribou (Table 3.1, Table B12). BDE206 had the largest BMF 

for individual analytes in both caribouTBB:fall diet (5.1 ± 0.91) and caribouTBB:spring diet (5.0 ± 

0.93), while BDE208 and BDE207 had the greatest BMFs in caribouTBB:summer diet (both 5.1 ± 

1.7; Table 3.1, Table B12). PBDE only biomagnified significantly in caribouTBB:spring diet 

(2.3 ± 0.39) but, on a tissue specific basis, the PBDE biomagnified significantly from several 

dietary sources (VT, winter, spring) to caribou muscle and caribou liver (range = 1.6–2.9; Table 

B12). The BMFs of the majority of alternative HFRs were less than 0.50 regardless of the 

caribou:diet comparison, suggesting either poor absorption, or efficient 

metabolism/biotransformation of these compounds. Unlike the PBDE, the HFR 
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concentrations did not indicate significant biomagnification from the diet to caribou (Table 3.1, 

Table B12). 

The greatest BMF for the HFRs in wolves was BDE209 (BMF = 32 ± 11) for the 

wolfLiver:caribouLiver comparison, although those for the wolfMuscle:caribouMuscle (14 ± 5.3) and 

wolfTBB:cariboutTBB (12 ± 4.5) comparisons were also significantly greater than one and were 

larger than most other BMFs (2 tailed t tests, p <0.05) (Table 3.1). These BMFs may be 

suggestive of somewhat limited degradation of BDE209 in wolves, or very effective 

biomagnification of untransformed BDE209 from caribou [49, 196]. BDE28/33 also 

biomagnified significantly in all wolf:caribou comparisons (range of BMFs = 7.7–14), and the 

BMFs of BDE154 were also among the greatest observed in wolves (range = 4.8–19), however, 

only the TBB-based BMF was statistically greater than one (4.8 ± 1.7). The nonaBDEs had 

differential bioaccumulation behaviour; BDE206 biomagnified significantly in all wolf:caribou 

comparisons (range = 3.5 to 4.5), the BMFs of BDE208 did not significantly exceed one in any 

comparison, and BDE207 only biomagnified significantly in wolfLiver:caribouLiver comparisons. 

A limited number of BMFs could be calculated for the alternative HFRs due to the low 

frequencies of detection in the mammals, although of the BMFs that could be calculated, none 

significantly exceeded one. The BMF of TBP-AE for wolfTBB:caribouTBB was greater than one 

(4.3 ± 2.4), however, the variability of the concentrations prevented statistical significance from 

being detected. 

There are few comparative studies for PBDE biomagnification in terrestrial 

environments. Sledge dogs (Canis familiaris) experimentally fed Minke whale (Balaenoptera 

acutorostrata) blubber had adipose-specific biomagnification of several PBDEs, including 

BDE47 (BMF = 1.5), BDE100 (2.5), and BDE153 (7.0), that were within the range of BMFs for 
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these compounds in wolves (muscle and TBB; Table 3.1) [254]. However, the BMF of BDE99 

was from 3 to 20 fold greater in dogs (BMF = 4.4) than in wolves (range of BMFs = 0.21–1.4). 

The BMFs of several PBDEs reported for polar bear:ringed seal exceeded the BMFs of wolves, 

including BDE99 (BMF =3.4), BDE100 (5.8), and BDE153 (130) [8], but the BDE154 BMF in 

wolves (4.8 to 19) was greater than that in polar bears (1.5). The BMFs calculated for wolves 

were substantially smaller than modeled estimates for both BDE47 and BDE99 (BMFs = 98) that 

were calculated for terrestrial carnivores [33], however, the BMFs of BDE209 in muscle and 

TBB of wolves (BMFs = 14 ± 5.3 and 12 ± 4.5 respectively; Table 3.1) were not far out of range 

of the modeled BMF (8). Importantly, these models assume negligible biotransformation rates, 

and so do not accurately represent the behaviour of the PBDEs in wildlife as they are affected by 

metabolism in congener specific patterns [49]. 

TMFs of the lower brominated PBDEs and alternative HFRs and those of the more highly 

brominated PBDEs were quite different (Table 3.2). The greatest TMFs were observed for 

BDE28/33 and BDE206 to -209 (range of TMFs = 1.5–2.1). BDE197–198, the PBDE, and 

HFR also biomagnified throughout the food chain, while the remaining alternative HFRs and 

BDE47, -66, -85 and -100 underwent trophic dilution (TMFs <1; Table 3.2). Compounds that did 

exhibit trophic magnification had relatively small magnitudes of biomagnification (TMFs = 1.0–

2.1), as has been observed in the marine food chain for lower brominated PBDEs (the greatest 

TMF in a marine food web was BDE47 = 1.6) [5]. There were only small differences in the 

TMFs calculated using different combinations of vegetation at the base of the food chain 

(lichens, green plants or total vegetation), although in some cases the statistical significance of 

the regressions were affected. 
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3.4.4 RELATIONSHIPS BETWEEN BIOACCUMULATION METRICS AND 

PARTITION COEFFICIENTS  

Partition coefficients are often used to assess the bioaccumulation potential (BAP) of 

organic contaminants, but their effectiveness as predictors of BAP has been called into question 

when the contaminants are likely to be metabolized [210]. Log BCFv values for HFRs were 

significantly, positively correlated with log KOA in some vegetation groupings (VT, green plants, 

rooted vegetation; mushrooms; Pearson correlations, p <0.05; Figure B5, Table B14); no BCFv 

values for any grouping were significantly correlated with log KOW. We further tested individual 

vegetation so that the utility of the log KOA as predictive of the BCFv could be assessed, and 

found that only Cladonia lichens and Rhytidium moss (nearly significant p = 0.059) did not have 

significant relationships with the log KOA (Table B14). Therefore, the log KOA values of these 

HFRs are relatively good predictor of bioconcentration in the majority of the vegetation types 

assessed here, and in grouped vegetation when assessed together. 

BMFs for caribouTBB:VT comparisons were significantly, positively correlated with the 

log KOW (r
2
 = 0.40, p = 0.0020) and log KOA (r

2
 = 0.41, p = 0.0018; Figure B6, Table B14), as 

were those for the caribouTBB:lichens and caribouTBB:green plant comparisons (p <0.05; Table 

B14). In wolves, only the BMFs for the HFRs in wolfLiver:caribouLiver comparisons were 

significantly correlated with the log KOW (r
2
 = 0.19, p = 0.048, n = 21; Figure B7); BMFs in 

wolves were not correlated with the log KOA. The TMFs were highly, positively correlated with 

the log KOA and log KOW values of the HFRs regardless of whether all of the vegetation, or 

lichens or green plants individually, were used as the base of the food chain (r
2
 = 0.51–0.76, p = 

<0.001–0.047, n = 8–11; Figure B8, Table B14). 

Our results are similar to that observed in marine environments, where trophic 

magnification of the lower brominated PBDEs (tri- to heptBDEs) was not observed except for 
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slight trophic magnification of BDE47 [5], although we did observe significant biomagnification 

of BDE28/33 in the terrestrial food chain. To our knowledge estimates of trophic magnification 

of the more highly brominated PBDEs do not exist in marine environments, and thus cannot be 

compared here. The log KOW and log KOA were reasonably predictive of BMFs for the diet to 

caribou transfer for many of the HFRs investigated. However, the relationships do not hold up 

for BMFs calculated for wolf:caribou, except for the liver to liver transfer which had weak 

correlations with the log KOW and log KOA (Table B14). Relationships between the log KOW and 

log KOA with the TMFs were strong, which allows a reasonable degree of certainty in estimating 

the overall biomagnification potential of these contaminants from the log KOA and/or the log KOW 

through this food chain. 



114 

 

3.5 TABLES 

 



115 

 

Table 3.2. Selected TMFs derived from log-linear regression analyses using different combinations of 

vegetation [total vegetation (VT), lichens, green plants] as the base of the food chain, and using total body 

burden concentrations in mammals.
a,b 

 

Vegetation-Caribou-Wolf TMFs (95% confidence intervals) 

 

VT Lichens Green Plants 

BDE28/33 1.5 (1.1 - 1.9) 1.7 (1.2 - 2.3) 1.6 (1.3 - 2.1) 

BDE47 0.76 (0.58 - 0.99) - - 

BDE66 0.79 (0.64 - 0.97) - 0.68 (0.54 - 0.85) 

BDE85 -
c -

c 0.76 (0.64 - 0.89) 

BDE100 - - 0.72 (0.54 - 0.97) 

BDE197 -
c 1.4 (1.2 - 1.8) - 

BDE198 1.4 (1.1 - 1.8) 1.6 (1.2 - 2.0) - 

BDE206 1.7 (1.5 - 2.0) 1.8 (1.5 - 2.2) 1.8 (1.5 - 2.3) 

BDE207 1.6 (1.3 - 1.9) 1.8 (1.4 - 2.3) 1.5 (1.2 - 2.0) 

BDE208 1.5 (1.2 - 1.8) 1.7 (1.4 - 2.2) 1.4 (1.1 - 1.8) 

BDE209 1.8 (1.4 - 2.4) 1.9 (1.4 - 2.7) 2.1 (1.5 - 2.9) 

PBDE 1.5 (1.2 - 1.8) 1.6 (1.2 - 2.2) 1.5 (1.2 - 2.0) 

TBP-AE 0.57 (0.46 - 0.72) 0.55 (0.41 - 0.72) 0.59 (0.44 - 0.78) 

PBBz 0.69 (0.49 - 0.97) - 0.67 (0.47 - 0.96) 

HFR 1.3 (1.0 - 1.6) 1.4 (1.0 - 1.9) 1.3 (1.0 - 1.7) 

a
 Only TMFs for analytes with regressions that yielded significant p-values (<0.05) are shown (Table B13). 

b
 Regressions were only generated when detection frequencies throughout the food chain (vegetation–caribou–

caribou muscle and liver–wolf muscle and liver). 
c
 Detection frequencies did not exceed 50% in these datasets, all other indicated by (-) did not yield significant 

regressions in that subset of data. 
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3.6 FIGURES 

 

Figure 3.1. Concentrations of selected HFRs (GM ± SE, ng g
-1

 lw) in A) grouped vegetation and, B) total body 

burdens of mammals. Note the y-axis scale change between panels. Tissue-specific concentrations are also 

available in Figure B3, and concentrations are available in Table B5 and Table B10. Asterisks indicate 

significantly greater concentrations in mammalian comparisons (t tests, p <0.05). Non-detect concentrations 

are not shown.
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Figure 3.2. Contribution (%) of PBDE homologue groups to the PBDE for Penta (Bromkal 70-5DE), Octa 

(Bromkal 79-8DE) and decaBDE (Bromkal 82-0DE) technical mixtures [38], Arctic air [[7] and Hung et al. 

(2012. Environment Canada, personal communication)] and biota from this study. Proportions were based on 

arithmetic mean, lipid normalized concentrations of BDE congeners compared to PBDE. 

*Rootless (lichens + moss) and rooted (willow + graminoids) vegetation data were grouped for comparison. 
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4 CURRENT USE PESTICIDES IN THE CANADIAN ARCTIC 

MARINE ENVIRONMENT AND POLAR BEAR-RINGED SEAL 

FOOD CHAINS
3
 

4.1 ABSTRACT 

The distribution of current use pesticides (CUPs) in seawater, and their trophodynamics 

were investigated in three Canadian Arctic marine food chains. The greatest ranges of unbound 

and dissolved concentrations in seawater for each CUP were endosulfan sulfate (ES; <MDL–19 

pg L
-1

) >dacthal (0.76–15 pg L
-1

) >chlorpyrifos (<MDL–8.1 pg L
-1

) >PCNB (<MDL– 2.6 pg L
-1

) 

>-endosulfan (0.20–2.3 pg L
-1

). Bioaccumulation factors (BAFs) were greatest for ES in 

blubber of ringed seal (Pusa hispida; log BAFs = 9.5–10), and -endosulfan in fat of polar bears 

(Ursus maritimus; log BAFs ≈ 10). The largest biomagnification factors (BMFs) were found for 

the dacthal transfer from plankton to capelin (BMF = 13 ± 5.0) and -endosulfan from seals to 

bears (BMF = 4.0–16); all significant BMFs for CUPs in blubber of seals were less than one. 

Concentrations of ES exhibited significant trophic magnification (increased concentrations with 

increasing trophic level) in the poikilothermic portion of the food web (trophic magnification 

factor =1.4), but underwent trophic dilution, as did all of the other CUPs, in the marine mammal 

food chains. The patterns of bioaccumulation suggest that CUPs are metabolized in mammals, 

making biotransformation an important factor affecting the biomagnification of the CUPs 

throughout the Arctic marine food web. 

4.2 INTRODUCTION 

Persistent organic pollutants (POPs) have been extensively monitored as contaminants in 

the Arctic marine environment, with the most recent data demonstrating that, with some 

                                                 
3
Morris, A.D., Muir, D.C.G., Solomon, K.R.S., Letcher, R.J., Fisk, A.T., McMeans, B., McKinney, M., Teixeira, C., 

Wang, X., Duric, M., Amarualik, P. Current use pesticides in the Canadian Arctic marine environment and polar 

bear-ringed seal food chains. To be submitted to Environmental Toxicology and Chemistry. 
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exceptions, concentrations of legacy organochlorine pesticides (OCPs) are in decline in Canadian 

Arctic air and wildlife [2, 9]. OCPs have been banned globally under the Stockholm Convention 

[16] and were largely phased out in circumpolar countries in the 1970s and ‘80s. They were 

replaced by pesticides that are generally less persistent, bioaccumulative, and toxic, referred to as 

current use pesticides (CUPs); a general classification that encompasses any in-use pesticide. 

While most OCPs were insecticides, CUPs have a wide range of crop protection uses and modes 

of action and thus vary widely in physical-chemical properties (Table A1; Figure A2)[1, 76]. 

Organochlorine and organophosphorus CUPs have been detected in the Arctic Ocean 

(Bering-Chukchi Sea) since 1996 [189]. Endosulfan and the herbicide dacthal have recently been 

reported in Arctic seawater near Alaska [15] and in the Devon Island ice-cap (Nunavut, 

Canada)[255]. There are few published measurements of any CUPs besides endosulfan in the 

seawater of the Canadian archipelago [14, 187], although some results exist as conference 

proceedings and government reports, which confirm the presence of CUPs there [2, 4, 188]. The 

reports of CUPs in air [2, 44] and Arctic seawater, as well as in Arctic terrestrial food chains 

[76], and of endosulfan in Greenland biota [243] suggest that CUPs will be bioconcentrated and 

accumulated in Arctic marine biota, prompting this investigation into their trophodynamics for 

locations representing significant portions of the marine food web. 

Because of their range of properties, CUPs provide an opportunity to probe hypotheses 

pertaining to the increased bioaccumulation potential of contaminants with low octanol-water 

(KOW) and high octanol-air (KOA) (“low-KOW + high-KOA”) partition coefficients. Organic 

contaminants with these properties (i.e. 10
2
 <KOW <10

5
; KOA ≥10

6
) have been predicted and 

shown to bioaccumulate to a greater degree in mammalian food chains relative to food chains 

containing only water-respiring organisms, when metabolism of the contaminants is minimal 
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[33, 162, 211]. We have found that most CUPs exhibited trophic dilution (decreasing 

concentrations with increasing trophic level) or did not biomagnify significantly (some small 

degrees of biomagnification were evident between trophic levels) in the vegetation-caribou-wolf 

food chain of the Canadian Arctic, most likely due to metabolism in mammals [76], as was found 

for metabolizable OCPs [210]. 

In order to comprehensively assess the pathway of several CUPs of interest in the Arctic 

marine environment, we measured contaminants in three distinct locations in Nunavut (NU), 

Canada. We report concentrations of several well-known CUPs in seawater and investigated the 

low-KOW, high-KOA biomagnification hypotheses [33, 162, 211] by calculating a range of 

bioaccumulation metrics to assess the trophic transfer and biomagnification of these 

contaminants through food chains in these areas. 

4.3 METHODS 

4.3.1 ANALYTES 

The analyte suite for biota is the same as that screened in Morris et al.[76] and includes 

chlorpyrifos, chlorothalonil, dacthal, -endosulfan, -endosulfan and endosulfan sulfate (ES;  + 

 + ES = Endo), and pentachloronitrobenzene (PCNB), with the addition of trifluralin and 

ethalfluralin in seawater (see Supplemental Data and Table C1). 

4.3.2 SAMPLING LOCATIONS AND TIMES 

The three marine sampling locations in Nunavut were selected based on their unique 

characteristics and proximity to Inuit communities (locations shown in Table C1). Barrow Strait 

[Resolute Bay, NU, Canada; N7441′51′′, W09449′56′′] is a well characterized, high Arctic 

location where delivery of contaminants is largely atmospheric. Rae Strait [Gjoa Haven, NU; 

N6837′33′′, W09552′30′′] is a lower latitude location close to mainland Nunavut, influenced by 
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inflows from the Back, Hayes, Ellice and other smaller Rivers nearby. The Cumberland Sound 

[Pangnirtung, NU; N6608′52′′, W06541′58′′] is on the East coast of Baffin Island; this location 

has influences from Greenland and North Atlantic Ocean currents, and has a larger number of 

transient and resident species of fish and mammals compared to other locations [214]. 

4.3.3 SAMPLING OF SEAWATER 

High volume (177–486 L) seawater samples were collected using portable pumps 

designed at Environment Canada (Table C2). Water samples were collected at Barrow Strait in 

June 2007, 2008 and 2010; at Rae Strait in June 2008; and at Cumberland Sound in August 2007 

and August 2008. Samples were drawn through fired (400C, 12–24 h) glass microfiber 

honeycomb filters (FulFlo Honeycomb Filter, Parker Advanced Filtration, pore size 0.3 m), 

before being passed through tandem, stainless steel columns each packed with ≈ 70 g of 

Amberlite XAD-2® resin (pre-cleaned; Supelco Analytical). Resin columns were spiked with 

BDE71 as an internal recovery standard. XAD resin columns were stored at 2C, and filters were 

frozen until analyses. Note that only filters from 2008–2010 were kept for extraction. Details of 

pump design, deployment and water sampling are provided in the Supplemental Data. 

4.3.4 SAMPLING OF BIOTA 

Samples of biota at Barrow Strait included ice-algae (n = 10), plankton (n = 18), 

herbivorous and omnivorous amphipods (n = 8), Arctic cod (Boreogadus saida; n = 23), ringed 

seal (Pusa hispida) (n = 18), and polar bear (Ursus maritimus; n = 8). At Rae Strait samples of 

plankton (n = 4), polar cod (Arctogadus glacialis) (n = 6), ringed seal (n = 6) and polar bear (n = 

7) were successfully obtained. In Cumberland Sound, samples consisted of plankton (250 µm
+
; n 

= 3), capelin (Mallotus villosus) (n = 5), Arctic char (Salvelinus alpinus) (n = 5), ringed seal 

(blubber only n = 8) and polar bear (n = 8; details of collection methods are provided in the 
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Supplemental Data). The cod species will be referred to by their generic names to avoid 

confusion, as both Arctic and polar cod have been used interchangeably in the literature. Samples 

of biota in Barrow and Rae Strait were collected at similar times to seawater, except Boreogadus 

which were collected in August 2007, 2008 and 2010. Samples from Cumberland Sound were 

collected throughout the summer of 2008; methods have been described previously [214, 256]. 

Ringed seals from Cumberland Sound were sampled in 2011 and analyzed as part of a separate 

monitoring program; only results for the endosulfans in blubber were available for these animals 

[257]. Samples of polar bear adipose tissues were also collected as part of a separate 

investigation [56, 216, 258]. Samples were handled minimally in the field and were frozen at -

20C as soon as possible after collection. Details regarding collection of samples and 

morphometrics of seal and bear are provided in Table C3– C5), and further the methods are 

elaborated in the Supplementary Data. 

4.3.5 EXTRACTION OF FILTERS AND ELUTION OF RESIN 

XAD-2 resin was eluted as per Meyer et al.[6]. Briefly, resin was eluted sequentially 

with methanol and dichloromethane (DCM), back extracted with sodium chloride and 

dichloromethane, dried on sodium sulfate, solvent exchanged to 2,2,4-trimethylpentane 

(isooctane), concentrated to 200 l, cleaned up on hexane-conditioned 60-200 silica (Agilent), 

re-concentrated, and solvent exchanged to isooctane for analyses of CUPs (final volume = 200 

l). 

We used an accelerated solvent extractor (ASE 300; Dionex) for extraction of the glass 

microfiber filters. Filters were cut off of their spindles and packed into 4 x 100 ml ASE cells. 

One of the cells for each filter was spiked with BDE71 and 
13

C8-mirex. Two single-cycle 

extraction programs were run back-to-back: the first was 50:50 acetone:hexane, the second was 
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100% DCM (all ASE programs reached 1500 psi and 100C maximums). The 4 extracts were 

then combined and methods followed those of water elutions [6] (from the back extraction 

forward). 

4.3.6 EXTRACTION OF BIOTA  

Extraction methods have been described previously [76], so only a brief description is 

given in the Supplemental Data. Lipid fractions were determined gravimetrically by evaporation 

of the first fraction eluted during gel permeation chromatography [76]. Concentrations in biota 

were lipid (L) or lipid equivalent (Leq) corrected after correction for recovery. For organisms 

with greater content of lipid, the Leq can be assumed to be approximately equivalent to the Lipid 

[5, 33]. Leq was assumed to be equivalent to Lipid for amphipods, fishes, seal tissues and fat of 

polar bears [5, 33]. In plankton and algae, non-lipid organic matter (NLOM) estimates were 

incorporated into the Leq using total organic carbon (TOC) measurements as in Kelly et al. [33] 

and Morris et al. [76].  

Sample sizes were only sufficient to measure TOC in addition to contaminants and stable 

isotopes in plankton collected in 2010 and algae from Barrow Strait and in plankton from Rae 

Strait in 2008 (National Laboratory for Environmental Testing, Canada Centre for Inland Waters, 

Burlington, ON). The average TOC and moisture content of these subsamples were used as 

representative for all Leq corrections at their respective locations. We used the mean TOC values 

of the samples collected in Barrow Strait in 2010 to generate an estimate of Leq in other 

plankton and in algae collected in Barrow Strait in 2008, and the mean difference between the 

Leq and Lipid for all samples of plankton from Barrow Strait were used to estimate Leq values 

from the Lipid for plankton from Cumberland Sound. 
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4.3.7 ANALYSES, QUANTIFICATION, AND QUALITY ASSURANCE/QUALITY 

CONTROL 

Extracts were analyzed by gas chromatography, negative chemical ionization, low 

resolution mass-spectrometry (GC-NCI-LRMS). The GC-MS parameters are identical to those 

previously reported [76], and are only briefly described in the Supplemental Data. 

Details of analyses and quantifications CUPs are also identical to a previous study [76]. 

Mass/charge (m/z) ratios of ion fragments monitored for each compound are included in Table 

C1 with method recoveries. Samples were extracted with blanks and a standard reference 

material (SRM 1588b or SRM 1946, National Institute of Standards and Technology; results of 

extractions of SRM are discussed in Chapter 5). Concentrations of CUPs dissolved in seawater 

were blank-corrected using pooled blanks for samples collected using the same batch of resin. 

Blanks were pooled for Barrow Strait, Rae Strait, and Cumberland Sound in 2007 to 2008; 

Cumberland Sound 2008 and Barrow Strait 2010 and samples were blank corrected separately.  

Due to the small numbers collected, samples of seawater were analyzed individually and 

were only averaged across locations (n = 2–4 per location) for an Arctic-wide assessment of 

trends in concentrations of CUPs and bioaccumulation. Concentrations in seawater were not 

recovery corrected, but dissolved-phase samples were corrected for the fraction sorbed to organic 

carbon in order to give a true estimate of the freely dissolved, bioavailable contaminant [259] 

(calculation details are shown in the Supplemental Data, Table C6). Filters were extracted 

together, so blanks were pooled for all particulate sample blank-corrections and calculations of 

method detection limits (MDL). 

Method blanks from extractions of biota were sorted into 6-month blocks. Average 

values for blanks were used for correction and MDLs were calculated for each block. 

Concentrations in blanks were mass-corrected for each sample type (e.g., blubber/fat = 1 g, 
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muscle = 5 g), and were subtracted from concentrations in wet weight samples. Samples were 

then recovery-corrected (relative to 
13

C8-mirex recoveries), and finally corrected for Leq or Lipid 

for final data analyses (ng g
-1

 lw; or log pg g
-1

 lw for analyses of trophic magnification). 

MDLs were calculated as 3 the standard deviation of averaged method blanks for each 

sample type, corrected to the average sample volume or weight for the sample. When analytes 

were not present in blanks, instrument detection limits (IDLs) [260] were used in their place. If 

analyte detection frequencies (DFs) were less than 20%, CUPs were considered non-detects. 

When DFs were greater than 20% within a group of samples of a particular type (e.g., algae, 

plankton, etc.), we assumed their presence in other samples of the same type, and MDL/2 (or 

IDL/2) substituted concentrations were used in place of zero values in the wet weight dataset  

for statistical purposes. One alternative method of non-detect substitution was applied to 

compare with the MDL/2 substitution method. This involved substitution of random values 

between zero and the MDL for each analyte. Ultimately this did not improve statistical tests or 

affect means or error terms substantially, and so the MDL/2 method was applied for consistency 

with previous studies [76] and for comparison with other Arctic food web studies [10, 183]. 

These values were not blank or recovery-corrected, but were lipid corrected and included in 

geometric mean, error terms, statistics and analyses of bioaccumulation. 

4.3.8 STABLE ISOTOPE ANALYSES AND CALCULATION OF TROPHIC 

LEVELS 

Ratios of stable isotopes of carbon (
13

C = 
13

C/
12

C) and nitrogen (
15

N = 
15

N/
14

N) were 

measured in all biota from Barrow and Rae Straits at the Environmental Isotope Laboratory 

(University of Waterloo, Waterloo, ON, Canada). Details of analyses and calculations have been 

published previously [76, 164]. Ratios of stable isotopes were measured in muscle of mammals 

and fishes and in whole-organism sub-samples of invertebrates. Sub-samples (1 ml or 1 g ww) 
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were taken for isotopic analyses in the field and immediately frozen at -20C in sterile cryotubes. 

There were excess contaminant samples relative to those submitted for isotopic analyses at 

Barrow Strait (3 algae, 2 plankton, and 3 cod), so random isotopic ratios were assigned to the 

missing samples between the maximum and minimum values measured for each type of 

organism. Similarly, the specific values for isotopes of C and N for plankton and fishes from 

Cumberland Sound were not available, so isotopic ratios were randomly assigned based on a 

large dataset from B. McMeans [256] and A. Fisk (isotopic ratios measured at GLIER) and 

applied in McKinney et al.[214]. Isotopic ratios in polar bears were measured and applied in 

previous publications; they are only used here to facilitate the bioaccumulation analyses [56, 

216]. 

Trophic levels (TLs) were calculated using the lowest individual 
15

N signal in each food 

chain: algae were used as the base of the food chain in Barrow Strait and for the whole-Arctic 

composite food webs (marine mammal and piscivorous); plankton were used as the base of the 

food chain at Rae Strait and Cumberland Sound. A trophic enrichment factor (
15

N) of 3.8‰ 

was applied for all TL calculations [5, 173], using previously reported equations [17]. 

4.3.9 BIOACCUMULATION AND BIOMAGNIFICATION 

Bioaccumulation factors (BAFs, L kg
-1

) were calculated as the ratio of the arithmetic 

mean concentration of CUPs in the organism [g kg
-1

 lipid weight (lw)] to that in the 

surrounding media (g L
-1

) [261]. We calculated BAFs relative to mean concentrations in water 

(all depths, duplicates and years included at each location) for water-respiring organisms, and 

relative to air from May 25 to July 6, 2009 at Alert, NU (Hung et al. Environment Canada, 

personal communication; Table C7) for mammals. BAFs were also calculated for vegetation 

(average of lichens, moss, grasses, Arctic willow, and mushrooms), lichens, caribou and wolves 
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using the data from biota in Morris et al.[76] (note that the data for air used in the present study 

at Alert are an updated version of those from ref.[76]). 

Biomagnification factors (BMFs) were calculated as the ratio of arithmetic mean 

concentrations of CUPs in the consumer to its diet. Trophic magnification factors (TMF), as 

measures of food web and food chain-wide biomagnification, were calculated using linear 

regression analyses of log-transformed, lipid-equivalent-corrected concentrations (log CB; pg g
-1

 

lw) versus TL. The TMF was then calculated as the anti-log of the slope of the resulting 

regression. TMF methods have been described in detail elsewhere [76, 177] and are provided in 

Sections 2.3.6 and 2.3.7 of the thesis. TMFs were calculated using blubber as the representative 

tissue in seals and using, 1) individual TLs and concentrations within each food chain, 2) using 

TLs and concentrations for the composite, Arctic-wide marine mammal food web and, 3) using 

only the poikilothermic portion of the marine food web. 

4.3.10 STATISTICS 

Data from seawater were reported as individual concentrations; mean ± standard 

deviations for each contaminant were calculated for Arctic-wide comparisons of CUPs and 

bioaccumulation analyses. Data for concentrations of contaminants in biota were typically log-

normally distributed, and are therefore expressed as geometric means ± SE; all statistical 

analyses for biota used log transformed data. Significance for all tests was assessed relative to a 

type-I error rate of () = 0.05. Grubb’s Tests were used to eliminate any outlying data points in 

blanks before blank correction (note if the raw data or the log transformed data were not normal, 

the test was not performed). Pair-wise comparisons were made using student’s t tests or Mann-

Whitney U tests (when data did not satisfy the parametric assumptions of the t test). All multi-

group comparisons were made using one-way analysis of variance (ANOVA), with Tukey’s 
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post-hoc test to identify significantly different groups, or using Kruskal-Wallis (K-W) ANOVA 

on ranks with a Dunn’s test when data did not meet the assumptions inherent to the ANOVA 

tests. 

Pearson correlation analyses were used to establish relationships between log-

transformed, lipid-weight corrected concentrations of CUPs (including substituted MDL values 

for non-detects), as well as between CUPs and physical and ecological variables for fishes, seals 

and polar bears. When testing data for significant relationships between concentrations of CUPs, 

all tissues of seals were used at each location and in the marine food web; but only blubber was 

used for Cumberland Sound (only tissue available). Concentrations in Boreogadus were tested 

for relationships with length (length and mass were correlated so only length was used as a 

measure of size) and isotopic ratios. All size variables (lengths and girths) in seals were 

significantly correlated, and age was correlated with all size variables and blubber thicknesses 

(Pearson correlations, p <0.05). Therefore, concentrations of CUPs in ringed seal tissues were 

only tested for correlations with age, size (standard length), and sternal blubber thickness as 

representative of size and condition, as well as with isotopic ratios. Concentrations of CUPs in 

polar bears were tested for correlations with age, hide length, rump fat thickness, and isotopic 

ratios. 

BAFs and BMFs are presented as means ± SEs calculated using previously reported 

equations [76]. BMFs were tested for significant differences from 1.0 using student’s t tests 

(calculations in [76]). TMFs are reported with their 95% confidence intervals, and are only 

shown for regressions that had slopes significantly different from 0 (p <0.05). TMFs are reported 

with their respective 95% confidence intervals. BAFs, BMFs, and TMFs for CUPs were all 

tested for correlations with their respective log KOW and log KOA values; note that BAFs and 
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BMFs in blubber of seals from Cumberland Sound were not tested for these correlations (only -

endosulfan and ES were detected). 

4.4 RESULTS AND DISCUSSION 

4.4.1 CONCENTRATIONS OF CUPS IN SEAWATER 

Concentrations of CUPs differed temporally, spatially, and with depth in seawater. Freely 

dissolved trifluralin (0.65 pg L
-1

; 2007;
 
2 m) and ethalfluralin (0.56 pg L

-1
; 2007; 2 m) were only 

detected at Barrow Strait, despite it being the most Northerly sampling site (Supplemental Data; 

Figure 4.1; note that the qualification ion fragment for both trifluralin and ethalfluralin were not 

detectable). This might suggest that Pacific Ocean or air currents deliver contaminants from 

Eastern Asia (China, Russia) or the prairies to this high arctic location [240, 255]. Barrow Strait 

also had the greatest concentrations of chlorothalonil (2.0 pg L
-1

; 2010, 10 m) and -endosulfan 

(0.52 pg L
-1

; 2010, 2 m; Figure 4.1; Table C8; blanks in Table C9). Concentrations of PCNB (2.6 

pg L
-1

) and ES (19 pg L
-1

) were greatest at Rae Strait (2 m), and the largest concentrations of -

endosulfan (2.4 pg L
-1

) and dacthal (15 pg L
-1

) were found in the Cumberland Sound (2007, 10 

m). 

The concentration of chlorpyrifos was unusually high in one Cumberland Sound sample 

(90 pg L
-1

; 2008, 10 m), with the duplicate 10 m concentration being below the MDL, and thus 

we are forced to exclude this data point. The concentration of chlorpyrifos at Rae Strait (8.1 pg 

L
-1

; 10 m) was greater than the range observed at Barrow Strait (0.61–0.77 pg L
-1

, 2010; (Figure 

4.1; Table C8). ΣEndo concentrations were also higher in Rae Strait (<17–<21 pg L
-1

), and 

Cumberland Sound (3.0–9.5 pg L
-1

; 2007 & 2008, 10 m) than in Barrow Strait (<0.28–<6.5 pg L
-

1
; 2007, 2 m). 
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ES and dacthal were the most consistently detected CUPs with the greatest seawater 

concentrations. ES and dacthal were also the most frequently detected CUPs in the Devon Island 

ice-cap (Nunavut), along with chlorothalonil, trifluralin, PCNB, metribuzin, and the endosulfan 

isomers [255]. -Endosulfan is ≈ 30% of the technical mixture, is more soluble than -

endosulfan in water [14], and was a prominent component of the Endo in the Devon Island ice-

cap (≥-endosulfan in some core layers)[255]. However, as confirmed here, -endosulfan is a 

minor component of the Endo in seawater (Figure 4.1; Figure 4.3; Table C8 and Table C10) 

[15, 187], possibly due to differential processes affecting the dissipation or transformation of the 

isomers [14]. 

The greatest particle-bound concentrations for PCNB (2.3 pg L
-1

), dacthal (3.0 pg L
-1

), 

ethalfluralin (0.041 pg L
-1

), - (1.9 pg L
-1

), - (0.16 pg L
-1

) and ΣEndo (2.0 pg L
-1

) were 

observed in Cumberland Sound in 2008; ES was highest in Rae Strait (0.079 pg L
-1

; 2008, 2 m) 

and chlorothalonil (1.4 pg L
-1

) and chlorpyrifos (4.1 pg L
-1

) were greatest in Barrow Strait (2010, 

2 m) (Figure 4.1; Table C10 and Table C11). The log KOW and mean particle-bound 

concentrations were not correlated (Pearson r
2
 = 0.15, p = 0.34, n = 8), largely due to the 

influence of outliers such as -endosulfan, which has a relatively large log KOW (4.8), but very 

small mean representation in seawater (0.066 ± 0.061 pg L
-1

). Regardless, in general, there did 

appear to be an influence of the KOW on frequencies of detection and concentrations in the 

particulate phase. For example, trifluralin, which has the greatest log KOW of the CUPs presented 

here (5.3), was detected in only one dissolved phase sample, but was detected in 86% of 

particulate phase samples (Table C10), ranging from non-detect (<MDL) to 1.0 pg L
-1

 in both 

Barrow Strait 2010 and Rae Strait 2008. Also consistent with this trend is that ES (log KOW = 
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3.2) had the lowest mean particle-phase concentration (0.033 ± 0.031 pg L
-1

; mean ± SD) and 

detection frequency (only two positive detections). 

Both the dissolved and particulate phase concentrations of endosulfan are affected by 

environmental factors in water. The isomerization of -endosulfan (sometimes irreversibly) to -

endosulfan under aquatic conditions occurs at ≈ 3 the rate of the reverse reaction, which may be 

the reason for the small representation of -endosulfan in both phases of seawater [117, 262, 

263]. ES is less volatile than the parent isomers, is equally as soluble in water as -endosulfan, 

and is formed via the oxidation of both - and -endosulfan [263], resulting in a prominent 

presence in the dissolved phase of seawater and the Devon Island ice-cap [255]; however, 

oxidation of the isomers is apparently limited once sorbed to particles, and/or ES is inefficiently 

sorbed in relation to its proportion in seawater as it is poorly represented in the particle-bound 

phase of Arctic seawater. 

In the majority of paired comparisons for both phases of seawater, CUPs concentrations 

were greater at depths of 2 m than 10 m (Figure 4.1; Table C8 and S10), which is suggestive of 

influence of a flux of contaminants from the sea-ice or delivery of CUPs to both phases from 

sea-ice melt or from run-off from nearby shores/rivers. The differences between CUPs in the 

dissolved phase at 2 and 10 m at Barrow Strait in 2010 were less prominent than in 2007, 

perhaps due to the lesser sea-ice melt observed in 2010 (Figure 4.1; Table C2 and S8). 

These results, combined with other studies in Arctic seawater [4, 15, 188], ice-caps [255] 

and air [2] confirm that dacthal, chlorothalonil, chlorpyrifos, and the endosulfans are 

ubiquitously found in Arctic environmental media, while reports for PCNB are more variable 

across studies [32]. Concentrations of chlorothalonil (110–170 pg L
-1

) and chlorpyrifos (7.3–11 

pg L
-1

) measured in the dissolved phase of seawater in the Beaufort Sea (2010) were greater than 
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those observed at all other locations. Dacthal concentrations there (11–17 pg L
-1

) and in Barrow 

Strait (0.77– 6.8 pg L
-1

) [188] were within range of the concentrations measured here in Rae 

Strait/Cumberland Sound, and Barrow Strait respectively. Another trans-Arctic cruise (2007–

2008) reported concentrations of dacthal (20 pg L
-1

), chlorothalonil (<MDL–84 pg L
-1

), 

chlorpyrifos (11 pg L
-1

), trifluralin (<MDL– 26 pg L
-1

), and Endo (31 pg L
-1

) in seawater that 

were greater than the concentrations observed here [4]. 

Prior to this study and to the inclusion and regulation of endosulfan under the Stockholm 

Convention [19], the use of endosulfan was voluntarily curtailed in North America and Europe 

[14]. Concentrations of -endosulfan measured here did show some decreases since those 

measured in 1993 and 1998. For example, the concentrations of -endosulfan at Barrow strait in 

1993 were ≈ 2.6 pg L
-1

 (range = 2.0–5.7 pg L
-1

) [264], compared with a range of 0.92–1.6 pg L
-1

 

(2010 samples) reported here. Similarly, the concentration of -endosulfan in seawater was 2.7 

pg L
-1 

at Baffin Bay in 1998 (Eastern shore of Baffin Island) [187], compared with a range of 

0.43–1.4 pg L
-1

 (2008) reported here at Cumberland Sound (Table C8). 

The present particle-phase data are markedly different from concentrations reported in the 

Bering-Chukchi Sea, where all particle-phase concentrations were below MDLs [15]. These 

samples were taken through ship intakes in deep water while in motion and the degree of sea-ice 

cover was not elaborated in their study. Thus, their data may not be comparable to our samples 

which were taken from the sea-ice platform using a stationary pump under melt conditions. 

Differential influence of sea-ice on the POC and DOC content and differences in the filtration 

system used would influence the concentrations of CUPs extracted from the filters. Since our 

samples were not pre-filtered, they could include a range of POC greater than 0.3 µm, as well as 

dissolved organic carbon (DOC). 
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4.4.2 STRUCTURE OF THE FOOD WEB 

Within the Barrow and Rae Strait food chains, the mean 
13

C and 
15

N signatures were 

significantly different between every classification of organism (e.g., algae, plankton, 

amphipods, etc.) except for the 
13

C signatures of amphipods and seals in the Barrow Strait (
13

C 

= -18.7 and -19.1 respectively; Tables C12–C14; 2-tailed t tests, p <0.05). At Cumberland 

Sound, the 
13

C of plankton (
13

C = -20.3 ± 0.0592‰) were significantly 
13

C depleted relative to 

polar bears (-16.6 ± 0.590‰). Conversely, 
15

N of polar bears (19.6 ± 0.961‰) were 

significantly 
15

N enriched compared to plankton (
15

N = 10.8 ± 0.287‰) and capelin (13.6 ± 

0.247‰), although no other isotopic ratios at Cumberland Sound were significantly different. 

Discussion regarding differences in isotopic ratios between the food chains is restricted to the 

Supplemental Data. However, it should be noted that the 
13

C-depleted, 
13

C signatures of 

plankton (-28.4 ± 0.440‰) and seals (-24.0 ± 0.890‰) at Rae Strait confirm the results of Butt et 

al.[265], and indicate a strong influence of terrestrial carbon from the rivers that terminate 

nearby. The 
15

N signatures followed a consistent pattern of enrichment with 
15

N, resulting in 

logical TLs within each food chain and across the food web (Figure 4.2; Tables C12–C14). 

4.4.3 CONCENTRATIONS OF CUPS IN BIOTA 

The greatest lipid-normalized, geometric mean (± SE) concentrations of CUPs in biota 

were consistently found in muscle of seals in Barrow and Rae Straits (Table C12–C14). The 

Endo concentration in muscle of seals from Rae Strait (44 ± 17 ng g
-1

 lw) was the greatest 

observed, and was significantly greater than the Endo concentration 2.6 ± 4.8 ng g
-1

 lw in 

muscle of seals from Barrow Strait (2-tailed t test, p <0.05; Table C16). The smallest 

concentrations were <MDL; chlorpyrifos and -endosulfan were the most infrequently detected 

CUPs. The lowest detectable concentrations in biota were found for PCNB, chlorpyrifos and 
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dacthal in fat of polar bears, with a range of 6.1  10
-3

–0.032 ng g
-1

 lw. Lower TL biota such as 

algae, plankton and fishes generally had intermediate concentrations to these values (Tables 

C12–C14). 

When data for all biota in each food chain were combined to represent the marine food 

web (all TLs for all locations; all available tissues for seals (blood data were not included as all 

concentrations were <MDL; n = 176–184), all of the log-transformed, lipid weight 

concentrations of CUP were highly correlated (Table C17). Fewer significant relationships were 

evident between CUPs when only the poikilothermic portion of the food web (up to fishes) was 

analyzed. Strong relationships between CUPs were particularly evident in the Barrow Strait food 

chain, where all concentrations of CUPs were highly correlated (p <0.00001). Correlations 

between -, -endosulfan and ES were strong at Barrow and Rae Strait, however, only -

endosulfan and ES had a significant relationship at Cumberland Sound (Pearson r
2
 = 0.40, p 

<0.001, n = 29) (Table C17). The inconsistencies at Cumberland Sound may be due to the 

inclusion of only blubber in the analyses, whereas other locations had multiple tissues of seal. 

Alternatively, since correlations are generally indicative of common delivery and uptake 

pathways for contaminants in environmental media and biota, the weaker relationships between 

CUPs concentrations at Rae Strait and Cumberland Sound may be due to delivery of 

contaminants from multiple pathways, while delivery of volatile and semi-volatile contaminants 

to the Barrow Strait are primarily due to long range atmospheric transport (LRAT) and 

deposition [156-158] with subsequent bioaccumulation. 

Length of fish at Barrow Strait (all n = 23) was significantly correlated with logged lipid 

weight concentrations of PCNB (Pearson r
2
 = 0.20, p = 0.034), chlorothalonil (r

2
 = 0.39, p = 

0.0014), chlorpyrifos (r
2
 = 0.23, p = 0.020), and -endosulfan (r

2
 = 0.23, p = 0.021) (Correlation 
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matrices in Table C18). The carbon isotope ratio (
13

C) was significantly correlated with 
15

N (r
2
 

= 0.23, p = 0.0020), but not with concentrations of any of the CUPs. The 
15

N of the Boreogadus 

was significantly correlated with concentrations of -endosulfan (r
2
 = 0.21, p = 0.028) and 

Endo (r
2
 = 0.19, p = 0.035). Length was not recorded for fishes from Rae Strait, but the 

13
C of 

Arctogadus (n = 6) was significantly correlated with concentrations of PCNB (r
2
 = 0.73, p = 

0.031) and ES (r
2
 = 0.67, p = 0.047); the 

15
N was significantly correlated with PCNB (r

2
 = 0.77, 

p = 0.022). 

Concentrations of CUPs in ringed seal tissues and polar bears were also correlated with 

physical and ecological variables. Measurements of thickness of blubber were lacking for seals at 

Cumberland Sound, so these were assessed separately, while seals from Barrow and Rae Strait 

were analyzed together. Ages of seals at Barrow and Rae Straits were correlated with all size and 

blubber measurements, but were only correlated with concentration of -endosulfan in blubber 

(r
2
 = 0.21, p = 0.029, n = 23) and chlorothalonil in muscle (r

2
 = 0.17, p = 0.047, n = 23). Ages 

of seals at Cumberland Sound also were significantly correlated with concentrations of -

endosulfan (r
2
 = 0.52, p = 0.044, n = 8), ES (r

2
 = 0.55, p = 0.035, n = 8) and Endo (r

2
 = 0.80, p 

= 0.0029, n = 8). No other variables (standard length or isotopic ratios) were correlated with 

concentrations of CUPs in seals from Cumberland Sound, but standard lengths of seals were 

correlated with ES in blubber (r
2
 = 0.20, p = 0.030, n = 24) and chlorothalonil in muscle (r

2
 = 

0.18, p = 0.041, n = 24) of seals from Barrow and Rae Strait (Table C19). 

Thicknesses of blubber (seals from Barrow and Rae Strait only) were significantly 

correlated with chlorothalonil (r
2
 = 0.33, p = 0.0036, n = 24) and chlorpyrifos (r

2
 = 0.42, p 

<0.001, n = 24) concentrations in blubber; chlorpyrifos (r
2
 = 0.22, p = 0.024, n = 23), -

endosulfan (r
2
 = 0.17, p = 0.048, n = 23) and ES (r

2
 = 0.29, p = 0.0079, n = 23) in liver; and with 
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all of the CUPs except dacthal (r
2
 = 0.0025, p = 0.82, n = 24) in muscle of seals; all other 

correlations were insignificant (p >0.05). Isotopic ratios were also significantly correlated with 

CUPs in seal tissues; 
13

C had more significant relationships with CUPs than 
15

N (Table C19). 

Blubber thicknesses of seals were also significantly correlated with both of the SI ratios. 

Concentrations of CUPs were not correlated with either thickness of rump fat or hide length of 

polar bears (p >0.05) and only the concentrations of chlorothalonil were significantly correlated 

with the 
13

C (r
2
 = 0.20, p = 0.034, n = 23; Table C20). 

4.4.4 SPATIAL VARIATION OF CONCENTRATIONS IN BIOTA 

Depending on trophic positions compared, some biota exhibited significant differences in 

concentrations of CUPs between locations. In general, differences were less evident between the 

mammals at different locations than between the invertebrates or fishes (Table C16). No 

significant differences were detected for concentrations of PCNB, chlorothalonil, chlorpyrifos or 

-endosulfan in plankton between locations (2-tailed t tests, p >0.05; Table C16). Concentrations 

of dacthal were significantly greater in plankton from Rae Strait (1.7 ± 0.31 ng g
-1

 lw) than the 

other locations, while concentrations of -endosulfan, ES and Endo were significantly greater 

in plankton from Rae Strait and Cumberland Sound (Endo = 11 ± 3.2 and 8.7 ± 2.1 ng g
-1

 lw 

respectively) than in plankton from Barrow Strait (Endo = 1.7 ± 0.21
 
ng g

-1
 lw; p <0.05). 

Of the fishes in this study, capelin had the greatest concentrations of chlorothalonil (1.4 ± 

0.25 ng g
-1

 lw), chlorpyrifos (0.31 ± 0.97 ng g
-1

 lw), dacthal (2.1 ± 0.48 ng g
-1

 lw), -endosulfan 

(2.9 ± 0.56 ng g
-1

 lw), -endosulfan (0.24 ± 0.032 ng g
-1

 lw), ES (0.94 ± 1.3 ng g
-1

 lw), and 

Endo (5.1 ± 1.9 ng g
-1

 lw; Table C16). Char and capelin had significantly greater 

concentrations of -endosulfan and Endo than Arctogadus; concentrations in capelin were also 

significantly greater than Boreogadus for these CUPs (p <0.05). The larger concentrations of 
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Endo and related compounds in capelin and char relative to the cod species may be due to 

different exposure pathways during their respective movements either during long migrations to 

temperate regions (capelin) [214] or during their anadromous lifecycle (char) [266]. Capelin are 

a transient fish in Cumberland Sound and have been shown to have elevated concentrations of 

legacy OCPs compared to other Arctic fishes of comparable trophic position [214].  

Concentrations of the majority of CUPs were very small in blubber of seals (<0.25 ng g
-1

 

lw) and most were not significantly different between the Barrow and Rae Strait in either blubber 

or liver (no CUPs were detected in seal blood; Table C16). Blubber of seals from Cumberland 

Sound had greater concentrations of -endosulfan and Endo than that of Barrow and Rae Strait 

seals, and the concentration of ES was also greater in animals from Cumberland Sound 

compared to Barrow but not Rae Strait (2-tailed t tests, p <0.05; Table C16). Of the CUPs, only 

chlorothalonil varied significantly in the fat of polar bears between locations, concentrations at 

Rae Strait (0.16 ± 0.037 ng g
-1

 lw) were significantly greater than at Barrow Strait (0.035 ± 

0.0098 ng g
-1

 lw), but not at Cumberland Sound (0.082 ± 0.056 ng g
-1

 lw). 

Like our results, previous work has found elevated concentrations of perfluorinated alkyl 

substances (PFASs) and 
13

C depleted 
13

C isotope signatures in seal from Rae Strait relative to 

those from Barrow Strait [265]. Increased runoff at lower latitudes along the rivers that terminate 

near the Rae Strait is hypothesized to increase delivery of PFASs to the Strait [265], however, 

these are far more water-soluble than CUPs which are mostly semi-volatile. Cumberland Sound 

has very different influences from air and ocean currents than the other locations, and a range of 

transient species that range into lower latitudes that could increase the dietary exposure of seals, 

and ultimately polar bears, to CUPs [214]. The lack of significant differences, and low 

concentrations in general, among the mammals in the study may be due to their metabolic 



138 

 

capacities to biotransform and/or eliminate the CUPs as they do some OCPs [267]. These 

processes could theoretically negate differences in exposures to CUPs in mammals from their 

diets. 

4.4.5 PROPORTIONS OF ISOMERS OF ENDOSULFAN IN BIOTA 

The composition profiles for endosulfan (percent contribution of -, - and ES to Endo 

based on arithmetic means) in biota differed from those in seawater at their respective locations, 

with increased proportions of - and -endosulfan in biota (Figure 4.3). This suggests 

differential uptake and bioaccumulation, and/or metabolic modification of these CUPs, resulting 

in compositions of Endo different from the environmental matrix or the technical mixture (≈ 

70:30, -:-endosulfan) [14]. All of the Endo profiles in seawater had very little -endosulfan; 

the profiles at Barrow Strait and Cumberland Sound were very similar (≈ 20–25%:5.0%:70–

75%; -:-:ES), while seawater from Rae Strait had ≈ 93% ES and only 0.40% -endosulfan. 

The Endo profiles in polar bears demonstrate significant modification from source media to 

apex predator, as ES contributed less than 3% of the Endo concentration (all concentrations 

<MDL). -endosulfan was the dominant isomer in all bears, ranging from 44 to 71% of the 

Endo. Even the Endo profiles of lower TL, water-respiring biota differed from seawater, 

which contrasts with our results in the terrestrial environment, where some primary producers 

were atmospherically-exposed organisms (lichens) that had Endo profiles that were nearly 

identical to air profiles [76]. 

Like seawater, all biota (except polar bears) at Rae Strait had greater contributions from 

ES to Endo than analogous biota or seal tissues at the other locations (Figure 4.3). For example, 

the Endo profiles in plankton from Barrow and Rae Strait were 69%:11%:20% and 

34%:2.0%:64% respectively. Among the pelagic fishes, (Boreogadus, capelin, Arctic char), 
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profiles of Endo were similar to each other and plankton at their respective locations (as well as 

algae and amphipods at Barrow Strait), which is indicative that their diet is largely pelagic. In 

contrast, Endo profiles in Arctogadus were not similar to those in plankton from Rae Strait, 

again indicating that their diet does not have a substantial pelagic component, and is mostly 

benthic in composition (Figure 4.3) [213]. 

Profiles of Endo in blubber of seals did not differ substantially between Barrow 

(28%:14%:58%) and Rae Straits (22%:12%:66%) (Figure 4.3). Seals from Cumberland Sound 

had comparatively more -endosulfan and less -endosulfan than seals from the other locations, 

but approximately equal proportions of ES (9%:23%:68%). Muscle, and particularly liver, of 

seals were less similar between locations, largely due to the dominant influence of ES in liver of 

seals from Rae Strait (16%:17%:67%) compared to Barrow Strait (54%:22%:24%). The Endo 

profile of muscle from seals at both locations was similar to that of the pelagic poikilotherms at 

their respective locations; however, dissimilarities were again evident between Arctogadus and 

seals at Rae Strait. Although our results for Endo mirror those of HCHs in the lower TLs of 

the marine food web (i.e. little modification of the respective profiles between invertebrates and 

fishes), profiles of HCH in seal tissues were also similar to the lower TL biota, which contrasts 

to our results for endosulfan [268] (Figure 4.3). 

In the terrestrial environment, we found increased proportions of -endosulfan in wolves, 

similar to top predators here, although the percent contribution of this isomer was smaller (20%) 

than in marine predators. Endo profiles in muscle (37%:20%:45%) and liver (53%:20%:27%) 

of wolves resemble those of Barrow Strait seals more than those of seals from Rae Strait or the 

polar bears (Figure 4.3). The Endo profile in caribou muscle was 75%:<1%:24% (-:-:ES) 

while liver was 7%:<1%:93%, both distinctly different from the mammals in the present study, 
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which indicates, as has been suggested previously [33], that exposure pathways and 

biotransformation processes differ for consumers at similar trophic positions in different food 

chain types. 

4.4.6 BIOACCUMULATION OF CUPS 

 BAFs of CUPs calculated for biota relative to water or air were generally greater than the 

regulatory threshold of 5000 used to establish whether a contaminant is “bioaccumulative” 

(Table 4.1) [16]. The greatest BAF of the air breathing organisms was for -endosulfan in fat of 

polar bears (log BAFs = 10 at all locations), followed by ES in blubber of seals (range of log 

BAFs = 9.5–10; maximum BAF at Cumberland Sound) and chlorothalonil in the fat of bears and 

blubber of seals (9.1–9.9; maximum BAFs both at Rae Strait). In the water-respiring organisms, 

chlorothalonil had the greatest log BAFs (5.9–7.4; maximum BAF at Rae Strait), followed by 

chlorpyrifos (5.0–6.9; maximum log BAF at Cumberland Sound), both measured in the plankton 

samples. The log BAFs of dacthal (3.8 ± 2.7) and chlorpyrifos (3.9 ± 3.6) in Arctogadus (Rae 

Strait) were the smallest of the CUPs in water-respiring organisms, while -endosulfan had the 

smallest BAFs in seals and polar bears (log BAFs = 6.8–7.8). 

In general, BAFs of CUPs among lower TL, water-respiring biota (algae, plankton, 

amphipods, Boreogadus) were not substantially different at Barrow Strait or between plankton 

and capelin at Cumberland Sound (Table 4.1). Char and Arctogadus had BAFs within the same 

range for several CUPs (PCNB, chlorpyrifos, -endosulfan) but both of these fishes generally 

had smaller BAFs than Boreogadus or capelin (both relatively small, pelagic fishes), which had 

very similar BAFs overall. BAFs in seals were variable by tissue, with blubber consistently 

having smaller BAFs than muscle and liver of seals, except for ES, which was greater in blubber 

of seals than in liver (data for muscle and liver not shown). Due to small lipid contents, the 
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uncertainty is large in muscle of seals (Table C12–S13), so bioaccumulation estimates used 

blubber exclusively, as this is: 1) the most regularly reported tissue in the literature for Arctic 

marine mammals [9], 2) the tissue most consumed by polar bears [269, 270] and, 3) is a 

reasonably reliable representation of whole-seal, lipid weight normalized bioaccumulation (seals 

are ≈ 30-70% lipid by mass) [271]. 

Seals had similar BAFs between locations (for those CUPs that were detected or 

measured) suggesting a similar magnitude of bioaccumulation despite some differences in 

concentrations in water and prey (Table 4.1; Table C12–C14). Bioaccumulation of CUPs in fat 

of polar bear was of a similar magnitude to that in blubber of seals, although neither seals nor 

bears had consistently greater BAFs over the other animal (Table 4.1). Like seals, log BAFs for 

CUPs in fat of bears were very similar between all locations, suggesting that physiological 

factors in the bears and seals (dietary assimilation, biotransformation) may be as or more 

important than differences in exposure to CUPs from the diet per se across the sampling areas 

(Table 4.1). 

The BAFs for CUPs were greater in terrestrial vegetation than in the ice-algae (Bathurst 

Region data, Table 4.1). Similarly, the BAFs of the terrestrial consumers were greater than those 

of the marine consumers in comparable trophic positions in most cases. Dacthal, ES, and PCNB 

were bioaccumulated to a greater degree in Arctic wolves than in polar bears, while 

chlorothalonil and chlorpyrifos had greater BAFs in bears over wolves. Interestingly -

endosulfan and -endosulfan had essentially identical BAFs between Arctic wolves and polar 

bears, which may again be due to similar biotransformation process in the animals, although if 

this is the case, bears more efficiently degrade ES and/or excrete it, whereas wolves also retain 

this compound in their tissues (Table 4.1). 
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Marine mammals did not biomagnify many of the CUPs to a significant degree, although 

there was some biomagnification of chlorothalonil and the endosulfan isomers from blubber of 

ringed seals to fat of polar bears (Table 4.2). The BMFs for chlorothalonil and Endo were 

significantly greater than one for bearFat:sealBlubber at both Barrow and Rae Straits (Range of 

BMFs = 1.9–3.8). -endosulfan underwent significant biomagnification only at Barrow Strait 

(BMF = 16 ± 4.9), and -endosulfan biomagnified significantly at Rae Strait only (BMF = 9.3 ± 

2.8; Table 4.2). In contrast, the BMFs for the CUPs in blubber of seals were all less than one, or 

were not significantly different from it (p <0.05), regardless of the dietary comparison (Table 

4.2). The BMFs at Rae Strait should also be interpreted with caution because of the dietary 

comparison made—Arctogadus are consumed by seals (Konana, G., Gjoa Haven Hunters and 

Trappers Association, Gjoa Haven, NU, personal communication)—but are unlikely to compose 

a majority of the seal diet [173]. However, the concentrations of CUPs in the pelagic fish from 

other locations were generally of the same order of magnitude or greater than those in 

Arctogadus (Table C16), so the biomagnification estimates would, if anything, be smaller than 

those estimated using Arctogadus. 

 At Barrow Strait, the BMFs for -endosulfan and Endo in both the plankton:algae and 

amphipod:algae were significantly >1 (BMF range = 1.7 ± 0.30 to 3.9 ± 1.1; Table 4.2). Only ES 

biomagnified significantly from plankton to Boreogadus (BMF = 2.6 ± 0.26); ES and Endo also 

biomagnified significantly from plankton to amphipods (BMFs = 3.8 ± 0.51 and 2.0 ± 0.31 

respectively). For the trophic transfer from amphipod to Boreogadus, only PCNB biomagnified 

significantly (p <0.05). No BMFs suggested biomagnification of the CUPs from plankton to 

Arctogadus; however, as discussed, plankton are unlikely to be a primary food source for 

Arctogadus as their diet is largely benthic [213]. None of the endosulfans biomagnified to 
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Cumberland Sound fishes from plankton, but both chlorothalonil and dacthal biomagnified 

significantly from plankton to capelin alone (BMFs = 2.7 ± 0.70 and 13 ± 5.0; p <0.05; Table 

4.2). Again, capelin, the transient species, had the greatest degree of biomagnification of any 

CUP among the lower TL biota. 

No comprehensive, field-based, bioaccumulation assessments of aquatic food chain 

biomagnification in the Canadian Arctic (or in any system to our knowledge) exist for PCNB, 

chlorothalonil, chlorpyrifos, or dacthal. Endosulfans have been shown to be bioaccumulative in 

aquatic and terrestrial food webs, however, evidence for biomagnification has been conflicting 

[14, 76]. Endosulfan did not biomagnify significantly in freshwater planktonic (USA) [272], 

Arctic terrestrial (Canada) [76], and Arctic marine mammal food chains (Greenland) [243]; but 

did biomagnify in freshwater piscivorous (Canada) [273], and in Arctic marine piscivorous and 

seabird food chains (Greenland) [243]. 

No BMFs were provided for Greenland biota, but they were calculated here for 

comparison with our results from the median Endo (only - + -endosulfan) data provided in 

the tables [243]. Biomagnification of Endo to Greenland fishes from shrimp were: 17 (capelin), 

3.7 [Atlantic salmon (Salmo salar)], 3.3 [Atlantic cod (Gadus morhua)] and 5.7 [sculpin 

(Myoxocephalus scorpius)], which were greater than any BMFs for similar comparisons in the 

present study; however, our data did also show that capelin had the greatest magnitude of 

biomagnification of endosulfan among the fish investigated (Table 4.2). In contrast to these 

results, the BMFs for Endo in sealBlubber:fish comparisons from Greenland (range = 0.034–0.17) 

were essentially equivalent in magnitude to our Endo BMFs (range = 0.034–0.12; Table 4.2). 

Chlordanes (Chlordane; chlorinated cyclodienes similar to endosulfans) biomagnified 

efficiently from blubber of ringed seals to fat of polar bears in Eastern Greenland (BMF = 6.2), 
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where BMFs were ≈ 2- to 4-fold greater than those observed here (BMFs = 1.5–3.8) [267]. The 

aforementioned differences in ecology of seals and exposures make the usefulness of spatial 

comparisons across large distances (i.e. Canada to Greenland) difficult to ascertain: however, 

these data suggest that the magnitudes of biomagnification in mammals, but not fishes, are 

comparable between the Canadian Arctic and Greenland. 

The majority of the tissue-specific BMFs of CUPs in muscle and liver of caribou and 

wolves in the terrestrial food chain were not statistically different from one, like those observed 

here for polar bears and seals [76]. Only chlorothalonil (caribouMuscle:diet BMF = 2.2 ± 0.61) and 

ES (caribouLiver:diet BMF = 2.1 ± 0.35) biomagnified significantly in caribou tissues, and only 

PCNB biomagnified significantly between caribou and wolf muscle (BMF = 2.5 ± 0.69). There 

were other BMFs, particularly in wolf:caribou, tissue-specific comparisons, that exceed one, but 

variability was large and these were not statistically different from one [76]. The BMFs for -

endosulfan in bearFat:sealBlubber at Barrow and Rae Straits (16 ± 4.9 and 14 ± 3.0 respectively) 

were within range of the estimate from Kelly et al. for top predator cetaceans (BMF = 22) [33]. 

The Barrow Strait, seal-based BMFs were smaller than those in Rae Strait and the previously 

reported BMF for seals [33], particularly in blubber (Table 4.2). 

Trophic magnification factors indicate that CUPs undergo trophic dilution throughout the 

individual food chains at each location, as well as in the composite Arctic marine food web 

assembled from all contaminant data with blubber used as the representative tissue of seals 

(Table 4.3; regression data in Table C21). Composite TMFs were experimentally calculated 

using plankton as the base of the food chain rather than ice-algae (at Barrow Strait and in the 

composite food web), and for other seal tissues, which also resulted in TMFs less than 1 (data 

not shown). Previous studies have found different TMFs for OCPs when calculated for whole 
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food webs containing marine mammals or seabirds or for solely poikilothermic food webs (e.g. 

algae-invertebrate crustaceans-fishes) [17, 33]. Here we found that ES biomagnified significantly 

through the poikilothermic food web [TMF = 1.4 (95% confidence interval = 1.1–1.9); Table 

4.3], but underwent trophic dilution in the marine mammal food web and food chains. These 

results corroborate our recent study in the terrestrial vegetation-caribou-wolf food chain which 

also found that CUPs underwent trophic dilution through the terrestrial mammalian food chain 

[76]. 

Despite several significant points of biomagnification for some of the CUPs in lower TL 

biota, seals and polar bears (Table 4.2), poor intestinal absorption and/or rapid degradation, 

biotransformation and depuration from tissues [114, 128, 135, 246, 247] likely prevent food 

chain/web wide biomagnification of these CUPs in the marine system. Concentrations of the 

CUPs remain in the low parts per billion range (ng g
-1

 lw), even in the top predators, and are not 

known to be a threat to wildlife or human health at these concentrations.

The OCPs with the greatest TMFs and BMFs in Arctic food chains were either the most 

recalcitrant compounds such as trans-nonachlor (TMFMAX = 10.4; BMFMAX = 111), and PCB153 

(TMFMAX = 26.3; BMFMAX = 325) or are biotransformation products such as oxychlordane 

(TMFMAX = 17.5; BMFMAX = 141) or p,p-dichlorodiphenyldichloroethane (DDE; TMFMAX = 

31.8; BMFMAX = 250) [268]; note that the biotransformation products had greater BMFs than 

trans-nonachlor. The biotransformation products also had greater TMFs in the representative 

marine mammal and combination food chains than in poikilothermic food chains alone [268], 

which is related to more rapid metabolism of xenobiotics in mammals than in fishes [267, 274]. 

The differences between marine mammal and poikilothermic food chain biomagnification of 

OCPs have been further explored by Kelly et al. [33], however, ES does not corroborate the “low 
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KOW, high KOA” hypothesis for greater biomagnification of organohalogens in marine mammals. 

Given the rapid depuration of endosulfans from mammals in laboratory studies [114], it is likely 

that further metabolism of ES to more polar metabolites, followed by excretion, prevents trophic 

magnification as observed in the poikilothermic food web alone. The non-detect concentrations 

of ES in fat of polar bears further support the hypotheses that the marine mammals, particularly 

the bears, effectively metabolize endosulfan and probably excrete the more polar degradation 

products (endosulfan diol, ether, and lactone) or quickly excrete ES before assimilation to fat 

[114]. 

BAFs for the CUPs were not significantly correlated with the log KOA or log KOW in the 

majority of comparisons (Pearson correlations, p >0.05). The log KOW was only significantly, 

negatively correlated with the log BAFs in blubber of seals from Barrow Strait (r
2
 = 0.62, p = 

0.034, n = 7), and there was also a significant (negative) relationship with BAFs in muscle of 

seals from Rae Strait (r
2
 = 0.70, p = 0.019, n = 7). Of the BMFs for the CUPs, the 

amphipod:plankton BMFs were significantly negatively correlated with the log KOW (r
2
 = 0.73, p 

= 0.032, n = 6) and the bearFat:sealBlubber BMFs were significantly positively correlated with the 

log KOA (r
2
 = 0.70, p = 0.037; correlations of bearFat:sealMuscle, bearFat:sealLiver were also positive 

and significant). Only the TMFs at Rae Strait were significantly, positively correlated with the 

log KOW (r
2 

= 0.90, p = 0.039, n = 5), and no TMFs were correlated with the log KOA. 

BMFs were also independent of relationships with the log KOW and log KOA in caribou 

and wolves, although the logarithm of the volumetric bioconcentration factors of CUPs were 

significantly correlated with the log KOA in vegetation [76]. In contrast, the BAFs in algae here 

were not correlated with either partition coefficient, suggesting more complicated factors 

affecting bioaccumulation between the primary producers. This could be related to a number of 
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factors, including reactions in seawater modifying contaminant concentrations and resulting 

patterns of bioaccumulation at the base of the food web in different ways than occur in air during 

LRAT and atmospheric deposition. Also, the cuticle and cell walls of terrestrial plants very 

effectively sorb contaminants immediately post-deposition [235], resulting in greater prominence 

on the surfaces of vegetation, providing stronger relationships that directly relate to the KOA. 

Additionally, the small number of contaminants detected in algae (n = 6) may not be sufficient to 

demonstrate this relationship, as highly significant relationships must be present to be detected at 

these numbers. Previous assessments have suggested that a lack of correlation with the partition 

coefficients in terrestrial mammals was related to the inclusion of non-recalcitrant contaminants 

in the correlation analyses [33, 162, 210], which could also be the case here, as most of the CUPs 

are relatively labile as compared with legacy OCPs used for previous analyses of these types. 

Our data do support effective bioaccumulation of the CUPs (BAFs >5000), which are 

low/intermediate KOW, high KOA contaminants, supporting some of the Kelly-Gobas hypotheses 

for increased accumulation of contaminants with these properties in food chains containing air-

breathing organisms [33, 162, 210]. However, the biomagnification assessment demonstrated 

differences in inter-TL biomagnification versus food chain or Arctic food web-wide 

biomagnification. We observed several points of biomagnification (BMFs significantly >1) for 

CUPs in some lower TL interactions and mammals. The largest BMFs were observed for 

endosulfans in marine mammals, which is likely to be due to biomagnification combined with 

biotransformation processes and subsequent bioaccumulation of the products [14, 76]. Along 

with modeled and measured results in other studies, the present study shows that endosulfans, 

particularly -endosulfan, are an effectively bioaccumulated and biomagnified contaminant in fat 

of polar bears relative to their diet [33, 76, 162]. Despite these points of biomagnification, the 
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CUPs all exhibited trophic dilution through the food chains and food webs, except for ES, which 

biomagnified significantly only when marine mammals were not included in the analyses. When 

combined with our results in the Arctic terrestrial environment, the data suggest limited risk of 

extreme biomagnification of CUPs to top predators and human subsistence hunters (as observed 

for some legacy OCPs) as concentrations of CUPs remain in the µg kg
-1

 and ng kg
-1

 range in top 

predators, regardless of TL-specific biomagnification. Additionally, the octanol partition 

coefficients are very poor predictors of the bioaccumulation and biomagnification potential of 

this suite of CUPs; fewer detections of these contaminants in remote environments limits the 

number of CUPs that can be utilized to elucidate these relationships. 
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4.6 FIGURES 

 

Figure 4.1. Concentrations of CUPs (pg L
-1

) in the unbound and dissolved phase (upper panel) and the 

particulate phase of seawater at three Arctic locations. Only concentrations that were greater than the MDL 

are shown. Sample points in the legend indicated by (dup) are separate duplicate samples taken at the same 

depth, collected immediately after the first sample. BS = Barrow Strait, RS = Rae Strait, CS = Cumberland 

Sound. 
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Figure 4.2. Stable isotope ratios of carbon (
13

C) and nitrogen (
15

N) in biota from the 3 food chains 

investigated. Note that polar bear data have been reported previously [56, 216], and individual isotopic 

signatures were randomly generated for Cumberland Sound biota within the ranges measured in a large 

dataset for biota collected concurrently with that reported here [214, 256]. 
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Figure 4.3. The percent composition of Endo (- + -endosulfan + endosulfan sulfate) of seawater and biota 

for the three locations investigated. 
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5 DISTRIBUTION OF ORGANOHALOGEN FLAME RETARDANTS 

IN SEAWATER AND THEIR TROPHODYNAMICS IN RINGED 

SEAL (PUSA HISPIDA) FOOD CHAINS FROM THE CANADIAN 

ARCTIC
4
 

5.1 ABSTRACT 

Concentrations of polybrominated diphenyl ethers (PBDEs) and alternative halogenated 

flame retardants (HFRs) were measured in the ringed seal (Pusa hispida) food chain, and in 

seawater from 3 locations in the Canadian Arctic. The concentrations of the HFRs in seawater 

were in the low pg L
-1

 range, and dissolved-phase concentrations were dominated by the tri–

heptaBDE congeners (>99.9% of PBDE), while particulate-phase samples were primarily 

composed of the highly brominated PBDEs, particularly BDE209 (38–60% of PBDE). 

Concentrations of the PBDEs and alternative HFRs were significantly positively correlated with 

the log KOW (at 2 of 3 locations). Bioaccumulation factors (BAFs) demonstrate effective uptake 

of PBDEs, 2,4,6-tribromophenyl allyl ether, 1,2,3,4,5-pentabromobenzene and 

pentabromotoluene by both water and air-breathing organisms (log BAFs = 4.8–9.4). 

Biomagnification of the HFRs through the food chains was limited as trophic magnification 

factors (TMFs) and the majority of the biomagnification factors (BMFs) were <1, or were not 

significantly different from it. Significant, positive relationships were observed between the 

BAFs of water-respiring organisms and the log KOW values. The BMFs of the HFRs in most seal 

tissue:diet comparisons, as well as the TMFs, were negatively correlated with the log KOW and 

log KOA. Therefore the contaminants with the greatest lipophilicity biomagnified less than those 

                                                 
 
4
Morris, A.D., Muir, D.C.G., Solomon, K.R.S., Letcher, R.J., Fisk, A.T., McMeans, B., McKinney, M., Teixeira, C., 

Wang, X., Duric, M., Amarualik, P. Distribution of organohalogen flame retardants in seawater and their 

trophodynamics in ringed seal (Pusa hispida) from the Canadian Arctic. To be submitted to Environmental 

Toxicology and Chemistry. 
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with intermediate properties, likely due to limited dietary assimilation, and biotransformation in 

fish and mammals. 

5.2 INTRODUCTION 

Halogenated flame retardants (HFRs) are widely detected environmental contaminants 

that have been known to reach the Arctic and accumulate in high trophic level biota for decades 

[150]. Polybrominated diphenyl ethers (PBDEs) are or were used as the flame retardant of choice 

in a broad range of synthetic materials [22]. PBDEs were available in three technical 

formulations (c-pentaBDE, c-octaBDE and c-decaBDE; 209 total congeners from mono- to 

decaBDEs) [38] that are now widely regulated, with c-penta- and c-octaBDE banned globally as 

new persistent organic pollutants (POPs) [18, 40, 41, 275].  

In the Canadian Arctic, concern regarding the presence of PBDEs in wildlife was raised 

when concentrations of total () PBDEs (tri–heptaBDE congeners only) were found to have 

increased exponentially in blubber of ringed seal (Pusa hispida) from 1981 to 2001, before 

stabilizing through 2003 [3, 192]. More recently, trends for residues of PBDE in ringed seal, 

polar bear (Ursus maritimus), cetacean and seabird tissues have leveled off or are slowly 

declining (maximums were 2004–2006) [9], coinciding with trends in air [2], and with 

voluntary phase outs of the c-penta- and c-octaBDE mixtures [34, 38]. Updated trophodynamics 

studies given these changes in production and use of the contaminants would be valuable for 

comparisons with older studies, when samples were collected during the phases of exponential 

increase [5, 10, 183]. 

DecaBDE (BDE209) has been phased out of production in the USA and Europe [40, 41, 

251], but is still used in most developed countries in commercial and industrial products, and 

will be present in the materials for decades (as will all PBDEs) [276]. DecaBDE debrominates to 
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lower, potentially more toxicologically active, BDE congeners in wildlife [49], which also 

complicates estimates of temporal trends and biomagnification. In addition to PBDEs, the use of 

alternative HFRs (any non-legacy, non-PBDE HFRs) increased during phase outs of the legacy 

HFRs, and will continue to increase as newly identified POPs are eliminated from production 

under the Stockholm Convention [16, 18]. Alternative HFRs have now also been detected across 

the Canadian and European Arctic in environmental media and wildlife [2, 7-11, 56, 193, 277], 

however the trophodynamics of most remain unexplored. 

We assessed concentrations of legacy and alternative HFRs in high Arctic seawater 

(dissolved and particulate phases) and in the food chains of ringed seal in Nunavut, Canada in 

order to investigate the spatial patterns of concentrations as well as their regional and Arctic-

wide bioaccumulation and biomagnification. 

5.3 METHODS 

5.3.1 Analytes 

Environmentally relevant tri- to decaBDE congeners and a set of alternative HFRs that 

met our quality assurance/quality control (QA/QC) criteria and could be analyzed under our 

conditions of gas chromatography-mass spectrometry (GC-MS) were selected for analyses. The 

suite of analytes is identical to that described and investigated by Morris et al. (Chapter 3; 

Appendix B) and includes tri- to decaBDE congeners (26 congeners from BDE17–BDE209) and 

a suite of alternative HFRs that included total hexabromocyclododecane (HBCDD), 1,2-

bis(2,4,6-tribromophenoxy) ethane (BTBPE), 2,4,6-tribromophenyl allyl ether (TBP-AE), 2,4,6-

tribromophenyl 2-bromoallyl ether (TBP-BAE), 2,4,6-tribromophenyl 2,3-dibromopropyl ether 

(TBP-DBPE), 1,2,3,4,5-pentabromobenzene (PBBz), pentabromotoluene (PBT), 

pentabromoethylbenzene (PBEB), hexabromobenzene (HBB), syn (s) and anti (a)-Dechlorane 

Plus (DP). The nomenclature follows the practical abbreviations (PRABs) methods outlined by 
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Bergman et al.[25]. The physicochemical properties are summarized in Table B8, structures are 

given in Figure B1, and their respective recoveries from seawater and filters are summarized in 

Table D1. Analytical specifications (fragments monitored, etc.) are given in Chapter 3 and 

Appendix B (Table B2). 

5.3.2 LOCATIONS, COLLECTION AND PROCESSING OF SAMPLES AND 

ANALYTICAL METHODS 

Marine sampling locations and methods are identical to those described in Chapter 4 and 

Appendix C, except that the sample numbers at Barrow Strait were slightly reduced for algae (n 

= 9), plankton (n = 11) amphipods (n = 4) and muscle of ringed seals (n = 15). After collection, 

samples were handled only in the clean laboratory at Environment Canada (Burlington, ON), 

except those for poikilothermic organisms samples from Cumberland Sound which were stored 

at the Great Lakes Institute of Environmental Research (GLIER, University of Windsor, 

Windsor, ON). Processing methods for water and biota are described in Chapter 4 and Appendix 

C, with all samples refractionated using a second silica elution as described for the HFR analyses 

in Chapter 3 and Appendix B.  

5.3.3 ANALYSES, QUANTIFICATION, AND QUALITY ASSURANCE/QUALITY 

CONTROL 

Analyses were performed using gas chromatography, negative chemical ionization, low 

resolution mass-spectrometry (GC-NCI-LRMS). Details of the GC-MS parameters, analytical 

programs and methods are identical to those described in Chapter 3 and Appendix B. Standard 

reference material (SRM) recoveries are presented in Table D2, and ranged from 58% (BDE99 

in SRM 1946) to 210% (BDE99 in SRM 1588b). Two outlying SRM concentrations in the SRM 

1588b skewed the concentrations of BDE99 and BDE154 in particular, so the data are presented 

both including and excluding these values in Table D2. Note that samples extracted with these 

SRMs did not have unusually high concentrations of BDE99 or BDE154. 
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All measured concentrations in biota were recovery-corrected relative to BDE71. For 

organisms with a relatively high lipid content (amphipods, fishes, mammalian tissues), the Leq 

was assumed to be equivalent to the lipid fraction (L) [33]. However, for organisms with 

smaller lipid contents (zooplankton and algae), non-lipid organic matter (NLOM) can be 

significant and is incorporated into the Leq (can be expressed as a percentage as Leq) using the 

calculations described in Kelly et al. [33] and Morris et al. [76]. Final concentration data for 

HFRs in biota are expressed as geometric means ± standard error in units of ng g
-1

 lipid weight 

(lw). 

Concentrations of analytes in the dissolved and particulate phases of water are expressed 

as pg L
-1

 and were not recovery-corrected. Concentrations of HFRs collected using XAD resin 

(dissolved phase) were also corrected for the freely dissolved (unbound) fraction to compensate 

for contaminant bound to dissolved organic carbon (DOC) (Appendix C, Equations C1–C3).  

Blanks for biota were grouped into 6-month extraction blocks with out-lying blank values 

for each analyte identified based on a Grubb’s Test. Outlying values were treated as non-detects 

and so were replaced with instrument detection limits (IDLs) )[260] divided by two and were 

included in the mean, standard deviation and MDL calculations. Sample data were blank-

corrected by the mean blank concentration of each analyte after correction of the blank to the 

appropriate sample mass (biota) or volume (water). Method detection limits (MDLs) were 

calculated as three times the standard deviation of compiled method blanks for each sample type, 

corrected to the average sample mass or volume (as for the blanks). 

If detection frequencies were ≥20% for a given analyte in samples of a particular type at 

each location (e.g., algae, plankton, etc.), mass corrected MDL/2 (or IDL/2) concentrations were 

substituted in place of zero values in the wet weight dataset. Substituted values were lipid 
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equivalent (for biota only) corrected, but not recovery corrected, for the calculation of geometric 

means, error terms, and for most statistical comparisons. Analytes with detection frequencies 

<20% in group were considered to be non-detects. For PBDEs, non-detect congeners were not 

included in total PBDE (PBDE) calculations (i.e. MDL/2 concentrations were not added to the 

sum when detection frequencies were <20%). 

5.3.4 STABLE ISOTOPE ANALYSES AND TROPHIC LEVEL CALCULATIONS 

Stable isotope methods and data were essentially identical to that reported in Chapter 4. 

The mean stable isotope ratios of carbon (
13

C) and nitrogen (
15

N) and resulting trophic levels 

(TLs) for Barrow Strait vary slightly from those reported in Tables C12 to C14 due to the smaller 

n values used in the present study as noted above (Section 1.2.2).  

5.3.5 BIOACCUMULATION AND BIOMAGNIFICATION OF HFRS 

Methods for calculation of bioaccumulation factors (BAFs, L kg
-1

), biomagnification 

factors (BMFs) and trophic magnification factors (TMFs) are the same as those described in 

Chapter 4. Arithmetic mean concentrations were used for the calculation of BAFs and BMF; 

however, a lack of error terms with the HFRs in air prevented reporting of the BAFs for 

sealBlubber with error terms. Data for concentrations of HFRs in air from Alert, Nunavut used for 

the calculation of BAFs are the same as those described in Chapter 3. BAFs for aquatic 

organisms were calculated using arithmetic mean dissolved phase concentrations in the water 

averaged across the years and depths at each location. Dietary comparisons for the BMFs and 

food web structures for TMF analyses were also identical to those in Chapter 4. TMFs were only 

calculated for analytes that exceeded 50% detection frequencies within each food chain or web, 

so that estimates are based on a majority of measured and not estimated concentrations. 
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5.3.6 STATISTICS 

Significance for most statistical tests was accepted relative to a type-I error rate of () = 

0.05. Most of the analyses of seawater were performed qualitatively; however, the mean 

concentrations at each location (mean ± standard deviation) were calculated when detection 

frequencies were ≥20% (at each specific location) to test for correlations between the HFRs and 

to calculate the BAFs for the aquatic organisms. Concentrations of HFRs in biota were log-

transformed prior to statistical analyses to better approximate the normal distribution and to 

better satisfy the parametric assumptions of most statistical tests (the majority were log-normal, 

or assumed to be so when sample sizes were small, Shapiro-Wilk tests, p >0.05). Pair-wise 

comparisons were made using student’s t-tests or Mann-Whitney U-tests (when data did not 

satisfy the parametric assumptions of the t-test). All multi-group comparisons were made using 

one-way analysis of variance (ANOVA), with Tukey’s post-hoc test to identify significantly 

different groups, or using Kruskal-Wallis ANOVA on ranks with a Dunn’s test when data did not 

meet the assumptions inherent to the ANOVA tests. Due to unequal sample sizes, most of the 

tests were non-parametric. 

BMFs were tested for significant differences from one using student’s t-tests. TMFs were 

only reported when slopes of the regressions were significantly different from 0 (p <0.05) and 

are reported with their 95% confidence intervals. As in previous chapters, log BAFs, BMFs, and 

TMFs were also tested for correlations with the logarithm of the octanol-water and octanol-air 

partition coefficients (log KOW and log KOA respectively). 

5.4 RESULTS AND DISCUSSION 

5.4.1 CONCENTRATIONS OF HFRS IN SEAWATER 

Concentrations of HFRs were assessed in both the dissolved and particulate phases of 

seawater at each location, although particulate phase samples were only assessed for 2008 and 
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2010. After correction of the dissolved phase concentrations for the DOC content of the water, 

the BDE congeners with log KOW values that exceeded approximately 7.6 (Table D3) contributed 

insignificantly to the PBDE (<0.10%) and will not be discussed. Differences were found 

between the three locations (Barrow Strait, Rae Strait, Cumberland Sound) and between the 

different depths (2 and 10 m), however there was no consistent pattern of the concentrations in 

the dissolved phase spatially, latitudinally, or with depth except at Rae Strait where the majority 

of the PBDEs were detected at greater concentrations at 2 m over 10 m (Figure 5.1; Table D4). 

BDE47 and -99 were the most abundant congeners in the dissolved phase of water, with 

BDE99 most consistently found at the greatest concentrations (range 1.0–5.0 pg L
-1

); BDE47 had 

the greatest individual concentration, and was greatest in 4 of 11 samples (0.18–6.2 pg L
-1

; 

Figure 5.1; Table D4). BDE49 was detected sporadically (27% of samples), but at greater 

concentrations (range 1.1–1.6 pg L
-1

) than the other relatively minor components of the technical 

mixtures. The rank order of the remaining congeners present in the c-pentaBDE mixture (c-

pentaBDE) [38] was BDE28/33 (0.085–0.77 pg L
-1

) >BDE100 (0.010–0.54 pg L
-1

) >BDE153 

(5.1  10
-4

–0.23 pg L
-1

) >BDE66 (0.011–0.20 pg L
-1

) >BDE85 (3.4  10
-4

–0.078 pg L
-1

) 

>BDE154 (3.5  10
-4

–0.016 pg L
-1

) (Figure 5.1; Table D4). The detection frequencies of the 

alternative HFRs were all less than 30% in the dissolved phase, with greater KOW compounds 

(DP isomers, BEH-TEBP, HBCDD), detected in only one or two samples, however their 

abundance in the particulate phase confirms their presence in the water column (Figure 5.1; 

Table D4–D5). TBP-AE (0.019–0.56 pg L
-1

), HBCDD (2.7 pg L
-1

) and some of the 

bromobenzenes (PBBz, PBEB, PBT, HBB; 8.5  10
-3

–0.43 pg L
-1

) were found at concentrations 

comparable to the PBDEs (Table D4). 
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Concentrations of the HFRs in blanks were a greater proportion of the concentrations in 

samples (signal) in the dissolved phase of seawater than in the particulate phase (Table D8). 

Blank concentrations of appropriate analytes (log KOW <7.6) in the dissolved phase of seawater 

ranged from 5.0% (BDE49) to 120 ± 131% (BDE66) of the sample concentrations in the raw, 

uncorrected data (Table D8). The large blank concentrations of the less abundant analytes (such 

as BDE66, BDE85, HBB, PBB-Acr) increase the uncertainty of these concentration estimates 

unfortunately. Their concentrations are given for comparisons with future studies; however, the 

value of these measurements is ultimately limited. This helps illustrate the difficulties of 

measuring ultra-trace concentrations of organic contaminants in seawater, despite adherence to 

clean sampling techniques, materials (stainless steel) and use of the clean lab at Environment 

Canada (Burlington, ON) for sample processing. Blank concentrations were a smaller proportion 

of the concentrations in samples of the particulate phase samples for all of the analytes, ranging 

from 8.4% (a-DP) to 68 ± 40% (BDE153; Table D8). 

The majority of the PBDE in the dissolved phase of seawater at all locations was 

composed of the tri–heptaBDEs (>99.9% of PBDE concentrations), but they accounted for only 

13– 14% of the PBDE concentrations in the particulate phase at Barrow and Rae Straits, and 

45% in Cumberland Sound (Figure D1, Table D5; blanks for water are summarized in Table D6–

D7; particulate phase was only measured in 2008 and 2010). The octaBDEs contributed <10% of 

the PBDE, the nonaBDEs between 10–20% and the remainder of the PBDE in the particulate 

phase was BDE209 (38–60%; Figure D1). The percent contributions of deca- (38%) nona-

(12%) and octaBDEs (5.7%) were the smallest at Cumberland Sound, while contributions from 

the tetra- to hexaBDEs were greatest at this location. 
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The greatest concentrations of the tri- to hexaBDEs in the particulate phase were again 

inconsistent between the three locations (Figure 5.1; Table D5). BDE47 had the greatest 

concentrations of this group of congeners (0.21–5.0 pg L
-1

) followed by BDE99 (0.75–1.8 pg L
-

1
). For the more highly brominated BDE congeners, the order of decreasing ranges of 

concentrations was BDE209 (11–32 pg L
-1

) >BDE207 (0.71–4.5 pg L
-1

) >BDE208 (0.71–3.6 pg 

L
-1

) >BDE206 (0.35–2.3 pg L
-1

) >BDE196 (0.13–1.6 pg L
-1

) >BDE198 (0.081–0.94 pg L
-1

; 

Table D5). The hepta- to nonaBDEs, BDE154, and PBDE, were greatest in the sample at 2 m 

depth at Barrow Strait (2010). Only BDE209 did not fit the trend with depth, as the 10 m sample 

from Barrow Strait (2010; 32 pg L
-1

) in 2010 had a greater concentration than the 2 m sample. 

The PBDEs in the particulate phase were uniformly greater at 2 m than at 10 m in Rae Strait 

(note that the inverse is true for the alternative HFRs in this sample; Table D5). Interactions with 

the sea-ice directly, the release of particulate and dissolved organic matter from the ice, and 

inflows from nearby freshwater sources are the most likely explanations for these differences 

[159]. 

TBP-AE was the only alternative HFR with a relatively small KOW (log KOW = 5.6) to be 

detected consistently (100% detection; 0.043–0.69 pg L
-1

) in the particulate phase, however the 

alternative HFRs with greater KOW values were detected at high frequencies (Table D5). HBCDD 

was detected in all samples, although concentrations varied across a relatively wide range (0.12–

6.9 pg L
-1

). One outlying concentration is not included in this estimate for HBCDD (42 pg L
-1

; 

Cumberland Sound, 2008, 10 m), but remains a positive detection for the presence of HBCDD. 

EH-TBB (0.077–9.8 pg L
-1

), BEH-TEBP (1.3–3.2 pg L
-1

), a-DP (0.19 -1.2 pg L
-1

) and s-DP 

(0.35–0.58 pg L
-1

) were also detected at greater concentrations (in some locations) than PBDEs 

or other alternative HFRs (Figure 5.1; Table D5). 
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The logarithm of the particulate phase concentrations of HFRs were significantly 

positively correlated with their log KOW values in Barrow (Pearson r
2
 = 0.16, p = 0.048, n = 27) 

and Rae Straits (Pearson r
2
 = 0.18, p = 0.031, n = 27), but not at Cumberland Sound (p >0.05; 

removing the apparent HBCDD outlier did not yield a significant probability). PBDEs are known 

to degrade under exposure to sunlight/UV in various media and while sorbed to dust particles 

[199, 200, 252, 278, 279], with the nonaBDEs being particularly susceptible to rapid 

photodegradation [95]. This also enhances concentrations of the lower brominated congeners that 

are products of photodegradation [278, 279]. BTBPE [52], BEH-TEBP [52, 95], EH-TBB [95], 

HBB [81] and other alternative HFRs also undergo photodegradation to varying degrees, which 

also affects their resulting concentrations in surface waters. Cumberland Sound had semi-open 

water conditions in 2008 (drift ice was still abundant), increasing the potential for photolytic 

degradation of the HFRs in the surface waters here relative to Barrow and Rae Straits (solid ice 

cover). Photodegradation is likely among the most important factors affecting concentrations of 

HFRs (particularly the PBDEs) and the KOW-concentration relationship in surface waters when 

there is a significant amount of open water, as there was at Cumberland Sound. 

Concentrations of BDE47 [non-detect (ND)–0.037 pg L
-1

], BDE66 (ND) BDE99 (ND–

0.017 pg L
-1

), BDE100 (ND–0.012 pg L
-1

), and BDE209 (ND–0.17) in the Bering Strait and the 

Chukchi Sea were one to two orders of magnitude lower in the dissolved phase, and even lower 

in the particulate phase, than the concentrations reported here (Table D4–D5) [7, 190]. These 

measurements were all taken in the open ocean using ship-intakes and a flow through system, 

making comparisons with our samples taken using the sea-ice as a platform (Barrow and Rae 

Straits), or when sea-ice was broken up still abundant in the area (Cumberland Sound) 

inappropriate due to the myriad of potential effects of sea-ice on concentrations of contaminants 
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[159]. Local dumps and beaches in the communities could also be important sources of 

contamination with HFRs [58]. Synthetic, HFR-containing products (building materials, 

upholsteries, insulation, electronics) are discarded or damaged and left to degrade in dumps or on 

the beaches of the Inuit communities (personal observation) which could elevate concentrations 

during melt and run-off, and which would not be a factor in the open ocean. 

5.4.2 STABLE ISOTOPE RATIOS AND ECOLOGICAL RELATIONSHIPS 

Carbon and nitrogen stable isotope values (
13

C and 
15

N) in this food chain are 

discussed and compared statistically in Chapter 4 (Figure 4.2) and Appendix C (Results and 

Discussion, Tables C12–C14). The values were changed slightly in the present study due to 

slightly reduced sample sizes for zooplankton and amphipods. TLs were recalculated here from 

the reduced 
15

N dataset (Table D9). 

5.4.3 CONCENTRATIONS OF HFRS IN BIOTA 

The focus of the study is on bioaccumulation, and since seals are 30 to 70% lipid by mass 

[271], the concentrations in blubber are most representative of whole body lipid corrected 

concentrations, and the most pertinent to the analyses. The majority of the discussion focuses on 

the lower TL organisms and blubber of seals, although the lipid-normalized concentrations for 

the large majority of the PBDEs and alternative HFRs were greatest in muscle of seals >liver 

>blubber; blood concentrations were intermediate at Barrow Strait but tended to be larger at Rae 

Strait and were comparable to muscle and liver concentrations (Table D9). The very small lipid 

contents of muscle and blood enhanced the concentrations of the HFRs relative to the other 

tissues, as the wet weight concentrations were typically greatest in blubber >liver >muscle 

≥blood; the final lipid weight concentrations should be interpreted with some caution. 
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Differences in concentrations of HFRs were apparent both within and between the food 

chains. Within the Barrow and Rae Strait food chains (not considering seal tissues other than the 

blubber) the greatest concentrations (on a lipid weight basis) of HFRs were observed in the 

invertebrates (algae, plankton, amphipods; Table D9; blanks in Table D10–D11). Plankton at 

Rae Strait had significantly greater concentrations of PBDE than all other biota in that food 

chain at 1.7  10
3
 ± 1.3  10

3
 ng g

-1
 lw >60 ± 22 ng g

-1
 lw (Arctogadus) >30 ± 8.0 ng g

-1
 lw 

(blubber of seals ; p <0.05). Amphipods had the greatest concentrations of PBDE at Barrow 

Strait (519 ± 83 ng g
-1 

lw) >258 ± 86 ng g
-1

 lw (plankton) >111 ± 175 ng g
-1

 lw (algae) >77 ± 32 

ng g
-1

 lw (Boreogadus) >5.7 ± 5.4 (blubber of seals ). Statistically significant differences in 

concentrations were not detected between lower TL biota; however, the concentrations of 

PBDE in all of the lower TL biota were significantly greater than those in blubber of seals (p 

<0.05). In Cumberland Sound, the concentrations HFR were similar in plankton and char, but the 

greatest concentrations for all of the HFRs were found in capelin (Table D9). The higher 

brominated PBDEs were not analyzed in blubber of seals from this location, but concentrations 

of tri–heptaBDE were of the order 149 ± 38 ng g
-1

 lw (capelin) >9.4 ± 3.2 ng g
-1

 lw (char) >5.5 

± 1.8 ng g
-1

 lw (plankton) >4.4 ± 0.90 ng g
-1

 (blubber of seals ); the concentrations of PBDE 

were in the same order (excluding seals): 412 ± 414 ng g
-1

 lw >37 ± 8.3 ng g
-1

 > 34 ± 18 ng g
-1

 

(Table D9). 

The octa- to decaBDEs contributed the majority of the PBDE in biota (Figure D1). The 

profiles of PBDEs in seawater and air did not approximate the proportions of the PBDE in 

biota, even those of lower TL organisms (Figure D1). This could be due to several factors, 

including disproportionate bioaccumulation from the environment and/or from the diet in 

consumers, and metabolic modification of the congener patterns in mammals and fishes [5, 10, 
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47, 48, 183, 197, 198]. When the concentrations of tri–heptaBDE were assessed alone, there 

was a stronger similarity between congeners in biota and the Bromkal 70-5DE mixture than was 

apparent when assessing all congeners together (Figure D2). Despite restrictions on its use, the 

“finger print” of c-pentaBDE is still apparent in environmental samples when assessed 

independently. 

DecaBDE comprised 60% of the PBDE in all biota, except in liver of seals at Rae 

Strait (48%) and seal blood at Barrow Strait (0%; Figure D1). Samples in Cumberland Sound 

again had a reduced contribution from decaBDE to the PBDE, and plankton at this location had 

greater proportions of the nonaBDEs (45%) than did Barrow (13%) or Rae Straits (11%). This 

could again be indicative that photolytic degradation of BDE209 in the surface waters [199], or 

in snow prior to and during the spring melt [6], are significant factors (particularly in 

Cumberland Sound with significant amounts of open water), and that this led to a comparatively 

larger exposures and bioaccumulation to the nonaBDEs in lower TL biota at this location (Figure 

D1).  

The profiles of PBDEs in the Cumberland Sound seals are similar to those observed for 

cetaceans from the Eastern Arctic (although the previous study did not report on octa- or 

nonaBDEs) [183]. The proportions of PBDEs in plankton and Boreogadus in the same eastern 

food web were also similar to those of Cumberland Sound (the eastern-most sampling location 

here) plankton and the fish in the present study respectively [183]. Profiles of PBDEs in the 

Western Arctic were less similar to any in the present study, as BDE209 was <10% of the 

PBDE in all biota (octa- and nonaBDEs were again not reported). The PBDE estimates in the 

present study are difficult to compare to those in the literature due to the different congeners 
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involved in the summation; which an ongoing problem with comparisons of the concentrations 

of PBDE [267]. 

Concentrations of all of the measured BDE congeners were strongly correlated through 

the food chains (all organisms including seal blubber, muscle and liver) at Barrow Strait and 

Cumberland Sound but fewer correlations were found at Rae Strait (Pearson correlations on 

logged concentrations; Table D12). Previous studies have shown that the concentrations of 

perfluoroalkyl substances (PFASs) were significantly greater and patterns of accumulation in 

seals from Rae Strait differed from those at Cumberland Sound and Eastern Hudson’s Bay, 

presumably due to terrestrial sources of contaminants from the rivers nearby [265]. Another 

important factor at Rae Strait is that Arctogadus are primarily a benthic fish [213] and, although 

ringed seals do feed on them, they are not a primary food source of the seals (Inuit traditional 

knowledge). Arctogadus therefore would have different environmental and dietary exposures 

than the pelagic fishes and planktonic organisms. These alterations to the food chain structure 

affect the trophic transfer of contaminants and are likely also a factor affecting the relationships 

between the BDE congeners. 

Of the alternative HFRs, harp seals (Pagophilus groenlandicus) from the Greenland coast 

had much greater concentrations of TBP-AE (5.4–9.1 ng g
-1

 lw) than detected here (ND–0.020 

ng g
-1

 lw) as well as much higher concentrations of TBP-DBPE (322–470 ng g
-1

 lw) and TBP-

BAE (4.9–6.5 ng g
-1

 lw), which we did not detect in water or in any biota (Tables D4–D5 and 

D9). BTBPE, HBB and BEH-TEBP have also been sporadically detected in blubber of ringed 

seals in previous studies from the Canadian Arctic, but ranges were not given (>0.020 ng g
-1

 lw) 

[9]. The total concentration of HBCDD in the same ringed seals ranged from ND to 3.0 ng g
-1

 

lw [9] compared to a range of 0.12–0.85 ng g
-1

 lw at the three locations studied here. Greater 
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concentrations of HBCDD were also reported in samples of Boreogadus from the Western Arctic 

(6.1 ± 4.7 ng g
-1

 lw) than here (0.24 ± 0.038 ng g
-1

 lw) [10]. 

5.4.4 SPATIAL PATTERNS OF CONCENTRATIONS IN BIOTA 

Spatial differences are evident; however, because of differences in the food chain/web 

structures and temporal variation of the samples throughout the Arctic, it is typically difficult to 

identify individual variables that cause the differences between species in different locations. 

Spatial differences were assessed using 2008 samples only to eliminate any temporal effects on 

the concentrations. Spatial comparisons revealed that concentrations of HFRs in plankton and 

seals were greater at Rae Strait than the other locations (Table D13). In general, the 

concentrations in plankton from Rae and Barrow Strait were not statistically different because of 

the degree of variability in both data sets. The tri–heptaBDE and PBDE concentrations were 

significantly greater in Rae Strait than in Cumberland Sound (Table D13). There were no 

significant difference in concentrations of alternative HFRs in plankton again due to sporadic 

detections and substantial variability in these samples (e.g., see HBCDD, Table D9 and D13). 

Among the fishes in the study, the concentrations of HFRs in capelin exceeded those in 

all fish at all locations. Concentrations were typically greatest in capelin >Boreogadus >Arctic 

char >Arctogadus; for example the concentrations of PBDE in these organisms was 412 ± 414 

>92 ± 82 >60 ± 22 >37 ± 8.2 ng g
-1

 lw, respectively. The large degree of variability in these 

estimates was contributed by the nona- to decaBDEs, as the tri–heptaBDE estimates were more 

consistent (149 ± 38 >11 ± 3.0 >9.4 ± 3.2 >4.8 ± 2.4 ng g
-1

 lw, respectively). Conversely, 

concentrations of TBP-AE and PBBz were significantly greater in Boreogadus (0.14 ± 0.027 ng 

g
-1

 lw) than in other fish, as was HBCDD (not detected in other locations). Capelin have 

previously been identified as a transient species that range to lower latitudes, feeding on plankton 



172 

 

in more heavily contaminated temperate regions [214], which is the most likely explanation for 

the much greater concentrations in these fish relative to the other three Arctic resident species. 

This was also evident when comparing concentrations of CUPs in these organisms (Chapter 4, 

Appendix C, Table C16). 

Concentrations in blubber of the seals at Cumberland Sound and Rae Strait were very 

similar and not significantly different for most analytes, but the animals at Rae Strait tended to 

have the greatest concentrations of the three locations. BDE47 was significantly greater (One-

way ANOVAs or Kruskal Wallis ANOVAs on ranks, p <0.05) at Rae Strait than Barrow Strait 

(3.6 ± 0.83 ng g
-1

 lw and 1.7 ± 0.31 ng g
-1

 lw respectively), as were BDE100 -153 -206 to -208, 

tri–heptaBDE, tri–nonaBDE and BTBPE, however the PBDE were not significantly 

different (Table D13). Concentrations of HBCDD were significantly greater in blubber of seals 

from Cumberland Sound (0.85 ± 0.12 ng g
-1

) than in Rae Strait (0.27 ± 0.045 ng g
-1

 lw) but was 

not significantly different from blubber of seals in Barrow Strait (0.45 ± 0.12 ng g
-1

 lw). The 

concentrations of the BDE congeners in all other seal tissues (muscle, liver, and blood) were 

either greater in Rae Strait seals than Barrow Strait, or were not significantly different; BDE207 

was the exception, with significantly greater concentrations in liver of seals from Barrow over 

Rae Strait (1.6 ± 0.59 and 0.30 ± 0.40 ng g
-1

 lw respectively). Of the alternative HFRs, TBP-AE 

and PBBz were also significantly greater in livers of seals from Barrow Strait (0.12–0.34 ng g
-1

 

lw) than in Rae Strait (2.2  10
-3

–1.6  10
-3

 ng g
-1

 lw) (Table D13). Along with the data for 

concentrations in water, for CUPs (Chapter 4) and that previously observed for the PFASs [265], 

Rae Strait has been shown to have a greater degree of contamination in both environmental 

media and biota than the other two locations. 
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5.4.5 BIOACCUMULATION AND BIOMAGNIFICATION OF HFRS 

BAFs were only calculated for contaminants with a significant presence in the dissolved 

phase of seawater (see Table D3; not calculated for the octa- and nona-BDEs, EH-TBB, BTBPE, 

BEH-TEBP or the DP isomers). Water-respiring organisms had smaller BAFs for the HFRs than 

did ringed seals (relative to air) for all compounds except BDE183, which had a greater log BAF 

in algae (log BAF = 9.2  8.8) and plankton (8.6  7.9) than in blubber of seals (8.3) at Barrow 

Strait (Table 5.1). The log BAFs of the tri–heptaBDE at Barrow Strait ranged from a low of 6.2 

(plankton and Boreogadus) to 8.6 (blubber of seals); from 6.1 (Boreogadus) to 9.1 (blubber of 

seals) at Rae Strait; and from 5.9 (plankton) to 9.0 (blubber of seals) at Cumberland Sound. 

BDE154 and BDE183 had among the greatest log BAFs at all trophic levels, followed by 

BDE100, BDE47 and BDE153. 

Few alternative flame retardants were detected in biota, seawater and air together, so 

BAFs could only be calculated for a few compounds. The log BAFs of TBP-AE in the water-

respiring organisms at all locations (log BAFs = 5.9–8.3), and those of PBT at Barrow Strait 

(6.6–7.5) were among the greatest of those calculated (maximum log BAFs were BDE154 and -

183) in low TL biota (algae, plankton); however, the log BAFs of the alternative HFRs were 

intermediate to the PBDEs in ringed blubber of seals (all relative to water, Table 5.1). Note that 

the freely dissolved proportions of BDE183 and -154 in water were small relative to the tetra- 

and pentaBDEs (fractions freely dissolved = 0.011–0.081), which enhanced the BAFs of these 

compounds. 

Patterns of BAFs through the food chains did differ spatially, and differences were more 

pronounced in the lower TL biota than in the blubber of seals. The log BAFs of the individual 

HFRs in blubber of seals at Rae Strait (range of log BAFs = 8.3–9.4) and Cumberland Sound 
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(8.7–9.4), as well as those of the tri–heptaBDE (log BAFs = 9.1 and 9.0 respectively), were 

very close in value to each other, and were greater than those at Barrow Strait for most of the 

HFRs (range of log BAFs = 8.4–8.9; tri-heptaBDE = 8.6). The log BAFs observed in blubber of 

seals at Cumberland Sound were typically intermediate to the maximums at Rae Strait and the 

minimums at Barrow Strait. The log BAFs in blubber of seals relative to water were of the same 

magnitude as those for water respiring organisms and were thus smaller than those in blubber of 

seals relative to air (Table 5.1), although comparisons with air are more relevant for comparisons 

with environmental media in air-breathing mammals when air concentrations are available [33, 

162, 210]. 

The log BAFs for the HFRs in the fish from the three locations were greatest in capelin, 

intermediate in char and Boreogadus, and typically smallest in Arctogadus, although there were 

exceptions that were greater in Arctogadus than some other fish (BDE47, TBP-AE). Plankton 

from Rae Strait had greater log BAFs than Barrow Strait or Cumberland Sound for all of the 

HFRs reported; they were also greater than algae (Barrow Strait only) for all HFRs except 

BDE28/33, which was greater in algae than in any of the plankton. In fact, either plankton from 

Rae Strait or capelin from Cumberland Sound had the greatest log BAFs of the water respiring 

organisms for all of the HFRs (except BDE28/33).  

The BAF values of the alternative HFRs (when measurable) tended to vary more widely 

than those of the PBDEs, even within the water-respiring organisms alone. For example the log 

BAF for TBP-AE in water-respiring organisms at Barrow Strait ranged from 5.9 (Boreogadus) to 

7.2 (algae), where BDE47 varied between 6.2 (plankton) to 6.6 (algae); ranges are broader when 

seals are included. This is probably due to several factors, including the relatively short 

atmospheric and biological half-lives of the tribromophenoxy and tribromophenyl compounds 
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(Table B8). In the case of bromobenzenes (which have comparable atmospheric and biological 

half-lives to the PBDEs), it may simply be a case of bioavailability, as most of these compounds 

are low production volume chemicals (<1000 tonnes y
-1

; See Section 1.2.1.4.5) that were 

detected sporadically in the dissolved phase of water (Table D4) and are also rarely detected in 

Arctic air [2, 7, 93, 190]. 

The log BAFs of PBDEs calculated here for seals are comparable, but smaller, than those 

reported for the same congeners in the Eastern Hudson Bay marine food web [5]. Kelly et al.[5] 

also observed some of the greatest log BAFs in ringed seals for BDE183, -154, -153 and -100, 

however BDE47 had a smaller log BAF than these congeners in that study. Realistically, the 

range of factors affecting the estimates of BAFs, including seasonality, temporal changes and the 

physiological state of the individual animals, make comparing BAFs across studies difficult 

and/or inappropriate as was found with the BCFv values calculated in the terrestrial environment 

(Chapter 3).  

In terms of dietary transfer, the large majority of the calculated BMFs for the biota in the 

study were below one, indicating that HFRs do not biomagnify significantly in most of the 

comparisons (2-tailed t-tests, p >0.05; Figure 5.2; Table D15). The largest, significant BMFs 

were observed in the trophic transfer from plankton to capelin at Cumberland Sound for BDE47 

(29 ± 7.3), BDE99 (30 ± 9.2), PBBz (5.1 ± 1.7), BDE183 (4.5 ± 1.0) and the total tri–

heptaBDE (28 ± 7.0). Although the BMFs for BDE209, PBDE and BTBPE were also large for 

the capelin:plankton comparisons the error terms prevented statistically significant differences 

from one from being detected (Figure 5.2; Table D15). At Rae Strait, only the BMF of BDE154 

in the sealBlubber:Arctogadus comparison significantly exceeded one (4.9 ± 1.8). Like Cumberland 

Sound, the BMF of PBBz in the fish:plankton comparison at Rae Strait also exceeded one (1.7 ± 



176 

 

1.4), however this result was not statistically significant. At Barrow Strait, the BMF for 

Boreogadus:amphipod for BDE17 (3.0 ± 0.73) and BDE154 (2.8 ± 0.55) were significantly 

greater than one, as was the BMF for BDE154 for Boreogadus:plankton (2.0 ± 0.31). It must 

again be noted that the BMFs for PBBz in the low-TL comparisons all exceeded one, ranging 

from 1.7 ± 0.40 (Boreogadus:amphipods) to 14 ± 12 (amphipods:algae), although variability was 

large and these were not statistically significant (Figure 5.2; Table D15). 

The BMFs of the octa- to decaBDEs did demonstrate biomagnification in a number of 

lower TL comparisons, particularly for the octa- to decaBDEs and the alternative HFRs (Figure 

5.2; Table D15). In cases where the BMF substantially exceeds one, it is reasonable to assume 

that a significant amount of trophic transfer is occurring (e.g., PBBz, nonaBDEs in 

capelin:plankton; Table D15), however it cannot be said with certainty that the compounds are 

biomagnifying as results are not statistically significant. The BMFs in blubber of seals (with the 

exception above of BDE154 at Rae Strait) were all less than one or did not range far above unity 

(e.g., BDE99 and -100 at Rae Strait had BMF ≈ 1.1). Despite some biomagnification of the 

HFRs in the lower TL transfers, seals feeding on the contaminated prey did not biomagnify the 

HFRs significantly to blubber (Figure 5.2; Table D15). 

The BMFs of nona- to decaBDEs in liver of seals at both locations were all below one 

(some were significantly greater than one in muscle), while the BMFs of BDE201 exceeded one 

in some sealLiver:diet comparisons at both Barrow and Rae Straits (Table D16). Given the relative 

abundance of the nonaBDEs in the particulate phase of seawater and in prey species, and that 

metabolic debromination of BDE209 in fish and other wildlife produces nona- and octaBDEs 

[47, 49, 197, 198, 280], identifying whether differences in concentrations, BAFs and BMFs are 

due to differential absorption and bioaccumulation of these compounds, or debromination of 
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BDE209 and other highly brominated congeners is not possible without additional metabolic 

assays. 

Previously reported BMFs of PBDEs in the Western Arctic marine food web were 

comparable to our findings in that no biomagnification between seals and their diet was observed 

[10]. BMFs of tetra- to hexa-BDE congeners at this location in ringed sealBlubber:Boreogadus 

were all ≈ 0.01 [10]. Beluga in this food web also had similar BMFs to the seals when 

Boreogadus was used for the dietary comparison, but a different, Eastern Arctic population of 

beluga had greater BMFs for these congeners (BMFs = 1–27) [183]. BMFs of PBDEs in polar 

bears from the Lancaster Sound/Barrow Strait region (feeding on ringed seals) ranged from 4.5 

(BDE47) to 58 (BDE153) [8]. Therefore, despite a lack of biomagnification of the PBDEs into 

the blubber of seals, polar bears did biomagnify several PBDEs from the seals [8]. However, in 

the same study, and others studying bears from East Greenland, the BMFs of the PBDEs in 

adipose of polar bears were also less than one [281, 282], so the aforementioned effects of 

temporality, seasonality, physiological state and food web structure in the lower TLs are 

significant factors to consider between studies. 

Trophic magnification factors in all comparisons made were less than one indicating that, 

despite some small degrees of TL-specific biomagnification, the HFRs investigated here undergo 

trophic dilution through the Barrow and Rae Strait food chains, and through the composite 

ringed seal (biota from all three locations) and poikilothermic (all non-mammalian organisms) 

food webs (Table 5.2; Table D17). Few of the alternative HFRs had detection frequencies 

exceeding 50% throughout the study systems, and some that were detected at greater frequency 

in specific food chains (BTBPE) did not yield significant regressions (p >0.05). The TMFs for 

the tri- to heptaBDEs calculated here are smaller than those previously reported in Canadian 
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Arctic food chains (Table 5.2). BDE47 had TMFs ranging from 0.57 to 0.75 in the present study 

(Table 5.2; Table D17), while the same congener exhibited a small degree of trophic 

magnification in the Eastern Hudson Bay food web (TMF = 1.6; [5]) and in the Eastern Arctic 

marine food web (TMF = 2.5; [183]). Concentrations of PBDEs in blubber of seals have shown 

declining trends since 2005 [9], which would logically result in smaller estimates for the TMFs 

as observed here (thought the effects on different organisms in the food chain are likely to be 

different). It was also hypothesized that debromination of the more highly brominated congeners 

enhanced tissue residues of BDE47 in the Eastern Hudson Bay study [5], resulting in greater 

trophic magnification of this congener. This may still be true here, but reductions in the 

production and environmental concentrations of BDE47 may have offset any debromination-

concentration enhancement of this congener, so that concentrations of the PBDEs continue to 

decline overall [9]. 

Many of the environmentally prominent PBDEs undergo biotransformation and 

metabolic debromination in wildlife, as do several of the alternative HFRs [5, 10, 45, 48, 73, 

100, 183, 194, 197, 281]. The TMFs of BDE209 (range of TMFs = 0.22–0.53) were within range 

of that previously reported in the Eastern Arctic food web (TMF = 0.30) [183]. BDE209 is 

theoretically entirely particle-bound in the marine environment due to its high KOW (Table D3), 

which also results in reduced dietary assimilation efficiency (<5% in fish) [197], as it remains 

bound to the feces and is excreted. This, coupled with biotransformation in wildlife [47, 49, 197, 

267] are key factors that limit the trophic magnification of this contaminant, and possibly other 

higher brominated PBDEs, across marine food chains and webs. 

Challenges related to temporal and spatial differences, as well as differences in food 

chain/web structure, have been noted when attempting to compare biomagnification metrics 
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between studies [17, 268]. For example, previous studies sampled marine mammals between 

1996 and 2002 [183] or 1999 and 2003 [5], corresponding to a period of exponentially increasing 

concentrations of PBDE in blubber of ringed seals (1981 to 2001) [3], prior to a stabilization 

period from 2003 onwards [192]. The lesser trophic magnification of PBDEs observed here 

(samples from 2007–2011) are likely to be at least partly attributed to the restrictions on the use 

of c-pentaBDE after 2004 [34]. Careful monitoring of tissue residues in the next decade will be 

important, as the net effects of climate change on dynamics of contaminants in the Arctic 

environment are not known. The increased occurrences of previously temperate, migratory 

animals within the Arctic food web will also alter exposure regimes of the consumers, resulting 

in different patterns of accumulation and biomagnification as reported for legacy POPs at 

Cumberland Sound [214]. 

Differences in food chain/web structure are also important factors to consider. The 

inclusion of beluga (Delphinapterus leucas), narwhal (Monodon monoceros), and walrus 

(Odobenus rosmarus), but not ringed seals in the Eastern Arctic food web is problematic for 

comparisons, as beluga typically have greater concentrations of HFR than seals [183]. Although 

the Kelly et al. [5] study was very thorough, their food web had significant differences from ours 

in the lower TLs—plankton were not included, but a number of fish species that occupy different 

niches and have different dietary exposures were included. This alters the estimates of trophic 

magnification, as does the inclusion of transient species (beluga, capelin) in that food web [214]. 

5.4.6 RELATIONSHIPS OF BIOACCUMULATION METRICS WITH OCTANOL 

PARTITION COEFFICIENTS 

The logarithm of the BAFs was strongly and positively correlated with the log KOW for 

all of the water-respiring biota (algae, plankton, amphipods and fish) in all 3 food chains 

(Pearson r
2
 = 0.76–0.91, p <0.0001; Table D18); significant correlations with the log KOA were 



180 

 

also observed, but are less relevant for these organisms. The BAFs in blubber and blood of 

ringed seals at Rae Strait were also significantly positively correlated with the log KOA (r
2

 = 0.48–

0.74, p <0.05, n = 9–11), and both, along with BAFs in the muscle of seals at this location, were 

also positively correlated with the log KOW (p <0.05; Table D18). Tissues of seals at Barrow 

Strait, blubber of seals at Cumberland Sound, and liver of seals at Rae Strait were not correlated 

with either the log KOW or log KOA (p >0.05). 

The majority of the BMFs of the HFRs were independent of relationships with the log 

KOW or log KOA (Table D19), however some did have significance. The BMFs in Barrow Strait 

sealBlubber:amphipod, sealMuscle:Boreogadus, sealMuscle:amphipod, and sealLiver:amphipod 

comparisons were significantly, negatively correlated with both the log KOW and log KOA . The 

comparisons of Arctogadus:plankton at Rae Strait was also had BMFs that were significantly 

negatively correlated with the log KOW alone (Table D19). Like the BMFs, TMFs calculated 

from the composite ringed seal food web, Barrow and Rae straits were negatively correlated with 

the log KOW, and the ringed seal food web and Barrow Strait TMFs were also negatively 

correlated with the log KOA (Table D20). In fact, although linear curves fit these relationships 

reasonably well, the log KOW was also significantly correlated with the TMFs when a quadratic 

curve was fitted to the data from Barrow Strait and the composite ringed seal food web (Figure 

5.3; Table D20). 

These results are consistent with previous observations in the Eastern Hudson Bay food 

web [5], where the TMFs of both PCBs and PBDEs decreased when the KOW >10
7.5

, which 

approximates the inflection points of the negative, log KOW-TMF parabolas (Figure 5.3). Testing 

the quadratic relationship with the PBDEs alone resulted in significant relationships at Barrow 

and Rae Straits and in the composite ringed seal food web (Figure D4; Table D20) with TMFs 
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that decrease when the KOW >10
7.5

, however the second order curve is positive and seems to 

begin to plateau when the KOW >10
11

; the Rae Strait relationship seems to level off at a greater 

value of the KOW (Figure D4). These correlations demonstrate that the more 

lipophilic/hydrophobic contaminants have limited biomagnification potentials in these food 

chains relative to those with lower or intermediate KOW and KOA values. The factors affecting 

this relationship have already been mentioned and discussed, but poor dietary assimilation and 

biotransformation are likely the most important in this case. 

Interestingly, these negative relationships between the TMFs and BMFs of the HFRs with 

the log KOW and log KOA contrast with results in the terrestrial vegetation-caribou-wolf food 

chain, where TMFs were positively correlated with both the log KOW and log KOA (Table B14). 

The results for CUPs in the same marine system investigated here also contrast with the HFR 

results; only the TMFs of CUPs at Rae Strait were significantly correlated with the log KOW, and 

this relationship was positive. Unlike the HFRs investigated here, the KOW values of the CUPs 

were all less than the theoretical threshold value (log KOW = 7.5) where TMFs decrease with 

increasing KOW [5]. Of the alternative HFRs, TBP-AE, PBBz and PBT do bioaccumulate 

effectively in biota, particularly the water-respiring organisms, as their BAFs matched or 

exceeded those of BDE47, -99 and -100 (Table 5.1). In lower trophic level interactions (e.g., 

fish:plankton) PBBz did show some limited biomagnification potential, however this compound 

and other alternative HFRs did not biomagnify, but rather underwent trophic dilution in the 

ringed seal food chains and web of the Canadian Arctic studied here. 

Some of the most significant points of biomagnification observed in the study were for 

the trophic transfer of the HFRs and CUPs from plankton to capelin. The results of Chapter 4 and 

5, as well as those of previous studies on legacy POPs [214], show that capelin biomagnify 
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several OHCs relative to plankton from Cumberland Sound. Since they range well into temperate 

zones, the increased concentrations in capelin are likely due to their feeding in more 

contaminated, temperate zones before movement to the Arctic. Increasing numbers of transient, 

formerly strictly temperate species entering the Arctic due to climate change will continue to 

alter the Arctic marine food web structure and the bioavailability of OHCs by acting as 

biovectors for increased contaminant delivery from temperate regions to the Arctic.
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5.5 TABLES 
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Table 5.2. TMFs
a
 of HFRs in the Barrow and Rae Strait food chains,

b
 the composite poikilothermic (all 

invertebrates and fish) and composite ringed seal food webs; composites contain all organisms available, 

using blubber as representative for concentrations in seals. 

  Trophic magnification factor (95% confidence interval)   

 

Ringed seal Poikilothermic  Barrow Strait Rae Strait Previous  

 

food web food web food chain food chain studies 

  (n = 94-101)
e
 (n = 70) (n = 65) (n = 16)   

BDE28/33 0.38 0.58 0.36 - 0.96
c
 

 

(0.28–0.53) (0.38–0.87) (0.25–0.53) 

  BDE47 0.75 - 0.67 0.57 1.6
c
, 25

d
 

 

(0.57–0.98) 

 

(0.51–0.88) (0.37–0.87) 

 BDE66 - - - 0.39 0.44
c
 

    

(0.17–0.89) 

 BDE85 - - - 0.46 - 

    

(0.35–0.62) 

 BDE99 0.43 - 0.42 0.36 0.76
c
 

 

(0.31–0.61) 

 

(0.30–0.59) (0.21–0.61) 

 BDE100 - - 0.69 0.71 0.96
c
 

   

(0.50–0.95) (0.52–0.97) 

 BDE153 0.45 - 0.37 - 0.88
c
 

 

(0.35–0.59) 

 

(0.29–0.46) 

  BDE154 0.56 - 0.63 - 0.81
c
 

 

(0.41–0.76) 

 

(0.47–0.85) 

  BDE183 - - 0.27 - 

 

   

(0.21–0.35) 

  BDE195 0.21
e
 0.28 0.22 0.11 

 

 

(0.16–0.27) (0.20–0.41) (0.17–0.29) (0.055–0.24) 

 BDE197 0.26
e
 0.35 0.25 0.21 

 

 

(0.19–0.35) (0.23–0.54) (0.18–0.34) (0.085–0.52) 

 BDE198+ 0.25
e
 0.34 0.25 0.12 

 

 

(0.17–0.36) (0.21–0.56) (0.17–0.37) (0.062–0.24) 

 BDE201 0.25
e
 0.40 0.22 0.19 

 

 

(0.17–0.35) (0.25–0.63) (0.15–0.33) (0.1–0.38) 

 BDE205 - - - 0.27 

 

    

(0.12–0.57) 

 BDE206 0.23
e
 0.39 0.19 0.22 

 

 

(0.15–0.34) (0.24–0.62) (0.13–0.30) (0.09–0.55) 

       

BDE207 0.26
e
 0.43 0.23 0.24 
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  Trophic magnification factor (95% confidence interval)   

 

Ringed seal Poikilothermic  Barrow Strait Rae Strait Previous  

 

food web food web food chain food chain studies 

  (n = 94-101)
e
 (n = 70) (n = 65) (n = 16)   

 

(0.18–0.37) (0.27–0.68) (0.15–0.34) (0.11–0.55) 

 BDE208 0.27
e
 0.44 0.24 0.21 

 

 

(0.19–0.39) (0.28–0.68) (0.17–0.35) (0.10–0.44) 

 BDE209 0.28 0.53 0.30 0.22 0.30
d
 

 

(0.19–0.41) (0.32–0.86) (0.19–0.47) (0.11–0.44) 

 Tri–nonaBDE (25) 0.35
e
 0.55 0.31 0.28 

 

 

(0.27–0.47) (0.39–0.76) (0.24–0.41) (0.16 ± 0.49) 

 PBDE (26) 0.33e 0.53 0.30 0.23 

 

 

(0.23–0.45) (0.36–0.80) (0.21–0.43) (0.12 ± 0.45) 

 HBCDD 0.33 - 0.29 0.30 2.1(), 0.5 ()
d
 

 

(0.24–0.47) 

 

(0.19–0.46) (0.13–0.71) 

 TBP-AE 0.28
e
 0.33 0.30 0.19 

 

 

(0.22–0.35) (0.23–0.45) (0.23–0.38) (0.11–0.33) 

 PBBz 0.48
e
 0.76 0.55 0.24 

 

 

(0.37–0.62) (0.54–1.06) (0.44–0.69) (0.11–0.51) 

             

 a
 TMFs were generally calculated when detection frequencies across the food chain or food web exceeded 50%; 

some exceptions were made. All significant TMFs with their regression coefficients and p-values are provided in 

Table D17. 
b
 The Cumberland Sound food chain did not yield any regressions with significant p-values in relationships with 

>50% detection frequencies across the food chain, so these data are not shown, but are available in Table D17. 
c 
Values are from Kelly et al.[5]. 

d
 Values are from Tomy et al.[183]. 

e
 The n = 94 for these values as concentrations were not available in blubber of seals from Cumberland Sound; all 

other comparisons had n = 101.
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5.6 FIGURES 

 

Figure 5.1. Selected concentrations of HFRs in the dissolved
a
 and particulate phases of seawater from 3 

locations in the Canadian Arctic, the Barrow Strait (BS), Rae Strait (RS) and Cumberland Sound (CS), 

Nunavut. 
a
 Dissolved phase concentrations have been corrected for dissolved organic carbon taken into the XAD resin; final 

data are estimates of the freely dissolved fraction of the HFRs. 
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Figure 5.3. Relationship between the log KOW and the TMFs calculated in the ringed seal food chains at 

Barrow Strait,
a
 and in the composite ringed seal food web

b
 which included data from all three sampling 

locations. Regression r
2 
and p-values are provided in Table D20. 

a
 Barrow strait food chain: Algae-Plankton-Amphipods-Boreogadus-Ringed sealBlubber. 

b
 Ringed seal food web: Algae-Plankton-Amphipods-Boreogadus-Arctogadus-Arctic char-Capelin-Ringed sealBlubber. 
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6 GENERAL DISCUSSION AND CONCLUSIONS 

This thesis presents an investigation into a large suite of contaminants with a broad range 

of properties which adds to our overall understanding of contaminant distributions in both phases 

of seawater and to the dynamics of contaminants in the ringed seal- and Arctic wolf-food chains 

of northern Canada. The suite of contaminants included several OHCs that are in widespread use 

but for which there is a paucity of data in Arctic seawater and wildlife (many of the CUPs), new 

POPs (endosulfan and tetra–heptaBDEs), and contaminants of emerging or more recent concern 

(octa–decaBDE congeners and alternative HFRs). 

The thesis addressed hypotheses regarding the potential for many of these OHCs to be 

detected in seawater in the Arctic Archipelago, to bioaccumulate in marine and terrestrial biota 

and to biomagnify in both ringed seal and Arctic wolf food chains. The thesis also presented and 

tested several new hypotheses regarding differences in bioaccumulation between types of 

terrestrial and marine organisms, and spatially between biota sampled at the three locations. The 

thesis demonstrated detections of many contaminants that have not previously been reported in 

the seawater of the archipelago in the Canadian Arctic. When sampling biota, it is valuable to 

sample seawater from the same location at the same time in order to present estimates of BAFs 

that are as accurate as possible. The development of an efficient, portable water sampler was also 

a necessary and important process undertaken during the thesis in that regard. 

In addition to simple detections and reporting concentrations, the calculation of BCFv 

values (in terrestrial vegetation), BAFs (in marine consumers), BMFs (all consumers) and TMFs 

throughout both types of food chains provided new data for many of the contaminants, and 

updated data for the tri- to heptaBDEs previously reported in biota and marine food chains of the 

Canadian Arctic [3, 5, 33, 192]. Calculation of these metrics for bioaccumulation allowed for the 
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evaluation of the overall potential of these OHCs to bioaccumulate and biomagnify in the ringed 

seal- and Arctic wolf-food chains, and will be useful for comparison with future studies in 

similar environments, and also when assessing the impacts of climate change on these systems. 

The following discussion will address the objectives and research questions outlined in 

Section 1.8, and outline future research directions based on the findings of the thesis. 

6.1 OBJECTIVE #1 

To measure the concentrations of OHCs in vegetation and mammals that compose the 

Bathurst Region, Arctic wolf-food chain in the Canadian Arctic and establish their 

bioaccumulation behaviour throughout that system. This objective was addressed in Chapter 2 

and Chapter 3 of the thesis. 

ARE THE OHCS OF INTEREST DETECTABLE IN VEGETATION? 

The OHCs of interest were detected across the range of vegetation sampled in the study. 

Although concentrations and detection frequencies of the CUPs and HFRs in vegetation were 

variable, they were typically within range of previous measurements of OHCs in similar 

organisms when there were existing data to compare with (in the small ng g
-1

 lw range; <50 ng g
-

1
 lw). Although concentrations were relatively small, frequencies of detection of most CUPs 

were consistently greater than 50%, except for -endosulfan which had detection frequencies 

less than 33% in all vegetation except Cladonia lichens. Frequencies of detection and 

concentrations of the lower brominated PBDEs (tri–hexaBDEs) and some of the low molecular 

weight alternative HFRs (particularly TBP-AE, PBBz) were greater than the high molecular 

weight compounds, with the octaBDEs detected at the lowest frequencies and concentrations of 

the PBDEs across the vegetation. The alternative HFRs were generally detected in vegetation at 

lesser frequencies than the prominent BDE congeners (e.g., BDE47, -99, -100, -209), with the 
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exception of TBP-AE and PBBz, which were present in vegetation at comparable or greater 

concentrations than the PBDEs. 

ARE THERE DIFFERENCES IN BIOACCUMULATION BETWEEN TYPES OF 

VEGETATION? 

CUPs and the HFRs effectively bioconcentrated in terrestrial plants as most had log BCFv 

values that were indicative of efficient uptake from air. In grouped vegetation (lichens, green 

plants or mushrooms), there were distinct differences between the groups of contaminants. All of 

the CUPs except chlorpyrifos had their greatest concentrations in lichens >green plants 

>mushrooms, while chlorpyrifos was greatest in mushrooms >lichens ≥green plants. Similarly 

the BCFv values of CUPs were greatest in lichens >green plants >mushrooms (except for 

chlorpyrifos). Differences were also apparent in the bioconcentration of CUPs in the individual 

types of vegetation. Profiles of endosulfan in the vegetation showed that most (Cladonia, 

Flavocetraria, graminoids, and moss) had very similar patterns of endosulfan bioconcentration 

with ≈ 50% -endosulfan, 40% ES and <10% -endosulfan; willows were different from the 

other vegetation, having a greater proportion of ES, and less -endosulfan. None of the 

endosulfans were detected in mushrooms; this means that endosulfan is not transferred to 

mushrooms from the fungal mycelia, is poorly taken up by the fungal mycelia from soils, that the 

isomers and ES are very efficiently metabolized by ectomycorrhizal fungi-plant complexes, or 

that the short-lived mushrooms had simply not accumulated enough endosulfan to be detected.  

In contrast to the CUPs, the concentrations of the tri- to heptaBDE congeners, BDE209, 

the PBDE, TBP-AE (no BCFv values), PBBz and PBT were not significantly different between 

lichens and green plants, and concentrations in mushrooms were within range of the other 

organisms for these contaminants as well. When BCFv values could be calculated they were not 

substantially different between organisms for these contaminants. The octaBDEs, nonaBDEs and 
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alternative HFRs with high molecular weights (BTBPE, s-DP) were universally greater in 

concentration in green plants over lichens (not detected) with mushrooms typically having 

concentrations very similar to those of green plants when the OHCs were detected in both 

groups; trends were similar for the BCFv values. The PBDE profiles of the rootless vegetation 

were different than those of rooted vegetation and mushrooms (rooted vegetation and 

mushrooms were similar in this instance), with comparatively greater percentages of the higher 

molecular weight, more lipophilic congeners such as the nonaBDEs and BDE209 in the soil 

associated vegetation. Profiles of PBDE were very similar between moss and Cladonia lichens, 

as were the profiles of Flavocetraria lichens, mushrooms, graminoids and willows. These 

differences are likely reflective of the morphological and physiological differences in the 

vegetation, but are clearly variable by contaminant as the profiles of Endo and the PBDE did 

not follow the same pattern throughout the vegetation. 

ARE THE OHCS DETECTABLE IN TISSUES OF TERRESTRIAL MAMMALS? 

The individual CUPs were detectable in the muscle and liver of both caribou and wolves 

at smaller concentrations on average than in the vegetation (<2.0 ng g
-1

 lw). Chlorpyrifos was not 

detectable in caribou liver or wolf muscle, and -endosulfan was below detection limits in both 

tissues of caribou. PBDEs were detected in the tissues of caribou and wolves, with a broader 

range of BDE congeners detected in wolves than in caribou, which was most evident for the 

range of octaBDE congeners. With the exception of TBP-AE and PBBz, detections and 

concentrations of the alternative HFRs were inconsistent and very small as compared to the 

PBDEs. TBP-AE was detected at greater frequencies than the other alternative HFRs and at 

concentrations that were comparable to BDE47 and -99 in both mammals, while PBBz was also 
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detected consistently, but at smaller concentrations than TBP-AE (at concentrations more 

comparable to BDE100, -153, -154). 

ARE THERE DIFFERENCES IN OHC CONCENTRATIONS BETWEEN THE TISSUES 

OF THE MAMMALS? 

There was tissue-specific variability in the detection and concentrations of CUPs within 

and between caribou and wolves. CUPs were detected at a greater frequency in muscle over liver 

of caribou, and most of the significant differences were detected when concentrations were 

greater in muscle over liver, except for ES and Endo which were greater in liver than muscle. 

Most of the CUPs, except -endosulfan were detected at similar frequencies in liver and muscle 

of wolves, and concentrations were not significantly different between these tissues in wolves. 

Of the concentrations in the TBB estimates of CUPs, when significant differences were detected, 

they were greater in caribou over wolves (chlorpyrifos, dacthal, -endosulfan, ES, Endo). 

PBDE concentrations in mammals did have a large degree of variability, so that 

significant differences in concentrations in both tissue-specific and TBB comparisons were only 

detected for a few of the contaminants. These included concentrations of BDE28/33, -153, and -

154, all of which were greater in some tissue-specific comparisons and in estimates of TBB in 

wolves over caribou. None of the TBBs for alternative HFRs were significantly different 

between the mammals, but the TBB for BTBPE was significantly greater in wolf muscle than in 

any other mammalian tissues. It should be noted that many of the concentrations of HFRs in 

wolves were qualitatively greater than those in caribou; however the concentrations of the HFRs, 

particularly the greater molecular weight PBDEs, were highly variable in wolves, and not 

statistically significantly different. This variability is likely a result of biotransformation of the 

PBDEs and/or differential uptake of the BDE congeners from the diet of the wolves (caribou). 
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As proposed in previous investigations, vegetation does appear to facilitate effective delivery of 

greater molecular weight PBDEs to terrestrial biota [249]. 

DO OHCS BIOMAGNIFY TO CONSUMERS FROM THEIR RESPECTIVE DIETS IN 

THE BATHURST REGION? 

The biomagnification of the OHCs in the food chain was contaminant-specific; however 

the biomagnification of the CUPs was less than that of the HFRs. In caribou, the 

biomagnification of CUPs was very limited, with only chlorothalonil and ES exhibiting any 

significant biomagnification from vegetation (to muscle and liver of caribou for those two CUPs 

respectively). The liver-based biomagnification of ES is hypothesized to be a result of hepatic 

metabolism of this contaminant. None of the BMFs of CUPs demonstrated significant 

biomagnification from any dietary combination of vegetation to caribou when they were 

considered on a total body burden basis. None of the CUPs biomagnified to a significant degree 

from caribou to wolves when they were assessed using TBB concentrations rather than tissue 

specific values. The only observation of tissue-specific biomagnification was for PCNB, which 

biomagnified from caribou to wolf in muscle tissue. Trophic magnification was not observed for 

any of the CUPs throughout the terrestrial food chain, regardless of whether lichens, green 

plants, or the full set of vegetation were used as the base of the food chain for the regression 

analyses. 

The more volatile, less lipophilic BDE congeners (tri–heptaBDEs) and the suite of 

alternative HFRs did not biomagnify significantly from any dietary combination of vegetation to 

caribou on TBB or tissue-specific bases. However, the nona- and decaBDEs did biomagnify 

significantly from all combinations of vegetation composing the diet when evaluated as TBBs, as 

well as in muscle and liver alone in caribou. Biomagnification of the PBDE from vegetation to 

caribou was dependent on the diet and tissue, as was the congener-specific biomagnification of 
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the octaBDEs. Few of the tri- to heptaBDEs or alternative HFRs biomagnified significantly from 

caribou to wolves, with the exceptions of BDE28/33 (biomagnified in all wolf:caribou trophic 

transfers), BDE154 (biomagnified in the TBB comparison), and BDE183 (biomagnified in liver 

comparisons). The PBDE and the total HFRs (HFR) also biomagnified significantly for all of 

the wolf:caribou comparisons. Of the more highly brominated BDE congeners, BDE-206 and -

209 biomagnified in the total body estimates and muscle of wolves, and in wolfLiver:caribouLiver 

comparisons, BDE-197 and -207 also biomagnified significantly.  

 The TMFs of the tetra–heptaBDEs and the alternative HFRs were not significant or were 

<1 through the vegetation-caribou-wolf food chain. The TMFs of BDE-28/33, -197, -198, -206, -

207, -208 and -209, PBDE and HFR were all indicative of significant, low magnitude trophic 

magnification through the vegetation-caribou-wolf food chain (TMFs = 1.3–2.1). The more 

highly brominated PBDEs appear to have a greater potential for biomagnification than the less 

brominated compounds, with the exception of the BDE28/33. The octa- and nona-BDE 

congeners that did biomagnify likely did so due to a combination of dietary transfer, and 

metabolic debromination of BDE209, which also biomagnified significantly through the food 

chain. Despite these trophic magnification effects, the concentrations of the congeners and even 

of the PBDE remained in the sub g g
-1

 lw range, and would not pose a risk to ecosystem or 

Inuit health, depending on what composed the remainder of the diet of a given subsistence 

hunter.  

FUTURE RESEARCH DIRECTIONS IN THE TERRESTRIAL ENVIRONMENT 

There are several directions that could be taken to expand on and enhance the data 

provided in the thesis and could produce additional information that would be of value to the 

assessing exposures to chemicals in the Arctic communities. The first and most obvious next step 
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is to increase sample numbers of muscle and liver of both caribou and wolves in order to clarify 

differences between the sexes and in the seasonality of the bioaccumulation of these 

contaminants. A comparative study of extraction methods for vegetation samples would also be 

of use, particularly comparing Soxhlet and ASE extractions. 

Experiments specific to the vegetation would advance our understanding of the processes 

affecting contaminant concentrations and bioaccumulation in terrestrial systems by assessing the 

degree of abiotic modification and biotransformation of the contaminants at the base of the food 

chain. Experiments using lichens, green plants and/or arbuscular mycorrhizal fungi could be set 

up in fairly simple growth chambers. Measurements of the contaminants used for treatment, their 

metabolites, and the activities of enzymes associated with detoxification and general metabolism 

would help elucidate the degree to which biotransformation affects the distribution of 

contaminants in vegetation. An assessment of photolytic degradation of the OHCs on foliar 

surfaces might reveal important pathways of transformation.  

An assessment of the extent of digestive metabolism of OHCs that occurs in ruminants 

would be helpful when explaining trends of the contaminants in caribou. These data could also 

be used to update physiologically based toxicokinetic models of contaminants in ruminants and 

throughout food chains that contain them. Measurements of contaminants in vegetation, caribou 

muscle, liver and fat, as well as samples extracted from the rumen, reticulum, omasum and 

abomasum of the gut could provide enough data to evaluate the relative contributions of the 

digestive system to the metabolism of the OHCs of interest. Contaminants would be measured in 

all samples, and profiles of the contaminants compared between tissues and compartments of the 

stomach. The microflora and microfauna of the caribou digestive system could potentially also 

be isolated from the digestive samples, and after culturing, could be used in exposure 
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experiments to assess their biotransformation potential for a number of different classes of 

OHCs. This study could also include an investigation into hepatic metabolism of the caribou and 

wolves using a suite of enzymes associated with detoxification (e.g., cytochrome P450s, 

glutathione-s-transferase) and general metabolism (e.g., citrate synthase, cytochrome c oxidase, 

aspartate and alanine transaminases). 

Another logical extension of the study is to test current food web bioaccumulation 

models, based largely on legacy POP concentrations and properties [33, 162], for agreement with 

the data from the thesis (and additional data as described above as it becomes available). The 

data from the thesis could be used to validate, and if necessary, to adjust these models so that 

they can be used to assess the behavior of new contaminants that differ from the ‘highly 

persistent, highly bioaccumulative’ character of many legacy POPs. In lieu of, or in conjunction 

with, actual metabolic investigations, the models could also be used to generate estimates of 

biotransformation constants and half-lives in the vegetation and mammals, which would improve 

our ability to predict the overall biomagnification potential of a broad range of OHCs. 

6.2 OBJECTIVE #2 

To measure the concentrations of OHCs including CUPs, PBDEs and alternative HFRs in 

the dissolved and particulate phases of seawater at three sampling locations using high volume 

sampling methods and portable pumps, using either the ice-floes or a small craft as a sampling 

platform. Contaminants were measured in both the dissolved and particulate phases of seawater 

for comparison. This objective was addressed in Chapters 4 and 5 of the thesis. 

ARE THE OHCS OF INTEREST DETECTABLE IN SEAWATER? 

The CUPs and HFRs were detectable in both the dissolved and particulate phases of 

seawater at Barrow and Rae Straits and in Cumberland Sound. Concentrations of all of the OHCs 

were in the small to sub-pg L
-1

 range, with CUPs and alternative HFRs detected at lesser 
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frequencies than the PBDEs. CUPs concentrations were within range of previous measurements 

in the Canadian archipelago, but few measurements of the HFRs in seawater exist, and none 

were comparable to those reported in the thesis. The CUPs were found in both phases of 

seawater, with -endosulfan, ES, chlorpyrifos or dacthal typically having the greatest 

concentrations in the dissolved phase, although chlorpyrifos had the greatest concentrations of 

the CUPs observed in the particulate phase. 

The influence of dissolved organic carbon and/or input from melt water and run-off on 

the concentrations of HFRs in the dissolved phase of seawater was evident; the concentrations 

measured under-ice (thesis) were 10–100-fold greater than those measured in the open Arctic 

Ocean, off of the Alaskan coast [7]. Because the XAD resin also captures dissolved organic 

carbon, efforts were made to correct the concentrations for this factor. This correction to strictly 

unbound, freely dissolved concentrations had no effect on the CUPs, but did alter the 

concentrations of the HFRs in the dissolved phase significantly. After correction, the hepta-

decaBDEs did not contribute significantly to the PBDE in that phase; however, these and the 

alternative HFRs with large log KOW values (e.g., BTBPE, a-DP) were detected consistently and 

at greater concentrations in the particulate phase. TBP-AE and PBBz had among the greatest 

concentrations of the alternative HFRs in seawater, although they were detected in only a few of 

the dissolved phase samples. A larger suite of HFRs including HBCDD, EH-TBB, BEH-TEBP, 

and s-DP were also detected in the particulate phase. BDE47 and -99 consistently had the 

greatest dissolved phase samples of the PBDEs, but BDE49, although detected more 

sporadically, had comparable or greater concentrations than these congeners in some samples. 
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ARE THERE SPATIAL DIFFERENCES IN CONCENTRATIONS OF CUPS, PBDES, 

AND ALTERNATIVE HFRS IN SEAWATER AT THE THREE ARCTIC SAMPLING 

LOCATIONS? 

There were some spatial differences in concentrations of OHC in both the dissolved and 

particulate phases of seawater between the sampling locations, however the differences were not 

consistent and are contaminant-specific. In the dissolved phase of seawater, the CUPs were not 

consistently greater at any one location, so no obvious trends were observed. In the particulate 

phase, the concentrations of the majority of the CUPs were greatest at Cumberland Sound 

(PCNB, dacthal, ethalfluralin, -endosulfan, -endosulfan, Endo), ES was greatest at Rae 

Strait, and chlorothalonil and chlorpyrifos were greatest at Barrow Strait. Dissolved-phase 

concentrations of the HFRs were similarly variable by location. For example, the concentration 

of BDE47 was greatest at Cumberland Sound (10 m sample, 2008), and BDE99 was greatest at 

Barrow Strait (10 m sample, 2010). Particulate phase samples of BDE47 and -99 were also 

greatest in Cumberland Sound (10 m sample, 2008), but the more highly brominated PBDEs as 

well as the majority of the alternative HFRs were greatest in either the 2 m or 10 m sample from 

Barrow Strait in 2010. 

These differences between locations can illustrated by comparing the tri–heptaBDE in 

the particulate phase, which was greater in Cumberland Sound than the other locations, while the 

PBDE (including the octa–decaBDEs) was greater in samples collected in 2010 from Barrow 

Strait or the samples from Rae Strait than at Cumberland Sound. It was hypothesized that this 

may be due to the near open water conditions at Cumberland Sound in 2008 (drift ice was 

abundant, but there was a significant amount of open water), which would allow greater rates of 

photolytic degradation of the PBDEs, and could result in decreased proportions of the more 

highly brominated compounds, while enhancing concentrations of the lower brominated 
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congeners. This could also help explain the greater concentrations of some of the lower 

brominated congeners in the dissolved phase, but the factors potentially affecting the 

concentrations in seawater are difficult to assess independently. Logically although, 

photodegradation should be enhanced in open water conditions compared to that under sea-ice. 

Because of the limited number of samples, which was a function of requiring very large 

sample volumes, statistical testing could not be used to assess the differences between locations. 

The myriad factors influencing concentrations in seawater include melt conditions, temporal 

differences in the time of collection of samples, and proximity to land and inflows of freshwater 

(among other considerations), further complicates the assessment of spatial differences. These 

data are more useful as assessments of the presence of contaminants in the seawater of the 

archipelago at the three locations—CUPs, PBDEs, and several alternative HFRs are now 

confirmed to be present in the dissolved and/or particulate phases of seawater in the Canadian 

Arctic. Further, these data provide useful starting points for the establishment of temporal trends, 

but care should be taken to capture samples at similar times, under similar conditions in order to 

reveal consistent trends. 

ARE THERE DIFFERENCES IN CONCENTRATIONS OF CUPS, PBDES, AND 

ALTERNATIVE HFRS AT DEPTHS OF 2 M AND 10 M WHEN SAMPLED UNDER 

SEA-ICE? 

In the particulate and dissolved phases of seawater, an effect of depth on the 

concentrations of the CUPs was apparent, with greater concentrations found at 2 m than 10 m in 

most samples. This was less evident in 2010 samples from Barrow Strait, when the ice-melt was 

less pronounced than in 2007. Depth did not have a consistent effect on the dissolved-phase 

concentrations of PBDEs or alternative HFRs at Barrow Strait. However, concentrations of many 

of the BDE congeners were greater at 2 m than 10 m in the samples of dissolved and particulate 

phases from Rae Strait. The effects of depth on concentrations in samples of the particulate phase 
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at Barrow Strait were less clear, but the majority of the tri- to pentaBDE congeners, as well as 

BDE209 were greater at 10 m than 2 m (in 2010 samples), while the octa- and nonaBDEs, as 

well as the alternative HFRs were typically larger in the 2 m over 10 m samples from 2010. The 

consistently greater concentrations of OHCs at 2 m over 10 m in Rae Strait may be due to 

influences of the sea-ice melt; but the large number of freshwater inflows from the Back, Hayes, 

Ellice, and other smaller rivers in close proximity to this region are also likely to have influenced 

the concentrations of the OHCs via run-off from terrestrial sources.  

6.3 OBJECTIVE #3 

To measure the concentrations of OHCs in organisms comprising the polar bear-ringed 

seal food chains at the same locations as seawater throughout NU, Canada. Polar bears will be 

analyzed for CUPs but not HFRs, as these contaminants have been reported previously in these 

animals [56, 216]. A range of bioaccumulation metrics along with concentrations will be used in 

order to establish the contaminant behaviour throughout the three individual food chains and in 

the marine food web as a whole. This objective and the related research questions were 

addressed in Chapters 4 and 5 of the thesis. 

ARE OHCS DETECTABLE IN BIOTA THROUGHOUT THE MARINE FOOD 

CHAINS? 

The CUPs, PBDEs and several of the alternative HFRs investigated in the thesis were 

detected throughout the ringed seal food chains, and were again typically found at small ng g
-1

 

lw concentrations. The CUPs were consistently found in lower TL biota, while the detections and 

concentrations in seals and polar bears were more variable. Several of the CUPs detected in 

blubber of seals at Barrow Strait were not detected in samples of blubber from seals from Rae 

Strait (chlorpyrifos, dacthal, -endosulfan and -endosulfan), and -endosulfan was not detected 
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in liver of seals from either Barrow or Rae Straits. ES was the only CUP not detected in any 

samples from polar bear, probably due to further metabolism of this compound in these animals. 

The prominent BDE congeners (BDE47, -99, -100, -153, -154, nona-decaBDEs) were 

detected throughout the ringed seal food chains, with the more minor congeners detected at 

lesser frequencies and smaller concentrations. BDE190, -194, -196, -202 and -204 were the least 

frequently detected PBDEs. Of the alternative HFR concentrations in biota, HBCDD had the 

greatest concentrations when detected, followed by TBP-AE and PBBz. TBP-AE and PBBz 

were; however, far less consistently detected in the ringed seal food chain than in the terrestrial 

food chain and were not detected at similar concentrations to the those of the prominent PBDEs 

as they were in the terrestrial environment. HBCDD was not detected in the terrestrial food 

chain, but was relatively abundant in the marine environment. In contrast, HBB was detected in 

terrestrial vegetation, but was not in terrestrial mammals; while in the marine environment it was 

not detected in any lower TL biota, but was detected at low frequency in blubber of ringed seals. 

The remaining alternative HFRs were found in small numbers of organisms, infrequently, and 

inconsistently between the ringed seal food chains in the different locations. 

ARE THERE SPATIAL DIFFERENCES IN CONCENTRATIONS OF OHCS BETWEEN 

BARROW STRAIT, RAE STRAIT, AND CUMBERLAND SOUND BIOTA IN SIMILAR 

TROPHIC POSITIONS? 

There were spatial differences in concentrations of many of the OHCs, and these were 

most prominent in biota from lower TLs and in some tissues of seals. When significant 

differences were observed, the biota from either Rae Strait or Cumberland Sound typically had 

concentrations that exceeded those in organisms from Barrow Strait; however, there were some 

exceptions. 

Plankton sampled at Rae Strait had significantly greater concentrations of dacthal than 

the other locations, and plankton from Rae Strait and Cumberland Sound had greater 
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concentrations of -endosulfan, ES and Endo than plankton from Barrow Strait. Plankton at 

Rae Strait also had greater concentrations of almost all of the HFRs than were found at the other 

two locations, except for HBCDD, which was greatest at Barrow Strait. Similar to seawater, 

concentrations of octa- to decaBDEs were conspicuously smaller in plankton from Cumberland 

Sound than either Rae or Barrow Strait, and several of these differences were significant 

(BDE195, -208, -209, PBDE). Unlike seawater, the concentrations of the lower brominated 

PBDEs were also smaller in Cumberland Sound plankton relative to the other locations in most 

cases. Although concentrations of the contaminants at Rae Strait were typically the greatest 

observed, the variability, particularly for the more highly brominated HFRs, was large and in 

most cases difference were not significant. The magnitude of contamination of the plankton was 

smallest in the high Arctic at Barrow Strait. 

Of the fishes, capelin, a species that is transient in the Cumberland Sound that ranges to 

the Arctic and throughout temperate climates, consistently had the greatest or among the greatest 

concentrations of the majority of the OHCs. Char also had greater concentrations of many CUPs 

and some HFRs, but this was less consistent, as Boreogadus often also had relatively large 

concentrations of the contaminants of interest. Arctogadus sampled at Rae Strait typically had 

the smallest concentrations of the OHCs, despite the fact that plankton from this location were 

the most contaminated, suggesting that pelagic invertebrates were not a significant dietary source 

to this fish. The environmental and dietary exposures of the capelin and char to OHCs are likely 

to be quite different from the other fish, owing to their transient behavior (capelin) or 

anadromous life-cycle (char). Boreogadus, a pelagic feeding fish, also seemed to more readily 

accumulate the OHCs than did the primarily benthic Arctogadus, which is again likely to be 

related to their different niches and related feeding regime. Despite these apparent differences, 
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the fish did all have similar 
15

N values and calculated TLs, so concentrations in the organisms 

and bioaccumulation cannot be assumed to be based on nutrient acquisition and TL alone. 

 In comparisons of blubber of seals, concentrations of most of the CUPs varied across 

relatively small ranges between the three sampling sites, although the smallest concentrations 

were usually found at Barrow Strait, and all significantly greater concentrations were identified 

at either Rae Strait or Cumberland Sound. Seals from Cumberland Sound had greater 

concentrations of -endosulfan, ES and Endo in blubber than those from the other locations, 

while seals from Rae Strait had the greatest concentrations of chlorothalonil. Coinciding with 

that result was the observation that chlorothalonil also had a significantly greater concentration 

in fat of polar bears from Rae Strait than in those from Barrow Strait, but no other differences in 

other CUPs were observed in bears. Few differences were evident in liver of seals, but when 

differences were present for the CUPs in muscle, the concentrations were significantly greater in 

seals from Rae Strait than those from Barrow Strait. 

The range of concentrations of the HFRs in blubber of seals was larger, but similar 

patterns to the CUPs were apparent, as the greatest concentrations of most of the PBDEs and 

alternative HFRs were observed at Rae Strait. Most of these were similar to, and not significantly 

different from, those measured in blubber of seals from Cumberland Sound. Barrow Strait had 

the smallest concentrations of HFRs in blubber, and this pattern was also applicable to muscle, 

liver, and blood of seals, although these were only compared between animals from Rae and 

Barrow Strait. Concentrations of BDE207 were greater in livers of seals from Barrow Strait than 

those at Rae Strait, which could be related to the processing of PBDEs (particularly BDE209) in 

the liver of these animals. Concentrations of BDE209 in livers of seals from Barrow Strait were 
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also (insignificantly) greater than those in animals from Rae Strait, which had very small 

concentrations of BDE209.  

ARE THERE TISSUE-SPECIFIC DIFFERENCES IN CONCENTRATIONS OF OHCS 

IN RINGED SEAL BLUBBER, MUSCLE, LIVER AND BLOOD? 

 Differences in concentrations of the OHCs between tissues of seals were also evident, 

with concentrations being greatest in muscle >liver ≥blubber in many cases. CUPs were not 

detected in blood samples from seals at Rae and Barrow Straits; however, HFRs were detected in 

blood at both locations at concentrations that were similar to liver or muscle. A wider range of 

the HFRs were also detected in the blood of seals from Rae Strait relative to Barrow Strait. 

However, concentrations in muscle and blood should be interpreted with caution, as the lipid 

contents of these tissues were small (typically less than 1% lipid, except blood from seals at Rae 

Strait which was 1.8 ± 1.6% lipid). Since seals carry large amounts of lipid (30–70% by mass), 

and given that predators (polar bears) primarily consume blubber [269-271], these tissues were 

not used to construct estimates of total body burden. Given the distribution of the HFRs and 

CUPs between the tissues, further investigation into tissue-specific differences in concentrations 

and metabolism, and resulting effects on total body burdens of the OHCs would be interesting, 

but are not necessary for classical biomagnification studies. The elevated concentrations of 

contaminants in muscle of seals could have implications for bioaccumulation in humans, who 

typically consume the “meat” of the seals, along with the liver and some blubber. However, 

because the concentrations in ringed seal remained in the small ng g
-1

 lw range, even when 

considering a theoretical diet of strictly muscle of seals, there is minimal risk of deleterious 

effects of these OHCs on humans. 
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DO OHCS BIOACCUMULATE EFFECTIVELY THROUGHOUT THE MARINE FOOD 

WEB? 

The CUPs and HFRs were bioaccumulated by marine organisms, from algae to ringed 

seals and polar bears. All of the calculated BAFs for confirmed detections in both water and air-

respiring biota exceeded the typical regulatory threshold used to classify contaminants as 

bioaccumulative (BAF >5000 or log BAF >3.7) [283]. The BAFs indicate that bioaccumulation 

from water (water-respiring organisms) is of a lesser magnitude of that from air (marine 

mammals) however the bioaccumulation of CUPs and HFRs in organisms respiring in their 

respective media appears to be of a similar magnitude throughout the food chains. Caution 

should be used when comparing the BAFs, from air and water as data on concentrations in air 

were not collected from the local environment during my investigations, but were rather 

collected at Alert as part of a separate, ongoing study (Hung, H. Personal communication). The 

log BAFs in ringed seals calculated for the tri- to heptaBDEs were smaller, but were within 

range of, those previously reported for these animals in a Hudson Bay food web [5]. 

The spatial trends of the BAFs were similar to those observed for concentrations, where 

the BAFs of the OHCs were typically greater in organisms at Rae Strait and Cumberland Sound 

than those from Barrow Strait. Polar bears had greater BAFs than seals for most of the CUPs at 

all of the sites, except for PCNB and dacthal, which were apparently taken up and/or retained 

with greater efficiency in blubber of seals than fat of bears relative to environmental 

concentrations. 

All of the detected OHCs measured here meet the regulatory criteria classifying them 

bioaccumulative organic contaminants. BAFs could only be calculated for a few alternative 

HFRs as they were detected relatively infrequently. However the BAFs of TBP-AE, PBBz and 
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PBT (when detected) were within range of those observed for the PBDEs, indicating a similar 

magnitude of bioaccumulation of these compounds from environmental media. 

DO OHCS BIOMAGNIFY TO CONSUMERS FROM THEIR RESPECTIVE DIETS IN 

THE MARINE FOOD CHAINS AND FOOD WEBS? 

Biomagnification of the OHCs was variable, but, as in the terrestrial environment, the 

results are largely a positive story. There was no observed trophic magnification of either the 

CUPs or HFRs, and the inter-trophic level biomagnification was generally minimal for species 

that are strictly residents of the Arctic. Most of the significant points of biomagnification for the 

CUPs were found in lower trophic level interactions; however, chlorothalonil, -Endosulfan and 

Endo did also biomagnify significantly from blubber of seals to fat of bears at both Barrow and 

Rae Straits, with -endosulfan also biomagnifying in this trophic transfer at Rae Strait alone. 

Biomagnification of -endosulfan, ES and Endo from algae to both plankton and amphipods at 

Barrow Strait was evident; ES and Endo also biomagnified from plankton to amphipods at this 

location. Biomagnification of the CUPs was limited in the fish from all locations, as only PCNB 

(Boreogadus:amphipod), chlorothalonil (capelin:plankton) and dacthal (capelin:plankton) 

biomagnified to any significant degree. All of the CUPs demonstrated trophic dilution through 

the polar bear-ringed seal food chains and the food web (all of the data, from all of the locations), 

but ES did show a small degree of trophic magnification when the poikilothermic portion of the 

food web (invertebrates and fishes) was assessed alone. This further supports the hypothesis that 

the polar bears and ringed seals efficiently process and eliminate endosulfan residues, as trophic 

magnification of ES did not occur when mammals were included in the analyses.  

Like the CUPs, the HFRs were also shown to have limited potentials for biomagnification 

in the ringed seal food chains and food web in general. Biomagnification of BDE154 was 

significant between Boreogadus and plankton as well as amphipods, and between blubber of 
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seals and Arctogadus at Barrow and Rae Straits respectively. At Cumberland Sound, as was 

observed for the CUPs, the only significant points of biomagnification were in the 

capelin:plankton comparison, where BDE47, -99, tri–heptaBDEs and PBBz all biomagnified 

significantly. The HFRs that yielded significant regressions all underwent trophic dilution 

throughout the food chains, the ringed seal food web, and the poikilothermic portion of the food 

web alone. Despite the fact that they bioaccumulated readily in lower TL biota and were taken 

up by consumers, the biomagnification potential of the PBDEs and alternative HFRs investigated 

here was small when considered across the food chains. Comprehensive, Arctic-wide 

investigations including cetaceans and a broader range of pinnipeds may be valuable, as 

cetaceans have previously been shown to biomagnify some of the HFRs that did not biomagnify 

in ringed seals [183]. 

FUTURE RESEARCH DIRECTIONS IN THE MARINE ENVIRONMENT 

Although temporal trends of PBDEs, alternative HFRs, and some CUPs have been 

established in Arctic air and in marine mammals in the Canadian Arctic [2, 9], little data are 

available for concentrations of any current or new use contaminant in seawater, and temporal 

trends of these compounds do not currently exist in that medium. In order to continue and 

expand upon the seawater sampling undertaken in the thesis, grants from the Northern 

Contaminants Program (NCP) were obtained for a pilot project in 2011-2012, and the project has 

been refunded through 2016, to establish local sampling teams of Inuit at Resolute Bay. Not only 

does this allow us to establishing the trends of these contaminants over time, but it increases 

scientific engagement and builds relationships and expertise among our Inuit coworkers and 

local community members, which is extremely important in Arctic research. 
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Also involved in the seawater study is a comparison of active samples obtained using the 

high volume pump (as in the thesis) and those obtained using polyethylene (PE) passive 

sampling strips [284]. The PE strips are cost effective and simple to use, and have been 

successfully deployed in several different aquatic environments. If concentrations are similar, 

then the PE strips would provide a convenient method for relatively affordable, continued, long-

term sampling.  

Since many of the OHCs investigated appear to be metabolized by mammals to some 

degree, further investigations in to the metabolism of the contaminants would also be a useful 

addition to the Arctic database. Measurements of enzymes involved in detoxification of OHCs, 

including cytochrome P450s, peroxidases, glutathione-s-transferase, sulfatases, and others in the 

livers of seals from the three sampling locations, as well as those from Alaska, Greenland and 

Norway could prove valuable. These investigations could help identify any differences in 

enzyme activities, and potentially in gene expression (mRNA) among ringed seals and other 

biota. 

The risk of physiological or general health effects from exposure to the OHCs 

investigated here are minimal, as even the concentrations of PBDE are well below any 

regulatory thresholds that have been presented for these contaminants. However, assessing the 

risk of exposure to mixtures of contaminants with similar modes of action would be a more 

accurate assessment of the overall impact and risks to the health of wildlife. Many data already 

exist for legacy contaminants in these animals, including PCBs and other POPs, so estimates of 

the total burdens of similarly acting contaminants and their related risk would primarily involve 

the measurement of new and recent use OHCs, with measurements of recalcitrant PCBs (e.g., 
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PCB153) for comparison with, and adjustment of, previous data if necessary. A terrestrial food 

chain risk assessment could also be carried out in conjunction with the marine study. 

Like the terrestrial environment, the validation and potential adjustment or recalibration 

of current environmental and food web models to include new classes of contaminants has broad 

applications and would be a valuable tool to direct both researchers and regulators to the OHCs 

of the greatest interest or concern. Funding was obtained in 2010-2011 from the NCP for an 

explorative study on the modeling of the OHCs in the marine food chains investigated here (in 

collaboration with Frank Wania at the University of Toronto). This investigation will continue, 

using the data from this thesis to validate and test the models for potential application to new 

contaminants of interest, to calculate biotransformation half-lives, and to investigate the effects 

of climate change on the contaminant trophodynamics in the ringed seal food chain. The models 

could also be used to test the impacts of transient species (such as capelin) acting as potential 

biovectors of contaminants from temperate regions, and the effects of that on the trophodynamics 

of the OHCs in Arctic food chains. Previous studies have shown that the presence of these 

species can increase biomagnification in the system [214].  

6.4 CONCLUDING STATEMENT 

Taking the data from both the terrestrial and marine food chains together, it can be 

concluded that, despite very small concentrations in environmental media, the CUPs and PBDEs 

investigated in this thesis, along with TBP-AE, and PBBz are bioaccumulative in biota 

throughout the Arctic. Other alternative HFRs were variably detected between the marine and 

terrestrial food chains and generalizations are difficult to draw out from the data, but when 

detected, they were also found at concentrations that would classify them as bioaccumulative 

compounds in both water and air-respiring biota. Regardless of their bioaccumulative 

characteristics, the concentrations of the CUPs in the tissues of caribou fell well below the ADI 
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values for these compounds, even for the compounds with smallest of the ADIs (endosulfan, 

PCNB). For example, the Endo concentration in muscle of caribou was 0.57 ng g
-1

 lw (0.011 

g kg
-1

 wet weight, based on an average lipid content of 2%) as compared to the ADI of 0.006 

mg kg
-1 

bw d
-1 

(360 g d
-1

, assuming a 60 kg body weight). This means that an average hunter 

could consume 3.3  10
4
 kg d

-1
 of caribou meat without deleterious effects on their health. The 

concentrations of Endo in both blubber (0.082 g kg
-1

 lw = 0.074 g kg
-1

 wet weight, assuming 

a lipid content of 90%) and muscle (44 g kg
-1

 lw = 0.40 g kg
-1

 wet weight, assuming lipid 

content of 0.90%) of ringed seals from Rae Strait (typically the most contaminated seals overall 

in the study) are both well below any realistic point of concern given the ADI of endosulfan (≈ 

900 kg d
-1

 of seal meat could be consumed). The other CUPs are similarly not a risk to exceed 

their ADIs in hunters at any realistic level of consumption, and are thus a de minimis risk to 

human health in the Arctic at current concentrations. Therefore, it can be further concluded that 

the suite of CUPs investigated here have minimal potential to biomagnify in polar bear-ringed 

seal and Arctic wolf food chains to any concentration of concern to top predators or humans at 

current emission levels. 

The PBDEs also had relatively limited biomagnification and trophic magnification, 

particularly in the ringed seal food chains and food web. The small degree of trophic 

magnification of BDE28/33, the nonaBDEs and the PBDE and HFR in the terrestrial 

environment (TMFs = 1.3–2.1), along with the significant biomagnification of these 

contaminants from caribou to wolves, are worth noting and following up on, but with increases 

in regulation and ultimately cessation of the use of the decaBDE commercial mixture, we will 

likely see decreases in the biomagnification of these contaminants over time rather than 

increases. However, this cannot be assumed as the influence of climate change and the 
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coinciding mobilization of contaminants from the sea-ice and permafrost, as well alterations to 

the global fractionation cycles will have unknown impacts on concentrations of contaminants in 

the environment and wildlife. Changes in food web structure, including the invasions of 

increasing numbers of transient species (such as capelin) with warming waters will also have 

unknown, and potentially profound effects on the dynamics of contaminants. Because the overall 

estimate of trophic magnification may mask some significant points of biomagnification 

throughout the food chains, the contaminant-specific biomagnification in particular trophic 

transfers shown with these data also illustrate the importance of assessing biomagnification using 

whole food chain approaches (TMFs) as well as trophic-level specific calculations (BMFs).  

The RfD values of the PBDEs suggest that there is minimal risk of harmful exposure of 

the Inuit who are consuming caribou or ringed seal regularly, although the risk is relatively 

greater than was found for the CUPs. Concentrations in muscle of caribou demonstrate that 

BDE47 (0.40 g kg
-1

 wet weight) and BDE209 (0.88 g kg
-1

 wet weight), with their RfD values 

of 6 g d
-1

 and 420 g d
-1

 respectively, are a de minimis risk to human health as subsistence 

hunters would need to consume 15 and 477 kg d
-1

 of caribou to experience deleterious effects 

from BDE47 and BDE209 respectively. Again using the more contaminated Rae Strait animals 

as examples, we also see a de minimis risk of harmful exposure in the Inuit consuming the meat 

of seals. Concentrations of PBDEs in the muscle of seals at Rae Strait are not a concern at 

sensible rates of consumption, as the Inuit could safely consume 46 kg d
-1

 and 545 kg d
-1

 of meat 

without harmful effects being elicited due to exposure to BDE47 (0.13 g kg
-1

 wet weight) and 

BDE209 (0.77 g kg
-1

 wet weight) respectively. Since these BDE congeners were among the 

most abundant, these were used as representative examples for the PBDE suite. The alternative 

HFRs are also not a risk at environmentally relevant concentrations, based on the available RfD 
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values, and their more sporadic frequencies of detection. Like the CUPs, the concentrations of 

the PBDEs and alternative HFRs reported in this thesis are not currently a risk to the health of 

wildlife and are unlikely to biomagnify to a point where toxic effects would be elicited. 
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A APPENDIX FOR CHAPTER 2 

TROPHODYNAMICS OF CURRENT USE PESTICIDES AND 

ECOLOGICAL RELATIONSHIPS IN THE BATHURST REGION VEG 

ETATION-CARIBOU-WOLF FOOD CHAIN OF THE CANADIAN 

ARCTIC 

A.1 METHODS 

A.1.1 CHEMICALS 

The internal spike [
13

C8]mirex was supplied by Cambridge Isotope Laboratories and 

BDE71 was supplied by Wellington Laboratories. Running standard components were otherwise 

supplied by AccuStandard. CUPs structures and properties investigated in this study are provided 

in Figure A2 and Table A1. 

Supplemental Preparation, Extraction and Clean Up  

Extraction methods followed previous studies [1, 2] except that we used an accelerated 

solvent extractor (ASE) and modified silica elution to minimize loss of CUPs during processing. 

Hydromatrix (diatomaceous earth; Dionex) and Ottawa sand (Fisher Scientific) were packed in 

100 mL ASE cells and cleaned prior to sample extraction. Cleaning consisted of 2 methods run 

consecutively on the ASE using hexanes and DCM. All methods were set to reach a maximum 

extraction temperature and pressure of 100°C and 1500 psi respectively. Details of the cleaning 

and extraction methods are provided in Table A4. 

All samples of vegetation were thawed, separated from roots and detritus, rinsed briefly 

with Milli-Q water, and air dried for ~1 h in a fume hood prior to homogenization. Samples of 

liver and muscle were trimmed to eliminate tissue in contact with the sample container, and 

amples were homogenized using a solvent washed, stainless steel hand blender (animal tissue) or 

scissors (vegetation). ASE extractions used dichloromethane (DCM; Table A4). Approximately 
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5 g of animal tissue or 10 g of vegetation were mixed with equal parts of ASE-cleaned 

Hydromatrix. Homogenized mixtures were packed in stainless steel ASE cells with cellulose 

filters and Ottawa Sand and spiked with [
13

C8]mirex (Cambridge Isotope Laboratories), and 

BDE71 (Wellington Laboratories). Extracts were then dried on sodium sulfate, evaporated and 

separated using gel permeation chromatography (GPC). Samples were eluted on GPC columns 

using 1:1 DCM:hexanes with fraction volumes of 110 mL (lipid):150 mL (analytical):200 mL 

(dump).  Sample lipid contents were determined gravimetrically by evaporating the lipid fraction 

to dryness in a fume hood. Analytical fractions were quantitatively transferred to hexanes and 

evaporated to 200 l for elution on 0.75 g of hexane conditioned silica (60–200 mesh, 100% 

activated) topped with ~0.1 cm sodium sulfate using 10 mL of 9:1 DCM:Methanol (MeOH). 

Eluates were evaporated, quantitatively transferred to 2,2,4–trimethylpentane (isooctane) and 

evaporated to 200 l for analyses. 

Supplemental Data Analyses, Quality Assurance and Quality Control (QA/QC) 

All solvent lots were quality checked prior to use. Sodium sulfate, silica, Hydromatrix, 

Ottawa sand and glass wool were fired at 450C for 12 h prior to use and were used within 2 

wks. All glassware was thoroughly rinsed with hot tap water, deionized water, and placed in a 

6% Extran™ (Merck) bath for at least 8 h. Glassware was then rinsed and soaked in clean hot 

water for 1 h, rinsed, air dried, acetone rinsed and fired at 150C for 4–8 h. 

After sample injection onto the column (injection port temperature = 220°C), the GC 

temperature profile was as follows: (1) initial oven temperature was 80°C; held for 2 min (2) 

ramped at 7°C/min to 110°C (3) ramped at 3°C/min to 250°C (4) with the final ramp of 

10°C/min to a maximum temperature of 285°C and the oven was held for 5 min. The MS 

transfer line, source and quadrupole temperatures were 300°C, 150°C and 150°C respectively. 
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MS running standards were injected every 6 samples for quantification. Isooctane was injected 

between standards and samples, and periodically between samples to check for carryover, which 

was not evident between injections. 

Individual peaks were identified based on retention time and target:qualifier ion fragment 

mass/charge (m/z) ratios as compared to standards (Table A3). Concentrations were calculated 

using average relative response factors (RRFs) from multilevel calibration standards. Blank 

correction was applied to wet weight data before lipid normalization by using the mean blank 

concentration for plants, caribou and wolves separately, weighted to the average mass of the 

sample type (10 g for vegetation, 5 g for mammals; Table A5). Final wet weight data (pg g
-1

 ww) 

were then lipid equivalent normalized (ng g
-1 

lw) for final data presentation. Dry weights (pg g
-1 

dw) were also calculated for vegetation so that future studies can compare directly with our 

values. 

Method detection limits (MDLs) of analytes were determined as 3 times the standard 

deviation (SD) of method blank concentrations (see Tables A3 and A5), mass corrected for each 

sample type. For analytes that were not detected in blanks the instrument detection limits (IDLs) 

[3] were used in place of MDLs. When peaks were quantifiable (target:qualifier ion ratios 

matched; peaks well resolved) but below MDLs, these concentrations were used in place of 

MDLs to avoid data censoring [4]. Data in Tables A7 and A9 includes detection frequencies 

(DFs) and % DF >MDL. Differences in extraction efficiency between sample types were evident 

([
13

C8]mirex recoveries are provided in Tables A7 and A9), therefore data were recovery 

corrected  relative to mirex recoveries. 
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A.1.2 STABLE ISOTOPE ANALYSES 

Stable isotope ratios of carbon (
13

C) and nitrogen (
15

N) were determined from the same 

batches of vegetation and samples of caribou and wolf used for contaminant analyses (muscle 

only in mammals). Samples were freeze-dried, crushed and 0.3 g were analyzed in a continuous 

flow isotope-ratio mass spectrometer coupled to a Carlo Erba elemental analyzer (Elemental 

Microanalysis). 
13

C and 
15

N were assessed relative to Peedee Belemnite (National Institute of 

Standards and Technology) and atmospheric nitrogen respectively using Equation A1 [5]: 


13

C or 
15

N = [Rsample/Rstandard – 1) × 1000    (A1) 

R = 
13

C/
12

C or 
15

N/
14

N. TLs were then calculated using Equation A2 [6]: 

TL = 1 + (
15

Nconsumer - 
15

Nprimary producer)/
15

N  (A2) 

The lowest mean 
15

N ratio (Cladonia lichens; -5.15 ± 1.55‰, Table A7, Figure A4) was 

used as the baseline 
15

N signal, and a trophic enrichment factor (
15

N) of 3.8‰ was applied [7, 

8]. 

A.1.3 DETAILS OF BIOCONCENTRATION FACTOR (BCFV) AND ENDOSULFAN 

PROPORTION CALCULATIONS 

 Densities of vegetation used to calculate volumetric bioconcentration factors were: 

Lichens = 0.64 and willow = 0.89 g cm
-3 

[9], moss = 0.70 g cm
-3

 (used estimate for “herbaceous 

plants” from Calamari et al. [10], no moss estimate available), graminoids = 0.82 g cm
-3

 [11] and 

mushrooms = 0.60 g cm
-3

 [12].  

For endosulfan proportion calculations, composition of the technical mixture is ~7:3 : 

[13]. Proportions in air were calculated from concentrations of and -endosulfan from station 
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A9 in Zhong et al. [14]. Proportions in soil were calculated from the data for high altitude station 

O6 in the Supplementary information of Daly et al. [15]. 

A.1.4 BIOACCUMULATION, BIOMAGNIFICATION AND TROPHIC 

MAGNIFICATION 

The standard deviations of the BMFs were calculated for individual and grouped 

vegetation from the means and standard deviations (SD) of the concentrations of the consumer 

and diet, using Equation A3, with the SE calculated from Equation A4. 

SDBMF = MeanBMF  [(SD1/Mean1)
2
 + (SD2/Mean2)

2
]    (A3) 

SEBMF = SDBMF/(N1 + N2)      (A4) 

A.1.5 DETAILS OF BMF PROPORTIONATE DIETARY CALCULATIONS FOR 

CARIBOU-VEGETATION 

BMF dietary proportions were approximated from Yukon caribou [16] for spring (40% 

lichens, 60% graminoids), summer (100% shrubs/willow) and fall/winter (70% lichens, 30% 

moss). The 2 lichen genera were assumed to contribute equally to the ‘lichen’ portion of the diet 

(e.g. each lichen genera contributed 20% of the total for spring diet). In order to propagate error 

terms for spring and fall/winter BMFs and test them statistically (student’s t-tests), we used 

Crystal Ball (Oracle Inc.) modeling software. The mean and standard deviation of the 

concentrations for vegetation, caribou tissues and caribou TBB concentrations were identified as 

the “Assumption” variables of the model, and were set to have log-normal distributions. The 

“Forecasts” were the proportionate BMF calculations (Equation A5). 

BMF = CConsumer/[(CDiet1 × F1) + (CDiet2 × F2) + ..]   (A5) 

Where F1 and F2 are the dietary proportions for the given vegetation type. The 

simulations were then run 1000×, and the mean and standard deviation results were extracted. 
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We then calculated standard errors using the simulated standard deviation as per Eqn. S4, and 

summing all N values. The spring diet N = 26 (Cladonia + Flavocetraria + graminoids + 

caribou), while the winter diet N = 24 (Cladonia + Flavocetraria + moss + caribou). For spring 

and fall/winter diet results we provide the base case (i.e. the calculated result from Eqn. A5), and 

the mean ± standard error given from the simulated modeled results (Table A2 and Table A11). 

We also planned to assess the caribou diet quantitatively using the IsoSource mixing 

model developed by Phillips and Gregg [17] and applied by Müller et al. [8] on a similar dataset. 

However, when plotting our source mixing polygon [17] the caribou data point and theoretical 

dietary signal data points were outside the range of the food sources sampled (Figure A3); the 

tolerance limits of the model had to be increased to ~3.5‰ before suitable solutions were found. 

Because the model was designed to work for mixtures that are bounded by their food source 
13

C 

and 
15

N signals, application of the data is not appropriate and we did not include any IsoSource 

modeled data in the final manuscript. This discrepancy could be due to several factors, including 

longer turnover times of carbon and nitrogen in muscle relative to changes in diet and increased 

digestive efficiency in the ruminant gut [7, 18-20]. 

A.1.6 DETAILS OF TBB CALCULATIONS FOR WOLF AND CARIBOU 

Total body burdens (TBBs) were calculated using Equation A1 and the tissue mass 

fraction data from the Supporting Information in Müller et al. [8]. We included muscle, liver and 

fat as the primary reservoirs for hydrophobic organic contaminants, with fat considered to be part 

of the ‘carcass’ fraction from Müller et al. [8]. We used the ‘with bones’ tissue fractions to 

calculate body mass tissue fractions for mammals; caribou fractions were: Muscle = 61.4%, liver 

= 1.1%, and fat = 18% in fall, 5% in spring; wolf body tissue fractions were: muscle = 51.1%, 
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liver = 3.2%, and fat = 12%. Caribou and wolf body fat percentages were estimated from the 

ranges in the Supporting Information of Kelly and Gobas [21]. We extrapolated fat CUPs 

concentrations from our muscle data using -HCH muscle:fat ratios calculated from the 

concentrations provided in the Supporting Information of Kelly and Gobas [9] separately for 

animals of different sexes and sampled in different seasons. We chose -HCH because it had a 

high detection frequency and similar physicochemical properties to CUPs included in our study. 

The ratios were as follows (-HCH, muscle:fat): fall female caribou = 9:1, fall male caribou = 

4:1 and spring female caribou = 1:1. For wolves, the -HCH muscle:fat ratios were 1.5:1 for 

female wolves and 2:1 for male wolves. 

A.1.7 STATISTICS 

For general linear model (GLM) analyses, logged wet weight concentrations were tested 

for covariance with age, lipid equivalent (% Leq), TL and back fat thickness (mm), with sex as a 

categorical variable in wolves (sex could not be included for caribou as only 2 of the caribou 

samples were female; Table A2). When sex contributed significantly, the degrees of freedom 

were not sufficient to perform GLMs on male and female wolves separately, so those results do 

not include a final regression equation, but we included the F-statistics for the significant 

variables and their p values. Non-significant variables were eliminated in a step-wise procedure 

using F tests for each contaminant in muscle and liver. If significant covariates were identified, 

we re-ran the analyses to include and test the model for interactions between the variables 

(variable1 × variable2) before finalizing the equation. No interaction terms were found to be 

significant. 
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A.2 RESULTS AND DISCUSSION 

Phosalone and metribuzin were not detected in any samples, which may be due to limited 

volatilization after application (log KOA = 9.2 and 10 respectively; Table A1) [22], and their brief 

atmospheric half-lives (<1 d), which suggests limited LRTP. Though metribuzin has been 

detected in an arctic ice-cap [23], metribuzin and phosalone are not widely reported in Arctic 

media [14, 24]. Chlorpyrifos has a shorter, modeled atmospheric t1/2 than metribuzin, yet was 

detected across all types of vegetation and caribou muscle, so other factors such as usage volume 

and time of application are likely also important for these compounds. 
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A.3 TABLES 
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Table A2. Morphological, age, and capture data for caribou and wolves. 

Animal Sex Season Age
a
 Weight Length Girth BFT 

Stomach Contents 
  

   

(kg) (m) (m) (mm) 

Caribou M Fall 2008 6 161 1.75 1.37 47.0 - 

 

M Fall 2008 6 125 1.86 1.36 40.0 - 

 

M Fall 2008 2 116 1.77 1.37 45.0 - 

 

M Fall 2008 16 160 2.08 1.59 5.50 - 

 

F Fall 2008 12 94.0 1.86 1.24 28.0 - 

 

F Spring 2009 5 93.0 1.75 1.25 Trace - 

        

 

Wolves M Winter 2010 4 42.1 1.28 0.740 7.90 Caribou 

 

M Winter 2010 6 48.1 1.27 0.780 5.60 Caribou 

 

M Winter 2010 3 39.2 1.27 0.700 3.80 Caribou 

 

F Winter 2010 2 31.5 1.17 0.700 Trace Empty 

 

F Winter 2010 4 39.7 1.25 0.680 5.20 Caribou, 

 

F Winter 2010 2 26.5 1.10 0.600 1.70 Caribou hair, aluminum foil 

  F Winter 2010 2 27.6 1.13 0.54 4.20 

Caribou, garbage bag, plastic, 

aluminum foil 

a
 Wolf ages were estimated from sex-specific regressions generated using wolf data from 1988-1990 from the 

Beverly herd (D. Heard, M. Williams and D. Cluff. Government of the NWT, Yellowknife, NWT, Canada, 

unpublished data). 
a
 Regression equations for wolf age estimates were: Male Age = 0.164*Mass(kg) – 2.772 (R

2
 = 0.34, p <0.001, N = 

47); Female Age = 0.279*Mass(kg) – 7.891 (R
2
 = 0.13, p = 0.032, N = 37). 

Stomach contents of caribou were not catalogued (-). 

BFT = back fat thickness. 

 
Table A3. Target analyte fragment mass-charge (m/z) ratios monitored in SIM mode during analyses by GC-

NCI-LRMS and corresponding contaminant recoveries and MDLs.  

CUPs T Q Recovery MDL (ng g
-1

 lw) 

 

m/z (%) Plants Caribou Wolves 

Chlorothalonil 266 264 67 ± 7.8 0.11 0.069 0.078 

Chlorpyrifos 313 315 52 ± 17 0.18 0.13 0.054 

Dacthal 332 330 74 ± 18 0.041 0.041 0.016 

 - Endosulfan 406 408, 372 83 ± 16 0.16 0.10 0.043 

 - Endosulfan 406 408, 372 75 ± 9.3 0.13 0.025 0.0080 

Endosulfan Sulfate 386 388 90 ± 8.8 0.093 0.016 0.022 

Metribuzin 198 199 71 ± 13 0.12
a
 0.11

a
 0.10

a
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CUPs T Q Recovery MDL (ng g
-1

 lw) 

 

m/z (%) Plants Caribou Wolves 

PCNB 249 265 55 ± 8.0 0.067 0.14 0.022 

Phosalone 185 187 68 ± 16 0.10
a
 0.094

a
 0.081

a
 

Excluded: 

      Dimethoate 157 159 76 ± 61 - - - 

Ethalfluralin 333 303 13 ± 4.7 - - - 

Malathion 157 172 14 ± 8.7 - - - 

Pendimethalin 281 251 50 ± 18 0.80
a
 0.72

a
 0.62

a
 

Tefluthrin 241 243 4.8 ± 4.7 - - - 

Trifluralin 335 305 9.0 ± 3.8 - - - 

a 
Indicates values that are IDLs (MDLs could not be calculated). 

T and Q represent the m/z ratios of target and qualification fragments respectively. 

Recoveries are mean ± standard deviations of 7 extractions of spiked method blanks. 

SIM = selected ion monitoring mode; GC-NCI-LRMS = gas chromatography, negative chemical ionization, low 

resolution, mass spectrometry; MDL = method detection limit; IDL = instrument detection limit. 

 

Table A4. ASE method details for cleaning Ottawa sand and Hydromatrix and for biota extraction methods. 

Method Solvent Preheat Heat Static Purge Cycles 

  

(min) (min) (min) (s) 

 
Cleaning 1 Hexanes 1 5 5 60 1 

Cleaning 2 DCM 1 5 5 60 1 

Biota Extraction DCM 2 5 5 60 3 

ASE = accelerated solvent extractor 

 
Table A5. Arithmetic mean concentrations of blanks (ng g

-1
 lw) ± standard deviation of target analytes. 

  Blank concentration and frequency of detection (%) 

  Vegetation (VT) Caribou  Wolves 

Leq or Lipid (%) 1.5 ± 0.55 3.2 ± 1.6 3.7 ± 1.4 

Chlorothalonil 0.10 ± 0.038 0.074 ± 0.019 0.063 ± 0.026 

 

(100%) (100%) (100%) 

Chlorpyrifos 0.057 ± 0.060 0.073 ± 0.048 0.025 ± 0.018 

 

(43%) (50%) (40%) 

Dacthal 0.018 ± 0.014 0.018 ± 0.018 0.0090 ± 0.006 

 

(64%) (50%) (100%) 

-Endosulfan 0.063 ± 0.053 0.071 ± 0.046 0.041 ± 0.015 

 

(50%) (50%) (60%) 
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  Blank concentration and frequency of detection (%) 

  Vegetation (VT) Caribou  Wolves 

Leq or Lipid (%) 1.5 ± 0.55 3.2 ± 1.6 3.7 ± 1.4 

-Endosulfan  <IDL  <IDL 0.014 ± 0.0030 

 

(0%) (0%) (60%) 

Endosulfan Sulfate 0.010 ± 0.030  <IDL 0.0030 ± 0.0070 

 

(21%) (0%) (20%) 

Metribuzin  <IDL  <IDL  <IDL 

 

(0%) (0%) (0%) 

Pendimethalin  <IDL  <IDL  <IDL 

 

(0%) (0%) (0%) 

PCNB 0.052 ± 0.023 0.082 ± 0.048 0.021 ± 0.008 

 

(71%) (83%) (100%) 

Phosalone  <IDL  <IDL  <IDL 

  (0%) (0%) (0%) 

Note: Blank correction was applied to wet weight data, blanks are presented in Leq format here for consistency. 

 

Table A6. Enrichment factors of 
13

C and 
15

N calculated as the absolute difference between the consumer 

and dietary source for all vegetation and wolves relative to caribou muscle 
13

C and 
15

N signatures. 

 Consumer:Diet Comparison 
13

C 
15

N 

Caribou:Cladonia 2.9 11 

Caribou:Flavocetraria 0.50 9.6 

Caribou:Moss 3.6 9.8 

Caribou:Willow 6.6 8.6 

Caribou:Graminoids 4.4 1.2 

Caribou:Mushrooms 3.5 2.5 

Wolf:Caribou 0.20 3.0 
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A.4 FIGURES 

 

Figure A1. A map of the central Canadian Arctic, showing the range of the Bathurst caribou herd (red). Map 

scale = 1:10 000 000. Range was approximated from Nesbitt and Adamczewski [25]. 

 

Figure A2. Structures of CUPs investigated this study. Structures were obtained from 

http://www.chemspider.com or were drawn using Chemwindow 3.0 (α and β-endosulfan). 
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Figure A3. Source mixing polygon of stable isotope signatures (

13
C and (

15
N) of vegetation in the Bathurst 

caribou diet. The caribou (mixture signal) was outside the range of sources, even with adjustment to the 

expected dietary signal. 

 
Figure A4. Carbon (

13
C) and nitrogen (

15
N) stable isotope ratios (mean ± SD) in the Bathurst region Arctic 

wolf food chain. Individual vegetation, caribou and wolf data are shown and grouped, mean values for lichens 

(Cladonia, Flavocetraria; violet triangle), green plants (moss, willow, graminoids; green circle) and total 

vegetation (VT; blue diamond).
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Figure A5. Log volumetric bioconcentration factors (BCFv) of the mean value for the total 

vegetation (VT) dataset versus log octanol-air partition coefficients (KOA) of CUPs in Bathurst 

vegetation. Correlation coefficients (r
2
) and p values are given for correlations A) including the 

dacthal data point or B) excluding the dacthal data point. The regression line shown does not 

include dacthal in the calculation [i.e. it represents relationship (B)]. 
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B APPENDIX FOR CHAPTER 3 

BIOACCUMULATION AND TROPHODYNAMICS OF 

POLYBROMINATED DIPHENYL ETHERS AND ALTERNATIVE 

HALOGENATED FLAME RETARDANTS IN THE BATHURST 

REGION VEGETATION-CARIBOU-WOLF FOOD CHAIN IN THE 

CANADIAN ARCTIC 

B.1 METHODS 

B.1.1 SAMPLE COLLECTION AND PREPARATION 

Sample handling has been described previously.[26] Briefly, samples were stored at -

20C immediately after collection and only handled thereafter in a clean room (carbon and high 

efficiency particle arresting (HEPA) filters) at the Canada Centre for Inland Waters 

(Environment Canada, Burlington, ON). Samples were thawed overnight under refrigeration. 

Vegetation samples were rinsed with Milli-Q water, air dried for ~1 h and homogenized using 

cleaned, solvent rinsed scissors (only foliage was included for rooted plants). The edges of 

mammalian tissues were trimmed off before they were homogenized using a stainless steel, 

solvent-rinsed blender. 

B.1.2 ANALYTES, SAMPLE EXTRACTION, CLEAN-UP AND 

INSTRUMENTATION 

Target analytes included a suite of tri-decaBDEs and non-PBDE, alternate HFRs; note 

that PBDEs are listed in the order of elution on the GC column (Structures in Figure B1). 

Nomenclature follows that Bergman et al.[27]. 

PBDEs: BDE17, -28/33, -49, -71 (co-elutes with -49, but able to split), -47, -66, -100, -99, -85, -

154, -153, -138, -183, -190, -202, -201, -204, -197 (co-elutes with -204, but able to split), -

198+199+200+203 (group co-elutes, but will be referred to as BDE-198 from this point), -196, -

205, -194, -195, -208, -207, -206, -209. 
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Alternate HFRs: Gamma ()-hexabromocyclododecane (HBCDD), decabromodiphenyl ethane 

(DBDPE), 1,3,5-tribromobenzene (1,3,5-TBB), 1,3-Diiodobenzene (1,3-DiiB), 1,3,5,-methoxy 

tribromobenzene (methoxy-TBB), 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE), 2,4,6-

tribromophenyl allyl ether (TBP-AE), 2,4,6-tribromophenyl 2-bromoallyl ether (TBP-BAE), 

2,4,6-tribromophenyl 2,3-dibromopropyl ether (TBP-DBPE), pentachlorothiophenol (MET-

690B), 2,3,5,6-tetrabromo-p-xylene (TBX), 1,2,3,4,5-Pentabromobenzene (PBBz), o,p-

dichlorodiphenyldichloroethane (DDD) (Mitotane/Lysodren), pentabromotoluene (PBT), 

pentabromoethylbenzene (PBEB), hexabromobenzene (HBB), 2,3,4,5,6-pentabromobenzyl 

bromide (PBBB), pentabromobenzyl acrylate (PBB-Acr), 2-ethylhexyl 2,3,4,5-

tetrabromobenzoate (EH-TBB), 5,6-Dibromo-1,10,11,12,13,13-hexachloro-11-

tricyclo[8.2.1.02,9]tridecene (DBHCTD; formerly referred to as HCDBCO), bis(2-ethlyhexyl) 

tetrabromophthalate (BEH-TEBP), syn (s) and anti (a)-Dechlorane Plus (DP), 

Decachloropentacyclooctadecadiene (aCl10DP), Undecachloropentacyclooctadecadiene 

(aCl11DP), Hexachlorotricyclotridecadiene (1,5-DPMA; Dechlorane Plus mono-adduct), 

Chlordecone (ChlDec), /-1,2,5,6-Tetrabromocyclooctane (TBCO), and bis(4-chlorophenyl) 

sulfone (BCPS). 

PBDE mixtures (Table B2), -HBCD, DPDPE, and DP isomers and related DP 

compounds were obtained from Wellington Laboratories (Guelph, ON, Canada). The HFR 

standard (Table B1) and /-TBCO were made and provided by the National Laboratory for 

Environmental Testing (NLET, Environment Canada, Burlington, ON, Canada). All other 

analytes were provided by Sigma-Aldrich (St. Louis, MO, USA).  
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Recoveries, target (T) and qualifier (Q1, Q2) selected ion monitoring (SIM) fragments, 

blank and MDL concentrations are summarized in Table B2. Compounds were excluded due to 

low method recoveries or inconsistent QA/QC parameters in sample runs. DBDPE, MET-690B, 

EH-TBB and BEH-TEBP had method recoveries of <15%. The mitotane qualification peaks (m/z 

355 and 357) were not quantifiable in standards or samples during runs, and alternate fragments 

were not suitable for QA/QC purposes. 1,3,5-TBB and 1,3-DiiB are volatile compounds that 

eluted first on the column but had poor peak shapes with long front-end tailings. During runs, the 

target m/z fragment for each compound (m/z 79 and 127 respectively) were detected in a large 

number of blanks and samples, however no qualification peaks for either compound were 

detected so these results were not included. BTBPE was quantified based on the target m/z 79 

and qualifier m/z 81, with or without the second qualifying ion (m/z 251) which was a very small 

peak when present. Recoveries of BDE183 (1040 ± 164%), 209 (364 ± 415%; from standard 1; 

or 116 ± 1052% from standard 2) and -HBCD (537 ± 109%) were greater than acceptable 

ranges, however these recoveries seem to be manifestations of interferences in the runs rather 

than accurate representations of the specific recoveries of the compounds. For example, 

concentration ranges of BDE183 in sample runs do not suggest a 1000% recovery, as 

concentrations are within range of other, similar congeners. Therefore, we did not adjust 

BDE183 or BDE209 concentrations relative to the other congeners. -HBCD was not detected in 

any biota, so adjustments were not necessary. 

Note that BDE209 was measured twice on the same column against 2 different standards 

(one containing mono-heptaBDEs and one octa-nonaBDEs). We monitored the same fragments 

in each standard (m/z 487.7 and 485.7) (Table B1). The % difference between geometric mean, 

lipid and blank-corrected BDE209 concentrations measured with the mono-heptaBDE standard 
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or the octa-decaBDE standard ranged from 21.4% (Flavocetraria lichens) to a maximum of 

110% (mushrooms) (Table B3). For reporting, we averaged the concentrations of BDE209 

calculated using the 2 standards for each sample, then found the geometric means for those 

averaged values for each sample type. The BDE209 concentrations will unfortunately have a 

greater degree of uncertainty than that of other congeners, and the data should be interpreted 

cautiously, however its prominence in the environment makes it important to include in the 

dataset, and the presence of the 3 nonaBDEs at greater than trace concentrations in a majority of 

samples does indicate the presence of BDE209. ChlDec, 1,5-DPMA, aCl0DP, aCl11DP, and 

HCCPD were assessed non-quantitatively, but peaks were not detected in any samples or blanks. 

BCPS peaks were detected, but at similar concentrations to those found in blanks. More rigorous 

investigation and QA/QC are required before these concentrations are reported or the presence or 

absence of this compound in our samples are discussed. 

Samples were injected into the GC in pulsed, splitless mode via an Agilent CTC 

Analytics Combi PAL Autosampler (Agilent Technologies, Mississauga, ON, Canada). Samples 

(1 l) were vaporized at 250°C at the injection port. The MS transfer line, source and quadrupole 

temperatures were 300°C, 150°C and 150°C respectively. Parameters for GC runs were different 

for PBDEs and AHFRs and were as follows: 

PBDEs: PBDEs were separated using an Rtx®-1614 fused silica column (15 m × 250 m 

× 0.10 m FT) (Restek Corporation, Bellefonte, PA, USA).  The GC temperature ramp began at 

100C and was held for 5 min, followed by a ramp of 18C/min to a maximum of 295C before 

the oven was held for 15 min (total run time = 30.8 min). 
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Alternate HFRs: Alternate HFRs were separated using a Rxi®-5sil MS fused silica 

column (30 m × 250 m × 0.25 m FT) (Restek Corporation, Bellefonte, PA, USA). The GC 

temperature ramp began at 100C and was held for 5 min, followed by a ramp of 10C/min to a 

maximum of 295C before the oven was held for 15 min (Total run time = 39.5 min). 

Fraction A and B were run and blank corrected to their respective fraction blank averages 

before being summed for each sample, recovery and finally Leq-corrected. For detection of 

BCPS and ChlDec, Fraction C for each sample was also included in the analyses. MS running 

standards were injected every 10 samples for calibration during quantification, and isooctane was 

injected between standards and samples, and between select samples to check for carryover 

between injections (carry-over was not evident). The target and qualifier ion fragment 

mass/charge (m/z) ratios that were monitored for each compound are included in Table B1. 

B.1.3 DATA ANALYSES, QUALITY ASSURANCE AND QUALITY CONTROL 

(QA/QC) 

Chromatogram integration and quantification were performed using Chemstation 

(Agilent Technologies, Mississauga, ON, Canada). Individual peaks were identified based on 

retention time (RT) and ratios of target:qualifier ions (T:Q) as compared to standards. The 

secondary qualification ion was used in a qualitative manner for the PBDEs in most cases, as 

they were usually <10% of the target response. Standard reference material (National Institute of 

Standards and Technology, Gaithersburg, MD, USA) recoveries are available in Table B4. For 

PBDEs, analyte RTs were accepted in samples within ± 0.10 s of standard values; for other 

BFRs, RT tolerances were set at ± 0.30 s. T:Q ratios were accepted within ± 30% uncertainty of 

those observed in standards. Concentrations were calculated using mean relative response factors 

(RRFs) from multilevel calibration standards. Blank concentrations were weighted to the average 
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mass of sample types for blank corrections (10 g for vegetation, 5 g for mammals). Data were 

blank corrected, and detection frequency (DF; %) is reported as the total number of non-zero 

concentrations, including those below the MDL that matched RTs and T:Q ratios in standards. 

The proportion of blank corrected concentrations greater than the MDL (% >MDL) is also 

reported with the concentration data (Table B5 and Table B10). When an analyte was not 

detected but its presence was reasonable to assume, MDL/2 concentrations were substituted into 

the wet weight dataset. These values were then lipid corrected for each sample, and included in 

geometric means, error terms, statistical calculations and bioaccumulation metrics. Non-detect 

concentrations were not included in PBDE, HFR, homologue group sums or percent 

composition calculations. Instrument detection limits (IDLs)[3] were used in place of MDLs 

when target analytes were not detected in blanks and hence MDLs could not be calculated. 

BDE71 spike recoveries were lowest in lichens, willow and graminoids (Table B5). 

These matrices represent plants with cuticles, as well as the lichens, which are structurally 

modified to maximize water retention. Concentration and solvent exchange of these vegetation 

extracts into isooctane for final vialing precipitated a hydrophobic substance out of solution 

which likely interfered with spike and analyte recoveries. We did not modify the method, as we 

felt it pertinent to maintain consistency between mammalian and vegetation sample extractions, 

as well as with our previous marine extractions, and instead, recovery-corrected the data to the 

internal spike for final presentation. 

The calculated MDLs for nonaBDEs and decaBDE were relatively high for vegetation 

(Table B1), and although we detected these compounds across the vegetation dataset based on 

retention times and T:Q ion ratios, many of the calculated concentrations were below the blank-

generated MDL values (Table B5). Regardless, we felt it important to include these data in order 
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to provide a baseline for future comparisons, and to avoid censoring the dataset.[4] 

Concentrations were reported as ‘non-detect’ (ND) when the frequency of detection was less 

than 20%. 

B.1.4 STABLE ISOTOPE ANALYSES AND TROPHIC LEVEL CALCULATIONS 

Sub-samples (~1 g) of vegetation and mammalian muscle tissue were freeze dried for 

stable isotope analyses of 
13

C (
13

C/
12

C) and 
15

N (
15

N/
14

N) at the Environmental Isotopes 

Laboratory (University of Waterloo, Waterloo, ON). Stable isotope methods and trophic level 

(TL) calculations have been reported previously;[5, 6, 26] TLs were calculated using a 
15

N diet-

tissue discrimination factor (
15

N) of 3.8‰[8] and using the mean 
15

N signature of Cladonia 

lichens (the smallest 
15

N value) as the baseline primary producer. Graminoid TLs were 

randomly assigned between 1.0 to1.5 (within the range of the other primary producers) to 

accurately represent their trophic position, rather than using their calculated TLs, which are 

enriched relative to other primary producers (Table B5).[26] Note that this also affected VT and 

Green Plant grouped TLs and related TMFs. Ecological data are reported and discussed 

thoroughly in a companion paper,[26] and were applied here primarily to calculate trophic 

magnification factors (TMFs). 

B.1.5 BIOCONCENTRATION OF HFRS IN VEGETATION 

Densities for plant volumetric concentration conversions were applied as in Morris et 

al.[26] and were lichens (0.64 g cm
-3

),[9] willow leaves (0.89 g cm
-3

),[9] moss (0.70 g cm
-3

;
 

‘herbaceous plants’ in Calamari et al.[10]), graminoids (0.82 g cm
-3

),[11] and mushrooms (0.60 g 

cm
-3

).[12] 
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We used the concentrations of BTBPE in air from Alert as those near Alaska were <MDL 

in both phases; PBEB could not be included for this reason (<MDL in both locations). The data 

from air did not have associated error terms; therefore errors for BCFv values could not be 

calculated. Note that because air samples were not temporally or spatially congruent with our 

vegetation samples, it is questionable to compare BCFv values with other studies. Here, they are 

used to compare the efficiency of bioconcentration between HFRs relative to their abundance in 

air and between vegetation types. 

B.1.6 TOTAL BODY BURDEN (TBB) CALCULATIONS 

Total body burdens (TBBs) were calculated as in Morris et al.[26] using muscle, liver and 

fat as the main deposits for BFRs, assuming fat to be part of the carcass measurement in Müller 

et al.[8] and estimating body fat percentages from the Supporting Information of Kelly and 

Gobas.[21] Caribou body compositions used for TBB estimations were muscle = 61.4%, liver = 

1.1%, and fat = 18% in fall, 5% in spring. Lupine body compositions were muscle = 51.1%, liver 

= 3.2%, and fat = 12%. We calculated concentrations of HFRs in fat as 1:1 muscle:fat, based on 

recalcitrant PCB153 muscle:fat concentration ratios for Bathurst Inlet animals provided in the SI 

of Kelly and Gobas.[9] 

B.1.7 TROPHIC MAGNIFICATION 

TMFs were calculated using Equation B5 and Equation B6.[28]. 

Log CB = m × TL + b      (B5) 

TMF = 10
m
       (B6) 
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B.1.8 BIOACCUMULATION, BIOMAGNIFICATION AND DIETARY MODELING 

Biomagnification factors were calculated using Equation B1. 

BMF = (CConsumer/CDiet)     (B1) 

Where CConsumer is the arithmetic mean concentration in wolves or caribou, and CDiet is the 

arithmetic mean concentration of the dietary items included in the comparison. BMFs of HFRs 

between individual vegetation and grouped vegetation (VT, lichens, and green plants) were not 

substantially different and so individual results were excluded to avoid complicating the 

manuscript. 

Error terms for BMFs were calculated for grouped vegetation, summer proportionate diet 

(willow leaves only), and wolf:caribou BMFs using Equation B2 and Equation B3. 

SDBMF = MeanBMF  (SD1/Mean1)
2
 + (SD2/Mean2)

2
) (B2) 

SEBMF = SDBMF/(N1 + N2)     (B3) 

Where Mean1 and SD1 are the mean and standard deviations of concentrations in the 

consumer, and Mean2 and SD2 represent the diet.  

Seasonal diet proportions were spring (40% lichens, 60% graminoids), summer (100% 

willow) and fall/winter (70% lichens, 30% moss), estimated from results of fecal analyses of 

Yukon caribou.[16] Winter and fall diets were similar and are not differentiated here. In order to 

calculate proportionate BMFs, the concentration of each vegetation type (CDiet1, CDiet2, etc) in the 

diet was multiplied by their respective proportion (F1, F2, etc) and the results were summed 

(Equation B4).[26] 

BMF = CConsumer/[(CDiet1 × F1) + (CDiet2 × F2) + ..]  (B4) 
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For proportionate diet BMFs generated using Equation B4 (Fall and Spring diets), we 

used Crystal Ball (Oracle Corporation, Redwood Shores, CA, USA) modeling software to 

generate error terms, as Equation B2 and Equation B3 were not appropriate for these data. 

Crystal Ball simulations were set up as follows: mean concentrations and standard deviations for 

each vegetation type and the caribou tissue or TBBs were the “Assumptions” of the model, with 

log-normal distributions selected for all assumptions. The “Forecasts” were the proportionate 

BMF calculations (Equation B4). The simulations were run 1000 times, and the means and 

standard deviations of the BMFs for each congener were extracted. We then calculated standard 

errors using the modeled standard deviation and Equation B3, summing all N values (i.e. N= 24 

for fall/winter diet, N = 26 for spring diet). The reported mean ± standard error in Table B1 and 

Table B12 are the modeled results for these comparisons, and t tests were performed using these 

values. 
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B.2 TABLES 
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Table B3. Calculated absolute % difference of the lipid and blank-corrected, geometric mean concentrations 

of BDE209 measured between 2 PBDE standards for quality assurance purposes. 

  BDE209
a
 BDE209

b
 Difference 

  (ng.g
-1

 lw) (%) 

Cladonia 10 14.7 35.3 

Flavocetraria 9.6 11.9 21.4 

Willow 9.8 7.54 25.6 

Moss 5.8 11.6 66.4 

Graminoids 8.5 11.2 27.4 

Mushrooms 6.1 21 110 

VegetationTotal 8.2 12.1 38.5 

Lichens 9.9 13.2 28.4 

Green plants 7.9 10.1 23.9 

CaribouMuscle 24 43.6 57.2 

CaribouLiver 15 38.9 89.8 

CaribouTBB 19 34.2 56.4 

WolvesMuscle 137 218 45.9 

WolvesLiver 256 338 27.6 

WolvesTBB 138 190 31.5 

a,b
 BDE209 (a) and (b) were quantified separately from 2 standards both containing the target analyte (Standard 1 

and 2 in Table B1 respectively. 

 

Table B4. Analyte recoveries (%) from standard reference materials (SRM) extracted concurrently with 

samples. SRM-1588b was discontinued during the study, facilitating the switch to SRM-1947. These data 

have been previously reported in Morris et al.[26]. 

  Plants Caribou Wolves 

  SRM-1588b SRM-1947 SRM-1588b SRM-1947 SRM-1947 

BDE28/33 103.7 - 113.2 - - 

BDE47 65.3 47 72.2 48.8 52.8 

BDE66 - 58.5 - 55.3 65.3 

BDE99 169.6 57.2 341.9 55.8 58.6 

BDE100 55.9 56.3 86.3 58.9 53.3 

BDE153 - 53.7 - 61.4 59.8 

BDE154 132.7 72.5 199.3 90.3 80.8 
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Table B6. Log KOA values and HFR BCFv values for individual vegetation types, and for vegetation 

functionally grouped as rootless (lichens, moss) and rooted (graminoids, willow) not included in Table B1. 

  Log KOA L-CR
a
 L-FC

a
  MO

a
 WI

a
 GR

a
 Rootless Rooted 

BDE28/33 9.50
b
 9.8 - 9.6 9.1 9.2 9.3 9.1 

BDE47 10.5
b
 10 9.1 10 9.6 9.6 9.8 9.6 

BDE66 10.8
b
 10 9 10 9.8 9.5 9.7 9.6 

BDE85 11.6
b
 9.4 9.2 9.7 9.4 9.4 9.4 9.4 

BDE99 11.3
b
 10 9.3 10 9.8 9.8 9.9 9.8 

BDE100 11.1
b
 10 9.3 10 9.7 9.5 9.7 9.6 

BDE138 13.3 - - 9.8 - 9.6 - 9.5 

BDE153 11.8
b
 10 9.6 10 9.8 9.9 9.9 9.9 

BDE154 11.9
b
 10 9.3 10 9.5 9.7 9.8 9.6 

BDE183 12.0
b
 8.8 9.7 9.2 9 9.3 9.2 9.1 

BDE209  18.4 10 9.9 10 10 10 9.9 10 

PBBz 9.1 11 9.2 10 10 10 10 10 

PBT 9.6 9.6 8.6 9.1 8.8 8.4 9.1 8.6 

HBB 9.13 8.6 - 9.4 9.4 8.8 8.8 9.1 

BTBPE 15.7 11 - 11 11 11 11 11 

a 
L-CR = Cladonia lichens, L-FC = Flavocetraria lichens, WI = willow, MO = moss, GR = graminoids; mushrooms 

are included in Table B1.
 

b 
Harner and Shoeib[29]. 

c
 BCFv values were not calculated when an analyte was non-detect in a specific vegetation type (i.e. DF = 0%), or in 

air (-). 

 
Table B7. Pearson correlation coefficients for comparisons of logged concentrations of tribromophenol 

derived compounds in the vegetation (VT), green plants and wolf datasets.
a 

  Comparison n r
2
 Direction p-value 

VT  TBP-AE vs. BTBPE 37 0.11 + 0.041 

Green Plants TBP-AE vs. BTBPE 20 0.32 + 0.0087 

Wolf Muscle:Muscle TBP-AE vs. BTBPE 7 0.22 + 0.29 

Wolf Muscle:Liver TBP-AE vs. TBP-AE 7 0.0072 + 0.86 

Wolf Muscle:Liver TBP-AE vs. TBP-DBPE 7 0.020 + 0.76 

Wolf Muscle:Liver BTBPE vs. TBP-AE 7 0.40 - 0.13 

Wolf Muscle:Liver BTBPE vs. TBP-DBPE 7 0.65 + 0.028 

Wolf Liver:Liver TBP-AE vs. TBP-DBPE 7 0.16 - 0.38 

Wolf TBB TBP-AE vs. BTBPE 7 0.21 + 0.45 

Wolf TBB TBP-AE vs. TBP-DBPE 7 0.12 + 0.30 
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  Comparison n r
2
 Direction p-value 

Wolf TBB BTBPE vs. TBP-DBPE 7 0.68 + 0.022 

a
 TBP-DBPE and BTBPE were not detected at great enough frequency in caribou to perform correlation analyses for 

these compounds. Similarly BTBPE was not detected in liver, and TBP=DBPE was not detected in wolf muscle, 

so these data were not tested for correlations. 
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Table B9. Gaseous and particulate phase air concentrations (pg m
-3

) for HFRs from Alert or off the North 

Alaskan coast [30], used to calculate BCFv values (Table B1). Values indicated with a less than sign (<) are 

MDLs from their respective sources. 

  Concentrations of HFR in air (pg.m
-3

) 

 

Moller
a
 Hung

b
 

  (g) (P) (T) (T) 

BDE17 - - - 0.083 

BDE28/33 <0.0060 <0.0060 <0.012 0.18 

BDE47 0.03 0.01 0.04 1.4 

BDE66 <0.011 <0.011 <0.022 0.085 

BDE85 <0.015 <0.015 <0.030 0.098 

BDE99 0.05 0.01 0.060 0.87 

BDE100 <0.0040 <0.0040 <0.0080 0.23 

BDE138 - - - 0.058 

BDE153 <0.013 <0.013 <0.026 0.064 

BDE154 <0.0060 <0.0060 <0.012 0.06 

BDE183 <0.014 <0.014 <0.028 0.15 

BDE190 - - - 0.085 

BDE209 <0.27 0.41 <0.68 1.1 

PBDE - - - 8.7 

PBBz 0.17 <0.002 <0.172 - 

PBT 0.37 <0.047 <0.417 - 

PBEB <0.0010 <0.0010 <0.0020 - 

TBP-DBPE 0.11 <0.21 <0.32 - 

HBB 0.24 0.02 0.26 - 

BEH-TEBP <0.16 <0.16 <0.32 0.41 

EH-TBB <0.042 <0.042 <0.084 0.64 

BTBPE <0.031 <0.031 <0.062 0.021 

s-DP 0.01 0.02 0.03 - 

a-DP 0.01 0.02 0.03 - 

aCl10DP 0.002 0.002 0.004 - 

aCl11DP 0.002 0.002 0.004 - 

a
 Moller et al.[30]. 

b
 (Hung et al. 2012. Environment Canada, personal communication). 
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Table B14. Correlation coefficients for comparisons made to assess relationships between bioaccumulation 

metrics (BCFv, BMFs, TMFs) and corresponding log partition coefficient values (KOA and KOW). 

Variable 1 Variable 2 n r
2
 Direction p-value 

Lichen log BCFv Log KOW 13 0.081 + 0.35 

Green Plants log BCFv Log KOW 15 0.13 + 0.18 

Rootless log BCFv Log KOW 15 0.13 + 0.18 

Rooted log BCFv Log KOW 15 0.16 + 0.14 

VT log BCFv Log KOW 15 0.23 + 0.072 

Lichen log BCFv Log KOA 13 0.11 + 0.26 

Green Plants log BCFv Log KOA 15 0.32 + 0.029 

Rootless log BCFv Log KOA 15 0.19 + 0.1 

Rooted log BCFv Log KOA 15 0.35 + 0.021 

VT log BCFv Log KOA 15 0.31 + 0.030 

Ca: Lichens BMF Log KOW 21 0.27 + 0.017 

Ca: Green Plants BMF Log KOW 21 0.47 + 0.00061 

Ca:Mushrooms Log KOW 21 0.19 + 0.045 

Ca: VT BMF Log KOW 21 0.4 + 0.002 

Ca: Lichens BMF Log KOA 21 0.26 + 0.02 

Ca: Green Plants BMF Log KOA 21 0.48 + 0.00047 

Ca:Mushrooms Log KOA 21 0.18 + 0.057 

Ca: VT BMF Log KOA 21 0.41 + 0.0018 

WolfMuscle:CaribouMuscle BMF Log KOW 21 0.027 + 0.48 

WolfLiver:CaribouLiver BMF Log KOW 21 0.19 + 0.048 

WolfTBB:CaribouTBB BMF Log KOW 21 0.041 + 0.38 

WolfMuscle:CaribouMuscle BMF Log KOA 21 0.021 + 0.53 

WolfLiver:CaribouLiver BMF Log KOA 21 0.15 + 0.078 

WolfTBB:CaribouTBB BMF Log KOA 21 0.033 + 0.43 

TMF (Lichens) Log KOW 8 0.53 + 0.039 

TMF (Green Plants) Log KOW 10 0.67 + 0.0039 

TMF (VT) Log KOW 11 0.76 + 0.00052 

TMF (Lichens) Log KOA 8 0.51 + 0.047 
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Variable 1 Variable 2 n r
2
 Direction p-value 

TMF (Green Plants) Log KOA 10 0.62 + 0.0072 

TMF (VT) Log KOA 11 0.71 + 0.0012 
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B.3 FIGURES 
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Figure B2. Structures of TBP-AE, BTBPE, TBP-DBPE, and TBP-BAE and pathways of formation from 

tribromophenol (TBP). Redrawn from Ma et al.[31] using Chemwindow (v.3.1.4). 

 
Figure B3. Concentrations of selected HFRs in muscle and liver (GM ± SE; ng g

-1
 lw) in caribou and wolves. 

Non-detects are not shown; concentrations are available in Table B10. 
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Figure B4. Percent contribution (%) of PBDE homologue groups to profiles in mammalian tissues and TBB 

estimates.
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Figure B5. The relationship between the logged BCFv, and the logged octanol-air partition co-efficient in 

vegetation. Only significant relationships are shown (VT, lichens, green plants, rooted and rootless BCFv 

values were tested). No BCFv values were correlated with the log KOW. Correlation coefficients for all 

comparisons are provided in Table B14. 
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C APPENDIX FOR CHAPTER 4 

CURRENT USE PESTICIDES IN THE CANADIAN ARCTIC MARINE 

ENVIRONMENT AND POLAR BEAR-RINGED SEAL FOOD CHAINS 

C.1 METHODS 

C.1.1 ANALYTES 

The analyte suite was similar to that presented in Chapter 2, with some modification. 

Chlorpyrifos, chlorothalonil, dacthal, -endosulfan, -endosulfan and endosulfan sulfate (ES;  

+  + ES = Endo), metribuzin, myclobutanil, pentachloronitrobenzene (PCNB) and phosalone 

were all extractable and had acceptable recoveries in both water and biota; dimethoate, 

malathion, tefluthrin, trifluralin and ethalfluralin had acceptable recoveries in water, but not biota 

(Table C1). The dataset was reduced to focus on chlorpyrifos, chlorothalonil, dacthal, -

endosulfan, -endosulfan, ES, pentachloronitrobenzene (PCNB), trifluralin and ethalfluralin, as 

no other CUPs were detected positively in our samples. Structures of 7 of these CUPs (excluding 

trifluralin and ethalfluralin) and their modeled [Estimation Program Interface (EPISUITE v.4.0, 

US Environmental Protection Agency)] and empirically measured properties, have been reported 

previously [26]. 

C.1.2 CLEANING PROCEDURE FOR LABWARE  

Our general quality control and cleaning procedures have been described previously [26]. 

All non-plastic and rubber labware, including stainless steel filter housings and XAD-2 sampling 

columns were cleaned using the following procedure 1) Rinse with hot and distilled water 

(scrubbed as necessary )2) Soak in a 6% Extran (Merck, Darmstadt, Germany) bath for 12 to 24 

h 3) Remove from the bath and rinse thoroughly with hot water 4) Soak in hot water for > 1 h 5) 

Rinse thoroughly with hot and distilled water 6) Air dry for > 1 h 7) Acetone wash 8) Bake for > 
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4 h 9) Cool to room temperature 10) Store sealed/covered until use 11) Solvent rinse all labware 

prior to use with appropriate solvent for method being employed. 

C.1.3 PREPARATION OF RESIN 

Pre-cleaned resin (Amberlite XAD-2® resin, Supelco Analytical, Bellefonte, PA, USA) 

was further prepared in the clean lab at the Canada Centre for Inland Waters, Burlington, ON 

(positive pressure, carbon and HEPA filters) with consecutive Soxhlet extractions using 

methanol (MeOH; 4 d), and dichloromethane (DCM; 2 d  2). After these extractions, a 70 ml 

sub-sample of the XAD-2 resin was eluted and tested for contamination. If no contamination was 

evident, resin was transferred back to MeOH and extracted for 4 d before cooling, removal, and 

storage under clean MeOH in sterile amber jar at room temperature. When significant 

contamination was evident, fresh DCM was used to continue the extraction for an additional 4 d 

and the resin was retested; this process continued until no background noise was apparent. 

C.1.4 PREPARATION OF COLUMNS AND FILTERS 

Stainless steel (304 seamless stainless steel), laminar flow sampling columns were 

fabricated at the Canada Centre for Inland Waters (Burlington, ON). The total internal volume of 

each column was 125 ml. Columns and stainless steel filter housings were acid washed prior to 

first use and between sampling events, before being put through the labware cleaning procedure. 

After cleaning, columns were wet-packed with 70 g of the soxhlet-cleaned XAD-2 resin. 

Columns were clamped to a retort stand and were packed with a fired (400C, 12 - 24 h) glass 

wool plug in the bottom. Resin was washed 3 with distilled water and was decanted into the 

column after the last wash before being topped with another glass wool plug. 300 ml of distilled 

water was then passed through the column to eliminate any residual MeOH and to check for 

resin leaks around the plugs. The columns were spiked with BDE71 (2007) or with a 
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combination of BDE71 and 
13

C8[mirex] (all other sampling points) before being sealed. A 70 ml 

aliquot of resin was retained as a resin/lab blank for each batch (extracted with the samples). If 

multiple sets of columns were packed from the same batch of resin, one resin blank was used as 

representative for all of those samples. 

Glass microfiber filter cartridges (FulFlo Honeycomb Filter, Parker Advanced Filtration, 

pore size 0.5 m) were fired at 400C for 12 to 24 h. After cooling, filter cartridges were 

immediately sealed into the stainless steel filter housings (SS 316) in the clean lab to reduce 

contamination due to handling at sampling sites. A blank, fired filter was extracted with the 

samples and method blanks. 

C.1.5 DESIGNS FOR THE WATER PUMP 

Different pump setups were experimented with over the course of the field sampling 

years. All pumps mentioned here were designed and built by Robert McCrae (retired, 

Environment Canada, Burlington, ON) at the Canada Centre for Inland Waters (Burlington, ON, 

Canada). A.D. Morris contributed to the design, performed testing, and deployed the pumps in 

the field. All pump designs used the same model of magnetically driven gear pump (Micropump, 

model MIP-GJ-N25-PF1SJ) and pump motor (Micropump I-Series Drive, model IEG), powered 

with a 4 x 6 V lantern-battery power supply also built at Environment Canada. All of the fittings 

and other components were pure stainless steel to prevent corrosion (Swagelok). 

All pumps were deployed with coworkers from the communities at each sampling 

location (Daniel Walsh, Peter Amarualik Sr. and Mark Amarualik, Resolute Bay, NU; Tim Evic, 

Simeonie and Livee Kullualik, Pangnirtung, NU; George Konana, Gjoa Haven, NU). Sampling 

at Resolute Bay in 2007 used a pump typically deployed from small craft in lake waters (POP 

Portage). The pump stand was modified to support 2 columns, and samples were taken from the 



 

328 

 

sea-ice surface successfully, though better insulation of the pump and power supply were 

required  

The re-design of the pump into the POP Attaché in 2008 placed the pump, motor and 

batteries in a sealed pelican case, with the filter and the 2  XAD-2 resin columns at the end of 

the sampling hose. This design was intended to reduce ambient contamination by making the 

filter and resin the first points of contact for seawater. This design was used for Barrow and Rae 

Straits and Cumberland Sound sampling in 2008. The final design of the POP Attaché is 

provided in Figure C2. Despite the success in sampling using this design, insulation was an issue, 

however this design was not used for the present study and will be described in detail in a follow 

up publication (contact A. Morris for details if desired). 

A different, submersible pump (POP Probe) was used to sample seawater in Cumberland 

Sound in 2007 as sampling was undertaken in open water (August) when no sea-ice was present. 

Issues with the computer-controlled flow-system (damaged during shipping) caused the pump to 

shut down after only ~190 L of water were pumped (Table C2). The computer control was 

required to supply power which was a design issue with that pump. Ideally, pump power and 

flow control should have manual fail-safes. Sampling in 2008 at Cumberland Sound was 

performed using the POP Attaché over 2-day periods from a stationary small craft to reduce 

equipment failures. 

C.1.6 PREPARATION OF THE PUMP 

All hosing and hardware were prewashed and sealed before shipping. Fittings and 

stainless steel components were washed as per labware procedures and were sealed in sterile 

Whirlpaks until sampling. The equipment was not acetone rinsed after soaking and cleaning; 

instead the hoses and pump unit were flushed thoroughly with a MeOH-water solution (10% 
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MeOH in H20), then with Milli-Q water in the clean lab. The hoses and pump were allowed to 

completely air dry in a fume hood and were then sealed until sampling. 

C.1.7 COLLECTION OF SEAWATER 

Collection took place at 10 m depths using the sea-ice as a platform in Resolute and Gjoa 

Haven using the POP Portage and POP Attaché pumps. The POP Attaché was deployed using a 

small boat, as the sea-ice had broken up, though there were massive quantities of drift ice 

moving in and out of Pangnirtung Fjord packing into a large sheet at the mouth of the fjord on a 

diurnal basis. The POP Probe was deployed in the deep waters of the Cumberland Sound in 

2007; the pump was tied to floats and fully submerged to a depth of 10 m.  

For samples collected using the POP Portage or POP Attaché, hoses were attached to the 

pump and it was rinsed thoroughly at the sampling site for at least 10 min prior to attaching 

columns or filters. Field blank columns were opened to the surrounding air and left for ≈ 1 h 

while the pump was set up and tested. Sample columns were opened just prior to attachment into 

the pump lines. The two columns were attached in tandem (primary and secondary columns) to 

the top of the clean filter housing and to the rinsed hose (POP Attaché). Care should be taken to 

reduce exposure of the columns to the cold and to get seawater flowing through the columns 

before the distilled water in the columns freezes (columns were transported over the sea-ice in an 

insulated, gently warmed container). 

Once the sampling head (filter + columns) was lowered into the water, a consistent flow 

rate between 250 to 450 ml min
-1

 was maintained throughout sampling until a large volume 

(179-400L) sample was obtained (volumes and flow rates varied depending on conditions at the 

time of sampling). After sampling, columns were disassembled to ensure the resin was not dried 

or exposed to contamination, and were sealed with new sterilized caps for shipping. Filter 
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cartridges were placed in Whirlpaks until analyses. Columns were stored under refrigeration, and 

resin emptied into 125 ml amber jars (with glass wool plugs) for storage in the clean lab until 

extraction. Filters were frozen immediately after sample collection, and only thawed prior to 

extraction. If a duplicate sample was collected, the hoses were flushed for 10 min and the second 

sample was taken immediately after the first. 

After collection, columns were refrigerated and filters were frozen in sterile Whirlpaks 

(Nasco Inc.) and frozen at -20C. A field blank, resin blank and a procedure/extraction blank 

were included with every set of seawater samples processed. 100 ml of seawater were also 

collected using Van Dorn sampler at depths between 0 to 100 m to establish a salinity depth 

profile for each time and location, though not all depths were analyzed at all locations. 

Unfortunately salinity samples from 2007 and 2010 were lost during shipping and so salinity 

data are only available for 2008. 

C.1.8 COLLECTION OF BIOTA  

Ice-algae were collected in bulk and were scooped directly from seawater with a sterile 

filtration apparatus fitted with 1 m micromesh. Plankton samples were collected by manual 

vertical tows from ice surfaces or small craft (Cumberland Sound) using a solvent washed, 

seawater rinsed plankton net (100 m mesh). Plankton were size filtered into 3 size classes (100-

250 m, 250-500 m, and 500+m) at the time of collection, though only samples from Barrow 

Strait in 2010 were sufficient to facilitate separate analyses. 

Amphipods were captured incidentally on the surface of trap nets set for Arctic cod 

(Boreogadus saida; we failed to catch Boreogadus in these nets), and were collected from the net 

surfaces using forceps or using gloved hands, and immediately placed in sterile 50 ml test tubes. 

The main genera of amphipods sampled preferentially prey on plankton or scavenge on animal 
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tissues (Gammarus, Gammaracanthus, Onisimus, Parathemisto), or consume primarily ice-algae 

(Apherusa). 

 Boreogadus saida were collected by manual netting near-shore during August 2007, 2008 

and 2010 in Barrow Strait due to difficulty obtaining samples under ice cover. Boreogadus were 

not obtained during sampling in Rae Strait or Cumberland Sound, however Polar cod 

(Arctogadus glacialis) were collected via jigging in Rae Strait. The two cod species will be 

referred to by their generic names to avoid confusion. Neither cod was successfully sampled at 

Cumberland Sound, so capelin (Mallotus villosus) and Arctic char (Salvelinus alpinus) were 

collected via manual dip-netting or gill netting at this location [32]. Cod species were rinsed with 

Milli-Q water, disemboweled, and homogenized at the time of extraction; only muscle 

subsamples were available for capelin and char (available data for cod in Table C5). 

 Ringed seals (Pusa hispida) were collected during subsistence hunts in each location 

(sample collection sheet shown in (Table C4). Seals were hunted and sacrificed via gunshot or 

harpoon, and dissected to preserve all tissues immediately. Only samples of muscle (lower 

lumbar region), blubber (excised in entirety from skin to muscle layer), liver, and whole blood 

were extracted for the present study; additional tissues collected from seals were archived for 

future investigations. 

Polar bears were sampled during traditional Inuit hunts or by tranquilizing the bears and 

excising adipose samples. Sampling methods, morphometric and collection data (Table C5), as 

well as stable isotope (SI) data for bears have been reported previously [33, 34]. 

C.1.9 XAD-2 RESIN ELUTION AND WATER FILTER EXTRACTION 

All equipment for water and processing of biota was washed and solvent–rinsed prior to 

use. Filters were thawed under refrigeration for ≈ 24-48 h prior to extraction. Once thawed, 
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filters were allowed to come to room temperature and were patted dry on sterile Kimwipes. A 

razor blade was used to cut the filter from the metal spindle, and glass fibers were carefully 

packed into 100 ml ASE cells (4 per filter) with cellulose filters on the top and bottom of the cell. 

One cell for each filter was spiked with BDE71 and [
13

C8]-mirex. All extracts were combined 

immediately after extraction and processed as one sample as from the back extraction phase of 

the water method forwards. 

Resin samples were allowed to come to room temperature before elution. Field blanks 

and resin blanks were eluted with their corresponding sample sets and a procedural blank (no 

resin). A clean glass wool plug was added to the bottom of each elution column, and one of the 

sample glass wool plugs was packed into the bottom of the elution column on top of the clean 

plug. The sample resin was then decanted into the elution column and the second sample glass 

wool plug was added to the top of the packed resin and was covered with another clean glass 

wool plug. The sample was then eluted with 200 ml of MeOH into a 1-L flat bottomed flask at ≈ 

10 ml min
-1

, followed by elution with 350 ml DCM at ≈ 3-5 ml min
-1

 into the same flask. 

The eluate was transferred to a 1-L separatory funnel. 200 ml of 3% sodium chloride 

solution was added to the funnel and was shaken for 1 min. The sample was then allowed to 

settle until there were 2 well defined phases and the organic phase (DCM) was drained into the 

original elution flask. The aqueous phase was then further back-extracted with 2  25 ml of 

DCM, draining the organic phase into the flask and discarding the aqueous phase. The organic 

phase was then back extracted with 2  50 ml of 3% NaCl, discarding the aqueous layer each 

time. 

 Samples were then passed through an Allihn funnel ≈ 2/3 filled with sodium sulfate 

(Caledon Laboratories Inc) (fired at 400°C 12-24 h). The sodium sulfate was saturated with 50 
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ml DCM and the solvent was allowed to drain into the flask. Two additional rinses (25 ml DCM) 

were poured through the sodium sulfate. A light vacuum was then applied to the Allihn funnel to 

remove excess DCM and the solvent in the flask was discarded and the flask re-rinsed. The 

sample extract was then poured into the Allihn funnel and allowed to drain into the flask by 

gravity. The sample flask was then rinsed with 3  10 ml of DCM. The funnel was then flushed 

with 2  25 ml DCM and 1  20 ml isooctane. If the sample was cloudy, sodium sulfate drying 

was repeated. Eluates were concentrated to  2 ml, transferred to 15 ml test tubes using 3  2 ml 

isooctane rinses, and were concentrated to 200 µl for silica clean-up. 

A sterile 225 mm Pasteur pipette was fitted with a glass wool plug and 0.75 g of 100% 

activated 60-200 mesh silica gel (fired at 400°C for 12 – 24 h; VWR International) was weighed 

and added to the column. Approximately 1 cm of sodium sulfate was added to the top of each 

column, and all columns were conditioned by eluting 10 ml of hexane. The hexane was 

discarded and the test tubes rinsed thoroughly before samples and rinses (2  1 ml) were loaded 

onto the columns and eluted with 8 ml of 10% MeOH in DCM solution. After elution, 1 ml of 

isooctane and 2 ml of acetone were added to each sample. 

Samples were then re-concentrated to ≈ 0.50 ml and solvent exchanged to isooctane (by 

consecutive addition and re-concentration of 3 × 1 ml isooctane), before being blown down to a 

final volume of 200 l and vialed for CUP analyses. 

C.1.10 EXTRACTION OF BIOTA  

Plankton were strained from excess water using washed and solvent rinsed 100 µm mesh 

before mixing with Hydromatrix (diatomaceous earth; Dionex). Plankton samples from Barrow 

and Rae Straits in 2007 and 2008 had to be pooled in order to obtain large enough samples for 

replicate contaminant analyses, so these represent 250 µm
+
 plankton samples. Plankton samples 
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from Barrow Strait in 2010 were larger and so were kept separated by size class (100-250 µm, 

250-500 µm, and 500
+
µm). Amphipods were also pooled from Barrow Strait to achieve 

sufficient sample sizes. Algae were centrifuged at low rpm and excess water was decanted from 

collection tubes prior to mixing with Hydromatrix. Boreogadus and Arctogadus were rinsed with 

Milli-Q water, the digestive tract was excised and fish were crudely homogenized in a solvent 

washed, stainless steel blender. Capelin and char samples were white muscle only (no skin), as 

these were provided by Aaron Fisk from the Great Lakes Institute of Environmental Research 

(GLIER, University of Windsor, Windsor, ON) tissue bank. Seal tissues were trimmed to 

eliminate tissue in direct contact with the sample container and were also homogenized using a 

stainless steel blender. Bear fat samples were prepared elsewhere (National Wildlife Research 

Centre, Ottawa, ON, Canada), and were homogenized with a small, stainless steel hand blender 

to ensure that minimal fat was lost.  

Further details of biota preparation and extraction are identical to those of Morris et 

al.[26]. Briefly, tissue samples were trimmed and crudely homogenized whole using a solvent 

washed, stainless steel blender or hand blender. After homogenization, ≈1 g of blubber or 

adipose tissue (for seals and polar bears respectively), 5 g of mammalian liver, muscle and blood, 

5 g of whole fish, and 2-3 g of amphipod homogenate were mixed with ≈equal proportions of 

ASE-cleaned Hydromatrix (diatomaceous earth, Dionex); plankton and algae were mixed with 

Hydromatrix without blending. The mixture was added to ASE cells fitted with cellulose filters 

topped by a thin layer (≈1 cm) of ASE-cleaned Ottawa Sand (Fisher Scientific). The mixtures 

were spiked with BDE71 (Wellington Laboratories) and [
13

C8]-mirex (Cambridge Isotope 

Laboratories) to track extraction efficiency and were topped with a second thin layer of Ottawa 

sand and cellulose filter. Samples were extracted under pressure with DCM as per the program 
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specified in Morris et al.[26]. All samples of biota were extracted with either SRM-1588b 

(contaminants in cod liver oil) or SRM-1947 (contaminants in Lake Michigan fish tissue) both 

supplied by the National Institute of Standards and Technology. SRM-1588b was discontinued 

during the project, facilitating the switch to SRM-1947. 

After ASE extraction, samples were dried on sodium sulfate, concentrated, and cleaned 

up using gel permeation chromatography (GPC) using 1:1 DCM:hexane as the eluent. Lipid 

contents were determined gravimetrically by evaporating the first GPC fraction to dryness in a 

calibrated beaker left in a fume hood for ≈ 2 d. The analytical fraction was then reconcentrated 

and cleaned up further by eluting on 0.75 g of fired, hexane conditioned 60-200 mesh silica 

(100% activated) packed into sterilized 225 mm pipettes, topped with 0.1 cm sodium sulfate, 

using a 10% MeOH in DCM eluent. After silica elution, 1 ml of isooctane (2,2,4-

trimethylpentane) and 2 ml of acetone were added to each sample, which were then 

reconcentrated and solvent exchanged to isooctane. Finally, samples were evaporated to 200 µl 

for analyses. 

C.1.11 ANALYSES, QUANTIFICATION, AND QUALITY ASSURANCE/QUALITY 

CONTROL 

Extracts were injected into an Agilent 7890A GC-Agilent 5875C MS system, in pulsed, 

split-less mode using an Agilent CTC Analytics Combi PAL Autosampler (Agilent 

Technologies). Samples were separated using an Agilent HP-5MS UI (30 m x 250 m x 0.25 m 

FT) or Rxi®-5sil MS fused silica columns (30 m × 250 m × 0.25 m FT) (Restek Corporation). 

See Morris et al. [26] for details of the instrumentation and analyses. 

In order to assess the unbound, freely dissolved concentrations of CUPs in seawater, the 

particulate and dissolved organic carbon (POC and DOC respectively) concentrations (mg L
-1

) 

were measured for Barrow Strait in June 2014 at the National Laboratory for Environmental 
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Testing, Canada Centre for Inland Waters (Burlington, ON; sample volumes collected for water 

chemistry in 2007, 2008 and 2010 were not adequate to measure chemical parameters and 

organic carbon. We did not include the particulate organic carbon (POC) component of the 

formula [35], as the water was pre-filtered and there would not be a significant amount of POC 

contacting the XAD-2 resin. The freely dissolved fraction (ffd), and hence the bioavailable, freely 

dissolved concentration (C
fd

W
) were calculated using DOC = 0.40 mg L

-1
 for 2 m (measured at 3 

m) and 10 m samples (measured at 10 m), used in Equations C1–C4: 

ffd = 1/(1+ [DOC]KDOC); modified from [35] (C1) 

KDOC = 0.080KOW [35] (C2) 

C
fd

W
 = C 

XAD

W
  ffd [35] (C3) 

KDOC and KOW are the dissolved organic carbon and octanol-water partition coefficients 

respectively (Table C6); C 
XAD

W
  is the unbound, freely dissolved water concentration measured 

on the XAD-2 resin. Ultimately, because the CUPs have relatively small log KOW values, their 

hydrophobicity is not great enough to have a significant effect on the unbound, freely dissolved 

concentrations (ffd values for the CUPs = 0.99 – 1.0) and so the correction was ignored. 

C.1.12 BIOACCUMULATION AND BIOMAGNIFICATION OF CUPS 

Note that “food chain” is used to refer to direct feeding relationships established at each 

location (e.g., Rae Strait food chain = plankton-Arctogadus-ringed seal-polar bear). “Food web” 

is used to refer to all data within a specific subset of the data (e.g. the marine mammal food web 

uses all data in all TLs at all locations; the marine piscivorous food web uses all data at all 

locations up to and including the fish). 
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C.1.13 STATISTICS 

Leq-corrected CUPs concentrations (ng g
-1

 lw) in biota were log-normal in most cases, 

and were log-transformed prior to statistical comparisons. Pair-wise comparisons of stable 

isotope ratios or concentrations were assessed using 2-tailed t tests or Mann-Whitney U tests 

(when log-transformed data did not meet parametric assumptions). Concentrations of CUPs were 

compared between groups of organisms (i.e., algae, plankton, amphipods, cod, seal, bear) using 

one-way ANOVAs or K-W ANOVAs. 

C.2 RESULTS AND DISCUSSION 

C.2.1 STRUCTURE OF THE FOOD WEB  

Biota from 2008 at Barrow Strait were used for comparisons between locations for 

temporal consistency (all bears were included in comparisons regardless of collection year). The 


13

C of plankton were significantly more
13

C depleted in Rae Strait (-28.4 ± 0.440‰) relative to 

Barrow Strait (-19.2 ± 1.68‰) and Cumberland Sound (-20.3 ± 0.0592‰) (ANOVA, p <0.05), 

which is indicative of a strong influence from terrestrial carbon [36]. Plankton from Cumberland 

Sound were significantly more 

 enriched than that from the other 2 locations (Table C15), 

likely as a result of the influence of different nutrient delivery from prevailing air and ocean 

currents, or from wetlands in the mountain ranges around Cumberland Sound. 

The SI ratios between fishes suggest that carbon utilization and trophic positions for the 

fishes are roughly equivalent, which was surprising given their varied feeding strategies and 

lifecycles (Table C15) [32, 37, 38]. None of the 
15

N signatures differed significantly (p > 0.05), 

and only the 
13

C of Arctic char (-18.7 ± 0.0642‰) and Boreogadus (-21.1 ± 1.29‰) were 

significantly different (K-W ANOVA with Dunn’s test, p <0.05). This is likely a result of the 

life-cycle of the anadromous, sea-run arctic char which spawn in freshwater, and migrate during 
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maturation to feed heavily on oceanic plankton and fishes (when sampling occurred) [39], which 

differs from the oceanic lifecycle and primarily planktivorous diet of Boreogadus [38]. The large 

discrepancy in the 
13

C of Rae Strait plankton and Arctogadus (
13

C = 8.4‰) is due to 

Arctogadus being primarily benthic, resident species that remain within the coastal shelf, feeding 

on the benthos rather than pelagic organisms [38]. The planktonic/pelagic carbon signature is 

better preserved in Boreogadus and capelin based on the expected trophic enrichment of 
13

C of 

≈1.3‰ between TLs [32, 40]. 

The 
13

C of muscle of seals at Rae Strait (-24.0 ± 0.890‰) was significantly depleted in 

13
C compared with Barrow Strait (-19.4 ± 1.03‰) and Cumberland Sound seals (-20.0 ± 0.833‰; 2-

tailed t tests, p <0.05). No statistical differences were found between the 
15

N of Barrow (16.7 ± 

0.476 ‰) and Rae Strait seals (17.5 ± 1.22‰), but Cumberland Sound seals (15.6 ± 0.499‰) 

were significantly more 
15

N depleted than the other locations (Table C15). Seal SI ratios at Rae 

Strait were well within range of those previously reported in this area (
13

C in muscle of seals = -

22.9 ± 0.20‰ and 
15

N = 17.9 ± 0.70‰), confirming the terrestrial carbon influence proposed by 

Butt et al.[41]. Turnover times of carbon and nitrogen in mammalian muscle is on the order of 

weeks to months, meaning that the 
13

C of the muscle of seals is representative of integration of 

carbon integrated from crustaceans (primarily amphipods) and fishes [6] over these time frames 

[19, 20, 42] and is not directly indicative of their most recent diet alone. 

Polar bears from this Cumberland Sound were significantly 
13

C enriched and 
15

N 

depleted relative to Barrow and Rae Strait bears, but Rae and Barrow Strait bears did not differ 

significantly for either isotope ratio (Table C15). The ecological, physical, and dietary data for 

these bears have been explored in multiple publications previously [33, 43], and will not be 

explored here. Polar bears do opportunistically prey on Arctic char when necessary, however 
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they are not likely to be a significant contributor to the diet [44], so biomagnification in bears 

was assessed only relative to ringed seal, which is their primary food source. 
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C.3 TABLES 

Table C1. Target and qualifier ion fragments for analysis by GC-NCIMS, and experimental recoveries for 

CUPs using biota, water and filter extraction methods (means ± SD). 

Contaminant  T Q1 Q2 Biota method Water method 

    

recovery
a
 recovery

b
 

  (m/z) (%) (%) 

Chlorothalonil 266 264 - 67 ± 7.8 70 ± 6.0 

Chlorpyrifos 313 315 - 52 ± 17 97 ± 1.0 

Dacthal 332 330 - 74 ± 18 94 ± 3.0 

Dimethoate
d
 157 159 - 76 ± 61 91 ± 2.0 

-endosulfan 406 408 372 83 ± 16 91 ± 17 

-endosulfan 406 408 372 75 ± 9.3 - 

Endosulfan sulfate 386 388 - 90 ± 8.8 89 ± 1.0 

Ethalfluralin
d
 333 303 - 13 ± 4.7 76 ± 2.0 

Malathion
d
 157 172 - 14 ± 8.7 100 ± 1 

Metribuzin 198 199 - 71 ± 13 97 ± 5.0 

Myclobutanil 

  

- 49 ± 16 88 ± 9.0 

13
C8[Mirex] 412 447 - 78 ± 4.5 100 ± 5.0 

Pendimethalin 281 251 - 50 ± 18 86 ± 3.0 

PCNB 249 265 - 55 ± 8.0 71 ± 3.0 

Phosalone 185 187 - 68 ± 16 106 ± 7.0 

Tefluthrin
d
 241 243 - 4.8 ± 4.7 93 ± 2 

Trifluralin
d
 335 305 - 9.0 ± 3.8 80 ± 2.0 

a
 Biota recoveries are the result of 7 ASE extractions of spiked method blanks and have been reported previously 

[26]. 
b
 Water recoveries are the result of 3 elutions of spiked resin method blanks. 
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Table C3. Capture, morphometric and condition data for ringed seals sampled in the Barrow and Rae Straits 

(NU, Canada).
 

Sample Code Date Mass Age Sex Standard Total Girth Sternal Belly Sampling 

 
    

Length Length 
 

Blubber Blubber Location 

    (kg)     (cm) (cm) (cm) (cm) (cm)   

Resolute 2007-2008 

ADM0607-01  23/06/07 46 1 M 122 140 94.0 3.5 3.7 Resolute Bay 

ADM0607-02 25/06/07 54 4 M 132 148 88.0 4.2 4.0 Resolute Bay 

ADM0607-03 24/06/07 40 1 M 113 127 79.0 3.8 3.2 Allen Bay 

ADM0607-04a 24/06/07 52 NA M 131 150 93.0 3.1 3.4 Allen Bay 

ADM0607-05b 26/06/07 58 11 F 133 148 96.0 3.8 3.9 Barrow Strait 

ADM0607-06 26/06/07 74 13 F 149 159 100.0 4.5 4.0 Resolute Passage 

ADM0607-07c 27/06/07 52 19 F 136 150 99.0 3.0 2.8 Barrow Strait 

ADM0607-08d 27/06/07 59 30 F 132 148 103 3.4 3.0 Barrow Strait 

ADM0607-09 27/06/07 24 0 M 94 106 76.0 5.5 5.0 Prospect Point 

ADM0607-10d 27/06/07 67 11 F 138 154 110 3.5 3.5 Prospect Point 

RB08-01 13/06/08 - 3 M 125 136.0 105.0 4.5 3.6 Resolute Passage 

RB08-02 13/06/08 - 4 M 135 148.8 112.0 6.0 5.0 Resolute Bay 

RB08-03 18/06/08 - 0 M 123 138.0 87.0 5.2 4.3 Prospect Point 

RB08-04 21/06/08 - 26 M 152 182.5 132.0 1.3 1.6 Resolute Passage 

RB08-05 23/06/08 - 14 M 149 169.0 108.0 3.0 3.0 Allen Bay 

RB08-06 23/06/08 - 21 M 145 168.0 118.0 6.0 4.0 Allen Bay 

RB08-07 23/06/08 - 6 M 147 165.0 113.0 3.0 4.0 Allen Bay 

RB08-08 23/06/08 - 15 M 146 156.0 112.0 4.0 4.5 Allen Bay 

Gjoa Haven 2008 

GH08-01 07/06/08 - 14 F 148 165.0 112.0 4.7 4.4 Rae Strait 

GH08-02 08/06/08 - 24 F 158 181.0 133.0 2.8 4.4 Rae Strait 

GH08-03 07/06/08 - 0 F 113 127.0 88.0 4.3 4.6 Rae Strait 

GH08-04 09/06/08 - 5 F 137 157 93.0 3.8 2.8 Rae Strait 

GH08-05 08/06/08 - 0 F 112 127.0 88.0 4.8 4.7 Rae Strait 

GH08-06 08/06/08 - 0 F 105 117.0 84.0 3.9 4.4 Rae Strait 

Pangnirtung 2007-2008 

PANG2011-3 Summer 2011 - 0 F 102 - 91 - - Cumberland Sound 

PANG2011-5 Summer 2011 - 3 M 107 - 61 - - Cumberland Sound 

PANG2011-6 Summer 2011 - 1 F 127 - 86 - - Cumberland Sound 

PANG2011-8 Summer 2011 - 0 F 109 - 81 - - Cumberland Sound 

PANG2011-10 Summer 2011 - 0 M 94 - 91 - - Cumberland Sound 

PANG2011-12 Summer 2011 - 1 M 107 - 107 - - Cumberland Sound 

PANG2011-14 Summer 2011 - 1 F 135 - 117 - - Cumberland Sound 

PANG2011-15 Summer 2011 - 4 F 122 - 107 - - Cumberland Sound 

a
 Lower jaw was shot off during sampling, no teeth available for aging. 

b
 No liver sample collected. 

c
 Discoloured, mucous coated liver. 

d
 Discoloured liver, tumor masses. 

c
 Tumors on liver. 
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Table C4. Capture, morphometric and condition data for polar bears samples from NU, Canada. Data were 

provided by Robert Letcher and Melissa McKinney and have been employed elsewhere [33, 34]. 

Code Bear Tag Date Age Sex Hide Length Rump Fat Condition Community Included in 

  

  

(y) 

 

(cm) (cm) 

  
dataset for: 

K08-18538 8209 06/02/2008 3 M 183 2.5 - Iqaluit Cumberland Sound 

K08-18539 8211 07/02/2008 9a M 320 10.2 - Iqaluit Cumberland Sound 

K08-18540 8216 23/02/2008 4 M 213 0.6 Bear very skinny Iqaluit Cumberland Sound 

K08-18541 8222 26/03/2008 5 M 229 3.8 - Iqaluit Cumberland Sound 

K08-18700 8231 26/01/2008 6 M 335 7.6 - Kimmirut Cumberland Sound 

K08-18702 8236 26/02/2008 4 M 244 5.1 - Kimmirut Cumberland Sound 

K08-18780 8232 26/01/2008 15 M 305 N/A - Kimmirut Cumberland Sound 

K08-18781 8234 20/02/2008 5 M 274 N/A - Kimmirut Cumberland Sound 

K07-17161 7052 30/03/2007 4 F 213 1.3 Healthy bear Taloyoak Rae Strait 

K07-17162 7056 05/05/2007 4 F 198 5.1 Healthy bear Taloyoak Rae Strait 

K07-17163 7057 20/04/2007 24 M 305 1.3 Healthy bear Taloyoak Rae Strait 

K07-17164 7058 26/04/2007 12 M 274 10.2 Healthy bear Taloyoak Rae Strait 

K07-17165 7059 03/04/2007 3 M 229 1.3 Healthy bear Taloyoak Rae Strait 

K07-17166 7060 15/05/2007 10 F 244 2.5 Healthy bear Taloyoak Rae Strait 

K07-17167 7061 20/04/2007 7 M 213 3.8 Healthy bear Taloyoak Rae Strait 

K08-18466 7159 02/04/2007 6 M 305 7.6 - Grise Fiord Barrow Strait 

K08-18467 7165 29/04/2007 9 M 274 5.1 - Grise Fiord Barrow Strait 

K08-18469 7177 14/05/2007 10 M 274 - - Grise Fiord Barrow Strait 

K08-18987 8071 03/04/2007 11 F - 2.5 - Arctic Bay Barrow Strait 

K08-18988 8073 11/04/2007 5 M - 5.1 - Arctic Bay Barrow Strait 

K08-18989 8080 23/05/2008 6 F - 7.6 - Arctic Bay Barrow Strait 

K08-18595 8333 12/04/2008 5 M - - Fat Resolute Barrow Strait 

K08-18598 8344 20/04/2008 4 M - 1.3 - Resolute Barrow Strait 

a 
Age was estimated for this bear. 

 
Table C5. Species of cod collected, date, total length (cm) and mass (g) and species of cod sampled in the 

Barrow and Rae Straits. All samples were whole body, with digestive tracts removed before homogenization. 

Sample code Species Date Sampled Length Mass 

      (cm) (g) 

Barrow Strait 

RESCOD07-02 B. saida Aug-07 20.8 48.4 

RESCOD07-03 B. saida Aug-07 19.6 43.1 

RESCOD07-04 B. saida Aug-07 22.4 55.0 

RESCOD07-05 B. saida Aug-07 23.5 60.2 

RESCOD07-06 B. saida Aug-07 22.8 56.7 
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Sample code Species Date Sampled Length Mass 

      (cm) (g) 

RESCOD07-07 B. saida Aug-07 19.0 46.3 

RESCOD07-08 B. saida Aug-07 21.5 51.6 

COD08-11-01 B. saida Aug-08 18.0 35.2 

COD08-11-02 B. saida Aug-08 15.0 33.9 

COD08-11-03 B. saida Aug-08 16.5 34.5 

COD08-11-04 B. saida Aug-08 19.5 45.1 

COD08-11-05 B. saida Aug-08 19.5 46.6 

COD08-11-06 B. saida Aug-08 15.5 22.7 

COD08-11-07 B. saida Aug-08 16.0 31.1 

COD08-11-08 B. saida Aug-08 19.5 36.2 

COD10-01 B. saida Aug-10 18.5 31.1 

COD10-02 B. saida Aug-10 16.7 29.6 

COD10-03 B. saida Aug-10 19.3 38.4 

COD10-04 B. saida Aug-10 20.9 45.0 

COD10-05 B. saida Aug-10 24.4 73.2 

COD10-06 B. saida Aug-10 22.7 59.2 

COD10-07 B. saida Aug-10 20.4 56.0 

COD10-08 B. saida Aug-10 18.0 32.8 

Rae Strait 

GHCOD08-01 A. glacialis Jun-08 - - 

GHCOD08-02 A. glacialis Jun-08 - - 

GHCOD08-03 A. glacialis Jun-08 - - 

GHCOD08-04 A. glacialis Jun-08 - - 

GHCOD08-05 A. glacialis Jun-08 - - 

GHCOD08-06 A. glacialis Jun-08 - - 
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Table C6. Partition coefficients relevant to the calculation of the freely dissolved fraction (ffd) of contaminant 

in the dissolved phase, XAD-2 water samples
a
. KOW sources are reported in Chapter 2, Table A1 or were 

estimated from EPISUITE software.
 

        

   Log KOW KOW KDOC ffd 

Ethalfluralin 5.10 1.26E+05 10071.40 1.0 

Trifluralin 5.30 2.00E+05 1.60E+04 0.99 

PCNB 4.60 3.98E+04 3.18E+03 1.0 

Chlorothalonil 3.10 1.26E+03 1.01E+02 1.0 

Chlorpyrifos 5.00 1.00E+05 8.00E+03 1.0 

Dacthal 4.30 2.00E+04 1.60E+03 1.0 

-Endosulfan 4.90 7.94E+04 6.35E+03 1.0 

-Endosulfan 4.80 6.31E+04 5.05E+03 1.0 

Endosulfan sulfate 3.20 1.58E+03 1.27E+02 1.0 

a
 ffd values were calculated using DOC concentrations from Barrow Strait in 2014, as samples collected during 

2007–2010 sampling campaigns were not large enough to estimate particulate and dissolved organic carbon in 

addition to the contaminant and water chemistry analyses. 

 
Table C7. Concentrations of CUPs in air from Alert, NU.

a
 Data are mean ± SD concentrations (pg m

-3
) and 

include both gaseous and particulate phases from high volume samples taken between May 25 and July 6, 

2009. 

  Concentration (pg m
-3,a

) 

Chlorothalonil 0.023 ± 0.016 

Chlorpyrifos 0.20 ± 0.051 

Dacthal 0.14 ± 0.023 

-Endosulfan 3.3 ± 1.8 

-Endosulfan 0.015 ± 0.004 

Endosulfan sulfate 0.016 ± 0.01 

Endosulfan 3.3 ± 1.8 

PCNB 0.16 ± 0.05 

a
 Hung et al. Environment Canada, (unpublished data, personal communication; some data used in [45]); used to 

calculate BAFs of CUPs in mammals. 
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Table C1. Concentrations of CUPs (pg L
-1

) in the particulate phase of seawater in 3 Canadian Arctic 

locations.
a
 ND = non-detect. 

Location Barrow Strait Rae Strait Cumberland Sound 

Year 2010 2008 2010 2008 2008 2008 2008 

Melt Conditions Moderate Light Moderate None None Drift ice Drift ice 

Depth (m) 2 10 10 2 10 10 10 

Sample Volume (L) 398 476 450 417 478 434 421 

[
13

C8]mirex Recovery (%) 127 61 141 87 138 147 54 

BDE71 Recovery (%) 73 77 58 57 61 73 18 

 

pg L
-1

 pg L
-1

 pg L
-1

 

Ethalfluralin ND ND ND ND ND ND 0.041 

Trifluralin
b
 1.0 ND 0.30 1.0 0.91 0.78 0.58 

PCNB 0.51 0.19 0.55 0.63 0.41 2.3 1.4 

Chlorothalonil 1.4 0.27 ND 0.27 0.46 0.89 1.2 

Chlorpyrifos 4.1 1.3 2.1 4.0 3.6 2.5 2.1 

Dacthal ND 0.61 0.35 1.5 1.1 3.0 1.9 

-Endosulfan 0.63 0.45 0.89 0.96 0.71 1.9 1.3 

-Endosulfan ND ND ND 0.09 ND 0.16 0.13 

Endosulfan sulfate ND ND ND 0.079 ND ND 0.077 

Endosulfan <0.67
c
 <0.48 <0.96 1.1 <0.74 <2.03 1.5 

a
 Not all filters were kept for extraction, therefore 2007 samples do not have particulate phase concentrations, and 

the filter from one Barrow Strait 2010, 10 m sample (486 L volume) did not meet quality control criteria.
 

b
 Trifluralin confirmation ion fragment was not detectable. 

c
 Values indicated with a less than sign (<) are sums that include MDL values for endosulfan isomers or ES in 

Endo estimates. 
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Table C11. Blank detection frequency (DF; %), blank concentrations (total pg; mean  SD) and method 

detection limit (MDL) for seawater filters.
a
 Filters were all extracted at similar times and hence were grouped 

for blank and MDL calculations. ND = non-detect. 

  Blank DF Blank MDL 

  (%) (Total pg) (Total pg) 

Ethalfluralin
b
 0 ND 109

a
 

Trifluralin 100 44.6 ± 36.5 109 

PCNB 33 11.7 ± 4.72 14.2 

Chlorothalonil 100 77.5 ± 32.7 98.0 

Chlorpyrifos 44 56.3 ± 46.4 139 

Dacthal 56 12.5 ± 11.8 35.3 

-Endosulfan 11 ND 38.7 

-Endosulfan 0 ND 18.9 

Endosulfan sulfate 0 ND 13.6 

a
 For blank correction and comparisons with seawater data, blank values and MDLs were divided by the appropriate 

sample volume (rounded to the nearest 100 L) to convert to pg L
-1

.
 

b
 Ethalfluralin was assessed relative to the MDL of trifluralin as it was not included in the suite of CUPs when 

MDLs were established. 
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Table C15. Stable isotope ratios of carbon and nitrogen used for spatial comparisons in the 3 sampling 

locations. Values that share superscript letters in the same column within each sub-grouping (i.e. Plankton, 

Fishes, Ringed seals, Polar bears) are not significantly different from each other. If no letters are indicated 

there were no significant differences found. 

  
13

C 
15

N

2008 Plankton (250+ um) 

  Barrow Strait -19.2 ± 1.68
A
 9.23 ± 0.537

A
 

Rae Strait -28.4 ± 0.440
B
 8.83 ± 0.952

A
 

Cumberland sound -20.3 ± 0.0592
A
 10.8 ± 0.287

B
 

2008 Fishes 

  Barrow Strait - Boreogadus -21.1 ± 1.29
A
 14.1 ± 0.845 

Rae Strait - Arctogadus -20.0 ± 1.58
AB

 13.9 ± 1.84 

Cumberland Sound - Arctic char -18.7 ± 0.0642
B
 14.8 ± 0.149 

Cumberland Sound - Capelin -19.3 ± 0.0531
AB

 13.6 ± 0.247 

Ringed seals 

  Barrow Strait -19.4 ± 1.03
A
 16.7 ± 0.476

A
 

Rae Strait -24.0 ± 0.890
B
 17.5 ± 1.22

A
 

Cumberland Sound -20.0 ± 0.833
A
 15.6 ± 0.499

B
 

2008 Polar bears 

  Barrow Strait -17.5 ± 0.577
A
 21.3 ± 0.421

A
 

Rae Strait -17.4 ± 0.504
A
 21.5 ± 0.706

A
 

Cumberland sound -16.6 ± 0.590
B
 19.6 ± 0.961

B
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Table C17. Pearson correlation matrices for relationships between logged CUPs concentrations (pg g
-1

 lw) A) 

Barrow Strait B) Rae Strait, C) Cumberland Sound, and D) the whole food web. The r
2
, p-value and the 

sample size (n) are shown for each test. Greyed boxes are non-significant results (p > 0.05). 

  Chlorothalonil Chlorpyrifos Dacthal -Endosulfan -Endosulfan ES 

A) Barrow Strait food chain 

PCNB (r2) 0.267289 0.494209 0.391876 0.4761 0.243049 0.328329 

p-value 1.5E-09 3.348E-19 2.011E-14 2.735E-18 1.07E-08 8.111E-12 

n 120 120 120 120 120 120 

Chlorothalonil  (r2) 

 

0.492804 0.290521 0.351649 0.403225 0.188356 

p-value 

 

4.311E-19 2.06E-10 9.493E-13 6.486E-15 7.27E-07 

n 

 

120 120 120 120 120 

Chlorpyrifos  (r2) 

  

0.395641 0.320356 0.430336 0.2025 

p-value 

  

1.456E-14 1.575E-11 4.345E-16 2.54E-07 

n 

  

120 120 120 120 

Dacthal (r2)l 

   

0.529984 0.236196 0.436921 

p-value 

   

4.21E-21 1.77E-08 2.242E-16 

n 

   

120 120 120 

-Endosulfan  (r2) 

    

0.369664 0.597529 

p-value 

    

1.797E-13 4.355E-25 

n 

    

120 120 

-Endosulfan  (r2) 

     

0.154449 

p-value 

     

8.93E-06 

n 

     

120 

  

     

  

B) Rae Strait food chain 

PCNB (r2) 0.077284 0.344569 0.328329 0.234256 0.017956 0.5476 

p-value 0.106 2.08E-04 3.22E-04 0.00322 0.442 3.80E-07 

n 35 35 35 35 35 35 

Chlorothalonil  (r2) 

 

0.068121 0.254016 0.469225 0.326041 0.446224 

p-value 

 

0.129 0.00201 5.64E-06 0.000342 1.19E-05 

n 

 

35 35 35 35 35 

Chlorpyrifos  (r2) 

  

0.332929 0.172225 0.173056 0.275625 

p-value 

  

2.87E-04 0.0131 0.013 0.00121 

n 

  

35 35 35 35 

Dacthal (r2)l 

   

0.5329 0.217156 0.678976 

p-value 

   

6.35E-07 0.00478 1.14E-09 

n 

   

35 35 35 

-Endosulfan  (r2) 

    

0.425104 0.622521 

p-value 

    

2.23E-05 1.83E-08 

n 

    

35 35 

-Endosulfan  (r2) 

     

0.164025 

p-value 

     

0.0158 

n 

     

35 

C) Cumberland Sound food chain 

PCNB (r2) 0.649636 0.229441 0.528529 0.734449 0.047961 0.524176 

p-value 1.03E-05 0.028 1.91E-04 6.89E-07 0.34 2.06E-04 

n 21 21 21 21 21 21 

Chlorothalonil  (r2) 

 

0.366025 0.484416 0.538756 0.190096 0.36 
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  Chlorothalonil Chlorpyrifos Dacthal -Endosulfan -Endosulfan ES 

p-value 

 

0.00369 4.59E-04 1.53E-04 0.0483 4.05E-03 

n 

 

21 21 21 21 21 

Chlorpyrifos  (r2) 

  

0.369664 0.450241 4.45E-04 0.480249 

p-value 

  

0.00343 8.63E-04 0.928 4.99E-04 

n 

  

21 21 21 21 

Dacthal (r2)l 

   

0.600625 0.078961 0.49 

p-value 

   

3.76E-05 0.216 4.12E-04 

n 

   

21 21 21 

-Endosulfan  (r2) 

    

0.071824 0.403225 

p-value 

    

0.16 2.16E-04 

n 

    

29 29 

-Endosulfan  (r2) 

     

4.20E-04 

p-value 

     

0.916 

n 

     

29 

D) Marine mammal food web 

PCNB (r2) 0.223729 0.444889 0.364816 0.3721 0.145161 0.332929 

p-value 3.33E-11 5.10E-24 7.39E-19 2.39E-19 1.82E-07 4.94E-17 

n 176 176 176 176 176 176 

Chlorothalonil  (r2) 

 

0.3364 0.276676 0.375769 0.354025 0.2601 

p-value 

 

3.33E-17 6.256E-14 1.58E-19 2.915E-18 4.67E-13 

n 

 

176 176 176 176 176 

Chlorpyrifos  (r2) 

  

0.354025 0.254016 0.261121 0.210681 

p-value 

  

3.13E-18 1.057E-12 4.058E-13 1.42E-10 

n 

  

176 176 176 176 

Dacthal (r2)l 

   

0.516961 0.197136 0.471969 

p-value 

   

2.94E-29 6.41E-10 6.38E-26 

n 

   

176 176 176 

-Endosulfan  (r2) 

    

0.319225 0.552049 

p-value 

    

6.499E-17 1.36E-33 

n 

    

184 184 

-Endosulfan  (r2) 

     

0.108241 

p-value 

     

5.11E-06 

n 

     

184 

E) Piscivorous food web 

PCNB (r2) 0.00226576 0.049284 0.011025 0.051984 0.123904 0.00992016 

p-value 0.671 0.0445 0.348 0.0393 1.18E-03 0.373 

n 82 82 82 82 82 82 

Chlorothalonil  (r2) 

 

0.148996 0.030976 0.00379456 0.249001 0.00258064 

p-value 

 

3.37E-04 0.115 0.583 1.85E-06 0.65 

n 

 

82 82 82 82 82 

Chlorpyrifos  (r2) 

  

0.049284 0.002601 0.229441 0.017956 

p-value 

  

0.0452 0.649 5.20E-06 0.231 

n 

  

82 82 82 82 

Dacthal (r2)l 

   

0.189225 0.104976 0.0441 

p-value 

   

4.50E-05 0.00298 0.0578 
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  Chlorothalonil Chlorpyrifos Dacthal -Endosulfan -Endosulfan ES 

n 

   

82 82 82 

-Endosulfan  (r2) 

    

0.084681 0.290521 

p-value 

    

8.06E-03 1.79E-07 

n 

    

82 82 

-Endosulfan  (r2) 

     

0.0016 

p-value 

     

0.721 

n           82 
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Table C21. Log-linear regression coefficients and calculated TMFs and 95% confidence intervals for all food 

chains and the composite Arctic food web assembled using blubber of seals. 

CUP n r2 p-value   Coefficient SE TMF 95% Confidence Interval 

          

  

  Lower Upper 

Barrow Strait - Seal blubber 

         PCNB 85 0.334 <0.001 b 3.39 0.234 - 

  

    

m -0.438 0.068 0.36 0.27 0.50 

Chlorothalonil 85 0.509 <0.001 b 3.7 0.176 - 

  

    

m -0.474 0.051 0.34 0.27 0.42 

Chlorpyrifos 85 0.718 <0.001 b 3.93 0.135 - 

  

    

m -0.57 0.039 0.27 0.22 0.32 

Dacthal 85 0.385 <0.001 b 3.05 0.175 - 

  

    

m -0.366 0.051 0.43 0.34 0.54 

-Endosulfan 85 0.336 <0.001 b 3.75 0.225 - 

  

    

m -0.423 0.065 0.38 0.28 0.51 

-Endosulfan 85 0.197 <0.001 b 2.42 0.169 - 

  

    

m -0.221 0.049 0.6 0.48 0.75 

Endosulfan sulfate 85 0.334 <0.001 b 3.45 0.193 - 

  

    

m -0.362 0.056 0.43 0.34 0.56 

Endosulfan 85 0.293 <0.001 b 3.78 0.18 - 

  

    

m -0.306 0.052 0.49 0.39 0.63 

Barrow Strait - Seal muscle 

         PCNB 85 0.041 0.062 b 2.86 0.251 - 

  

    

m -0.138 0.073 0.73 0.52 1 

Chlorothalonil 85 0.161 <0.001 b 3.29 0.215 - 

  

    

m -0.249 0.062 0.56 0.42 0.75 

Chlorpyrifos 85 0.158 <0.001 b 3.42 0.245 - 

  

    

m -0.281 0.071 0.52 0.38 0.72 

Dacthal 85 0.118 0.001 b 2.72 0.188 - 

  

    

m -0.183 0.055 0.66 0.51 0.84 

-Endosulfan 85 0.056 0.028 b 3.2 0.189 - 

  

    

m -0.123 0.055 0.75 0.59 0.97 

-Endosulfan 85 0.003 0.641 b 2.06 0.162 - 

  

    

m -0.022 0.047 0.95 0.77 1.2 

Endosulfan sulfate 85 0.097 0.004 b 3.11 0.199 - 

  

    

m -0.173 0.058 0.67 0.52 0.87 

Endosulfan 85 0.034 0.089 b 3.37 0.151 - 

  

    

m -0.075 0.044 0.84 0.69 1 

Barrow Strait - Seal liver 

         PCNB 84 0.245 <0.001 b 3.09 0.18 - 

  

    

m -0.271 0.053 0.54 0.42 0.68 
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CUP n r2 p-value   Coefficient SE TMF 95% Confidence Interval 

          

  

  Lower Upper 

Chlorothalonil 84 0.384 <0.001 b 3.5 0.175 - 

  

    

m -0.365 0.051 0.43 0.34 0.55 

Chlorpyrifos 84 0.581 <0.001 b 3.67 0.138 - 

  

    

m -0.427 0.04 0.37 0.31 0.45 

Dacthal 84 0.341 <0.001 b 2.96 0.167 - 

  

    

m -0.318 0.049 0.48 0.38 0.6 

-Endosulfan 84 0.303 <0.001 b 3.53 0.176 - 

  

    

m -0.307 0.051 0.49 0.39 0.62 

-Endosulfan 84 0.111 0.002 b 2.26 0.145 - 

  

    

m -0.135 0.042 0.73 0.60 0.89 

Endosulfan sulfate 84 0.319 <0.001 b 3.47 0.209 - 

  

    

m -0.377 0.061 0.42 0.32 0.55 

Endosulfan 84 0.273 <0.001 b 3.68 0.154 - 

  

    

m -0.248 0.045 0.56 0.46 0.69 

Rae Strait - Seal blubber 

         PCNB 23 0.806 <0.001 b 3.72 0.221 - 

  

    

m -0.469 0.05 0.34 0.27 0.43 

Chlorothalonil 23 0.031 0.42 b 2.64 0.535 - 

  

    

m -0.1 0.121 0.79 0.44 1.4 

Chlorpyrifos 23 0.401 0.001 b 2.75 0.285 - 

  

    

m -0.242 0.065 0.57 0.42 0.78 

Dacthal 23 0.738 <0.001 b 4.1 0.327 - 

  

    

m -0.569 0.074 0.27 0.19 0.38 

-Endosulfan 23 0.312 0.006 b 3.75 0.561 - 

  

    

m -0.392 0.127 0.41 0.22 0.74 

-Endosulfan 23 0.001 0.876 b 1.48 0.498 - 

  

    

m 0.018 0.113 1 0.61 1.8 

Endosulfan sulfate 23 0.868 <0.001 b 5.67 0.313 - 

  

    

m -0.835 0.071 0.15 0.1 0.21 

Endosulfan 23 0.544 <0.001 b 4.68 0.412 - 

  

    

m -0.467 0.093 0.34 0.22 0.53 

          Rae Strait - Seal muscle 

         PCNB 23 0.464 <0.001 b 3.87 0.478 - 

  

    

m -0.461 0.108 0.35 0.21 0.58 

Chlorothalonil 23 0 0.951 b 2.69 0.653 - 

  

    

m 0.009 0.148 1 0.5 2.1 

Chlorpyrifos 23 0.139 0.079 b 2.83 0.512 - 

  

    

m -0.214 0.116 0.61 0.35 1.1 
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CUP n r2 p-value   Coefficient SE TMF 95% Confidence Interval 

          

  

  Lower Upper 

Dacthal 23 0.596 <0.001 b 4.11 0.382 - 

  

    

m -0.482 0.087 0.33 0.22 0.5 

-Endosulfan 23 0.06 0.258 b 3.85 0.879 - 

  

    

m -0.231 0.199 0.59 0.23 1.5 

-Endosulfan 23 0.027 0.452 b 1.54 0.531 - 

  

    

m 0.092 0.12 1.2 0.7 2.2 

Endosulfan sulfate 23 0.372 0.002 b 5.75 0.857 - 

  

    

m -0.685 0.194 0.21 0.081 0.52 

Endosulfan 23 0.164 0.055 b 4.77 0.696 - 

  

    

m -0.32 0.158 0.48 0.22 1 

Rae Strait - Seal liver 

         PCNB 23 0.701 <0.001 b 3.74 0.289 - 

  

    

m -0.46 0.065 0.35 0.25 0.47 

Chlorothalonil 23 0.018 0.539 b 2.66 0.48 - 

  

    

m -0.068 0.109 0.86 0.51 1.4 

Chlorpyrifos 23 0.183 0.042 b 2.77 0.403 - 

  

    

m -0.198 0.091 0.63 0.41 0.98 

Dacthal 23 0.761 <0.001 b 4.11 0.289 - 

  

    

m -0.536 0.065 0.29 0.21 0.4 

-Endosulfan 23 0.343 0.003 b 3.82 0.522 - 

  

    

m -0.392 0.118 0.41 0.23 0.72 

-Endosulfan 23 0.016 0.56 b 1.5 0.438 - 

  

    

m 0.059 0.099 1.1 0.71 1.8 

Endosulfan sulfate 23 0.894 <0.001 b 5.7 0.266 - 

  

    

m -0.803 0.06 0.16 0.12 0.21 

Endosulfan 23 0.684 <0.001 b 4.72 0.288 - 

  

    

m -0.441 0.065 0.36 0.27 0.5 

Cumberland Sound 

         PCNB 21 0.61 <0.001 b 4.35 0.484 

   

    

m -0.758 0.139 0.17 0.09 0.34 

Chlorothalonil 21 0.38 0.003 b 3.72 0.422 

   

    

m -0.408 0.121 0.39 0.22 0.7 

Chlorpyrifos 21 0.48 <0.001 b 4.51 0.623 

   

    

m -0.748 0.178 0.18 0.076 0.42 

Dacthal 21 0.44 0.001 b 4.79 0.726 

   

    

m -0.801 0.208 0.16 0.058 0.43 

-Endosulfan 29 0.33 0.001 b 4.98 0.72 

   

    

m -0.767 0.209 0.17 0.06 0.46 

-Endosulfan 29 <0.001 0.871 b 1.9 0.432 
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CUP n r2 p-value   Coefficient SE TMF 95% Confidence Interval 

          

  

  Lower Upper 

    

m -0.019 0.125 0.95 0.53 1.7 

Endosulfan sulfate 29 0.79 <0.001 b 6.32 0.414 

   

    

m -1.22 0.12 0.06 0.034 0.11 

Endosulfan 29 0.57 <0.001 b 5.39 0.427 

   

    

m -0.736 0.124 0.18 0.10 0.33 

Marine mammal food web 

         PCNB 129 0.406 <0.001 b 3.48 0.179 

   

    

m -0.45 0.048 0.36 0.29 0.44 

Chlorothalonil 129 0.30 <0.001 b 3.38 0.169 

   

    

m -0.34 0.045 0.46 0.38 0.57 

Chlorpyrifos 129 0.586 <0.001 b 3.75 0.138 

   

    

m -0.5 0.037 0.32 0.27 0.38 

Dacthal 129 0.376 <0.001 b 3.28 0.171 

   

    

m -0.4 0.046 0.4 0.32 0.49 

-Endosulfan 137 0.301 <0.001 b 3.81 0.204 

   

   

<0.001 m -0.42 0.055 0.38 0.3 0.49 

-Endosulfan 137 0.078 0.001 b 2.19 0.152 

   

    

m -0.14 0.041 0.73 0.61 0.88 

Endosulfan sulfate 137 0.441 <0.001 b 3.98 0.178 

   

    

m -0.49 0.048 0.32 0.26 0.4 

Endosulfan 137 0.315 <0.001 b 3.98 0.158 

   

    

m -0.33 0.042 0.46 0.38 0.56 

Poikilothermic food web 

         PCNB 82 0.02 0.207 

 

2.63 0.209 

   

     

-0.091 0.072 0.81 0.58 1.1 

Chlorothalonil 82 0.146 <0.001 

 

3.43 0.257 

   

     

-0.326 0.088 0.47 0.32 0.71 

Chlorpyrifos 82 0.466 <0.001 

 

4.06 0.209 

   

     

-0.598 0.072 0.25 0.18 0.35 

Dacthal 82 0.004 0.573 

 

2.44 0.253 

   

     

-0.049 0.087 0.89 0.6 1.3 

-Endosulfan 82 0.003 0.653 

 

2.82 0.219 

   

     

0.034 0.075 1.1 0.77 1.5 

-Endosulfan 82 0.178 <0.001 

 

2.6 0.19 

   

     

-0.019 0.065 0.54 0.4 0.72 

Endosulfan sulfate 82 0.071 0.016 

 

2.38 0.185 

   

     

0.16 0.064 1.4 1.1 1.9 

Endosulfan 82 0.026 0.149 

 

3.04 0.16 

             0.08 0.055 1.2 0.94 1.5 
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C.4 FIGURES 

 

Figure C1. Map showing the 3 sampling location in Nunavut, Canada. Coordinates are given for the 

communities used as base-camps during sampling (named in parentheses). Exact water sampling coordinates 

are given in Table C2. Map Scale = 1: 8000000. 

 

Barrow Strait/Lancaster Sound

(Resolute Bay, NU)

N7441′51″, W09449′56″

Rae Strait

(Gjoa Haven, NU)

N6837′33″, W09552′30″

Cumberland Sound 

(Pangnirtung, NU)

N6608′52″, W06541′58″
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Figure C2. Schematic diagram of the final pump (POP Attaché) used for seawater sampling. 
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Figure C3.  Seal tissue and morphometrics collection sheet used during sampling. 
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Figure C4. Log-linear regressions of the logarithm of CUP concentrations and calculated trophic levels for 

biota throughout all 3 marine sampling locations in the Canadian Arctic. Data are only shown for blubber; 

when liver and muscle were tested, slopes of the regressions remained negative, therefore data are not shown. 

Regression coefficients are shown with the 95% confidence interval of the slopes in Table C.
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D APPENDIX FOR CHAPTER 5 

DISTRIBUTION OF ORGANOHALOGEN FLAME RETARDANTS IN 

SEAWATER AND THEIR TROPHODYNAMICS IN RINGED SEAL 

(PUSA HISPIDA) FOOD CHAINS FROM THE CANADIAN ARCTIC 

D.1 TABLES 

Table D1. Seawater recoveries (means ± SD) for the HFRs in the dissolved (resin) and particulate (filter) 

phases.
a
 Recoveries in biota for these analytes are given in Appendix B (Table B2). Analytes are presented as 

they are in the three standards run that contained the compounds of interest. 

  Recovery (%) 

  Resin 

 

  Resin 

 

  Resin 

 Standard 1: 

  

Standard 2: 

  

Standard 3: 

  (N= 3) 

  

(N= 2) 

  

(N = 3) 

  BDE17 68 ± 22 

 

BDE190 84 ± 10 

 

Methoxy-TBB 83 ± 10 

 BDE28/33 66 ± 4.8 

 

BDE194 75 ± 4.0 

 

TBP-AE 71 ± 11 

 BDE47 81 ± 14 

 

BDE195 80 ± 14 

 

TBP-BAE 91 ± 12 

 BDE49 75 ± 15 

 

BDE196 80 ± 6.0 

 

pTBX 0 ± 0 

 BDE71 73 ± 15 

 

BDE197/204 79 ± 7.0 

 

PBBz 71 ± 5.3 

 BDE66 80 ± 14 

 

BDE198+ 76 ± 6.0 

 

PBT 32 ± 3.9 

 BDE85 74 ± 15 

 

BDE201 74 ± 11 

 

PBEB 73 ± 3.7 

 BDE99 78 ± 14 

 

BDE202 75 ± 8.7 

 

TBP-DBPE 121 ± 12 

 BDE100 84 ± 12 

 

BDE205 78 ± 6.0 

 

HBB 68 ± 3.2 

 BDE138 70 ± 15 

 

BDE206 67 ± 6.0 

 

PBBB - 

 BDE153 74 ± 12 

 

BDE207 73 ± 12 

 

PBB-Acr 127 ± 21 

 BDE154 77 ± 12 

 

BDE208 71 ± 6.0 

 

EH-TBB 158 ± 3.3 - 

BDE183 71 ± 10 

 

BDE209 76 ± 25 

 

BTBPE 96 ± 18 

 BDE209 - 

  

- - BEH-TEBP 74 ± 3.4 

 

 

- - 

 

- - s-DP 97 ± 7 

 

 

- - 

 

- - a-DP 98 ± 13 

 a 
Recoveries are the result of three elutions of spiked resin method blanks or extraction of three spiked filters on the 

ASE. Interferences with BDE209 in standard 1 prevented recovery calculation, but is assumed to be comparable to 

that observed in the standard 2 set. 
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Table D2. Standard reference material (SRM) analyte recoveries (%). SRMs were extracted with every batch 

of samples. SRM 1588b (cod liver oil) was discontinued during the study, so SRM 1946 (Lake Superior fish 

tissue) was used as a replacement. 

  Mean SRM Recoveries (%) 

 

SRM 1588b
a
 SRM 1588b  SRM 1946 

       

BDE28/33 70 65 97 

BDE47 85 76 98 

BDE66 - - 85 

BDE99 210 115 58 

BDE100 81 68 86 

BDE153 - - 65 

BDE154 168 132 88 

a
 Two outlying SRM concentrations skewed the BDE99 and BDE154 recoveries in 1588b and so data are presented 

here including and excluding those  samples. 

 
Table D3. Log KOW and calculated KDOC values used to estimate the fraction of freely dissolved (ffd) 

contaminant relative to measured concentrations from samples collected on XAD-2 resin using equations C1-

C3. 

  Log KOW KDOC ffd   Log KOW KDOC ffd 

BDE17 5.88 6.07E+04 0.98 HBCDD 7.74 4.40E+06 0.363 

BDE28/33 6.90 6.35E+05 0.80 DBDPE 13.64 3.49E+12 7.16E-07 

BDE47 7.30 1.60E+06 0.61 Methoxy-TBB 5.29 1.56E+04 0.99 

BDE49 6.77 4.71E+05 0.84 TBP-AE 5.59 3.11E+04 0.99 

BDE66 7.40 2.01E+06 0.55 TBP-BAE 5.98 7.64E+04 0.97 

BDE85 7.60 3.18E+06 0.44 pTBX 6.65 3.57E+05 0.87 

BDE99 7.60 3.18E+06 0.44 PBBz 6.44 2.20E+05 0.92 

BDE100 7.4 2.01E+06 0.55 PBT 6.99 7.82E+05 0.762 

BDE138 8.55 2.84E+07 0.081 PBEB 7.48 2.42E+06 0.51 

BDE153 8.55 2.84E+07 0.081 TBP-DBPE 6.34 1.75E+05 0.93 

BDE154 8.55 2.84E+07 0.081 HBB 6.07 9.40E+04 0.96 

BDE183 9.44 2.20E+08 0.011 PBBB 7.33 1.71E+06 0.59 

BDE190 9.44 2.20E+08 0.011 PBB-Acr 6.89 6.21E+05 0.801 

BDE194 10.3 1.60E+09 1.56E-03 EH-TBB 8.75 4.50E+07 0.053 

BDE195 10.3 1.60E+09 1.56E-03 BTBPE 9.15 1.13E+08 2.16E-02 

BDE196 10.3 1.60E+09 1.56E-03 BEH-TEBP 11.95 7.13E+10 3.51E-05 

BDE197 10.3 1.60E+09 1.56E-03 s-DP 11.27 1.49E+10 1.68E-04 

BDE198 10.3 1.60E+09 1.56E-03 a-DP 11.27 1.49E+10 1.68E-04 

BDE201 10.3 1.60E+09 1.56E-03 
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  Log KOW KDOC ffd   Log KOW KDOC ffd 

BDE202 10.3 1.60E+09 1.56E-03 

    BDE204 10.3 1.60E+09 1.56E-03 

    BDE205 10.3 1.60E+09 1.56E-03 

    BDE206 11.2 1.27E+10 1.97E-04 

    BDE207 11.2 1.27E+10 1.97E-04 

    BDE208 11.2 1.27E+10 1.97E-04 

    BDE209 12.1 1.01E+11 2.0E-05         
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Table D5. HFR concentrations in the particulate phase of seawater collected on glass microfiber filters in the 

Barrow and Rae Straits and the Cumberland Sound, Nunavut. Sample volumes and depths of samples are 

shown. 

Location Barrow Strait Rae Strait Cumberland Sound Overall DF 

Year 2010 2008 2010 2008 2008 2008 2008 (%) 

Melt Conditions Moderate Light Mod Light Light Drift ice Drift ice 

 Depth (m) 2 10 10 2 10 10 10 

 Sample Volume (L) 398 476 450 417 478 434 421 

 [
13

C8]mirex Recovery (%) 127 61 141 87 138 147 54 

 BDE71 Recovery (%) 73 77 58 57 61 73 18   

 

pg L
-1

 pg L
-1

 pg L
-1

 

 BDE28/33 0.37 0.28 1.3 0.21 0.33 0.37 0.20 100 

BDE47 1.1 0.66 4.3 1.4 0.21 5.0 2.5 100 

BDE49 ND ND ND ND ND ND 0.049 14 

BDE66 ND 0.062 0.073 ND ND ND ND 29 

BDE85 0.10 ND 0.076 0.056 ND 0.11 ND 57 

BDE99 1.4 0.75 1.7 1.8 1.1 2.3 1.6 100 

BDE100 0.29 0.092 0.28 0.34 0.087 0.41 0.28 100 

BDE153 0.065 0.053 0.045 0.098 0.054 0.062 ND 86 

BDE154 0.20 0.076 0.099 0.16 0.10 0.17 0.064 100 

BDE183 0.22 0.1 ND 0.078 0.056 0.049 ND 71 

BDE190 0.55 0.27 ND 0.20 0.11 ND ND 57 

BDE194 0.22 ND ND ND ND ND ND 14 

BDE195 0.34 ND ND ND ND ND ND 14 

BDE196 1.6 1.3 0.13 0.89 0.94 0.52 0.13 100 

BDE197 0.45 0.35 0.14 0.20 0.15 0.092 0.070 100 

BDE198 0.94 0.22 0.15 0.23 0.085 0.41 0.081 100 

BDE201 0.45 0.20 0.064 0.14 0.078 0.081 0.047 100 

BDE202 0.12 ND ND ND 0.023 ND ND 29 

BDE204 0.77 0.26 0.25 0.44 0.26 0.10 0.13 100 

BDE206 2.3 1.1 1.5 1.9 0.71 0.59 0.35 100 

BDE207 4.5 1.5 2.2 2.4 1.6 0.71 0.62 100 

BDE208 3.6 1.2 1.7 1.6 0.85 0.71 0.45 100 

BDE209 21 11 32 21 11 11 0.63 100 

Tri-HeptaBDE (11) 4.4 2.3 7.9 4.3 2.1 8.5 4.6 

 Tri-NonaBDE (25) 20 8.5 14 12 6.8 12 6.5 

 PBDE (26) 41 19 46 34 18 22 7.2 

 HBCDD* 1.1 6.9 0.23 0.12 0.19 42 5.2 100 
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Location Barrow Strait Rae Strait Cumberland Sound Overall DF 

Year 2010 2008 2010 2008 2008 2008 2008 (%) 

Melt Conditions Moderate Light Mod Light Light Drift ice Drift ice 

 Depth (m) 2 10 10 2 10 10 10 

 Sample Volume (L) 398 476 450 417 478 434 421 

 [
13

C8]mirex Recovery (%) 127 61 141 87 138 147 54 

 BDE71 Recovery (%) 73 77 58 57 61 73 18   

 

pg L
-1

 pg L
-1

 pg L
-1

 

 DBDPE ND ND 11 ND ND ND ND 14 

TBP-AE 0.69 0.24 0.043 0.33 0.47 0.38 0.23 100 

PBBz ND ND 0.077 ND ND ND 0.047 29 

PBT 0.16 ND ND ND ND ND ND 14 

PBEB ND ND 0.016 ND ND ND ND 14 

HBB ND ND ND ND ND 0.35 ND 14 

EH-TBB 0.077 ND 0.80 ND 0.056 9.8 ND 57 

BTBPE 0.26 ND 0.06 ND ND 0.27 0.27 57 

BEH-TEBP 3.2 ND 1.3 ND ND ND ND 29 

s-DP 0.58 ND ND 0.35 0.51 ND ND 43 

a-DP 1.2 ND 0.19 0.36 0.45 0.38 0.19 86 
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Table D6. Blank concentrations

a
 of HFRs (total pg; arithmetic means ± standard deviations) and blank 

calculated MDLs
a
 or IDLs

b
 (total pg) for the dissolved phase of seawater at 3 Arctic locations; Barrow Strait 

(BS), Rae Strait (RS) and Cumberland Sound (CS). DF = detection frequency. 

 

BS and RS 2007-2008, CS 2007 CS 2008 BS 2010 

   

    

 

  

   

 
DF Blank MDL DF Blank MDL DF Blank MDL 

  (%) (Total pg) (%) (Total pg) (%) (Total pg) 

BDE17 11 ND 20.1 33 29.6 ± 24.9 74.6 0 ND 30.4
b
 

BDE28/33 89 27.4 ± 19.5 58.5 33 92.7 ± 113 339 100 67.3 ± 22.6 67.8 

BDE47 100 461 ± 138 415 100 256 ± 176 527 100 1460 ± 453 1360 

BDE49 56 16.8 ± 8.69 26.1 33 12.4 ± 4.25 12.7 0 ND 29.8
b
 

BDE66 89 25.5 ± 11 33 33 54.7 ± 48 144 100 85 ± 52.4 157 

BDE85 100 19.5 ± 7.96 23.9 67 37 ± 25 75 100 12.9 ± 8.81 26.4 

BDE99 100 550 ± 281 844 100 156 ± 114 341 100 1267 ± 584 1752 

BDE100 100 108 ± 70.7 212 100 126 ± 156 469 100 156 ± 57.8 173 

BDE138 11 ND 12.1 0 ND 69.4
b
 0 ND 69.4

b
 

BDE153 89 42.2 ± 23.6 70.7 100 37.5 ± 30.7 92 100 57.4 ± 33 99 

BDE154 100 40.5 ± 25.3 75.8 100 33.7 ± 32.4 97.3 100 45.4 ± 14.2 42.6 

BDE183 22 26.8 ± 9.93 29.8 33 28.2 ± 6.19 18.6 0 0 ± 0 63.6
b
 

BDE190 22 20.6 ± 1.85 5.5 0 ND 42
b
 33 26.4 ± 9.39 28.2 

BDE194 0 ND 69.2
b
  0 ND 69.2

b
  0! ND 69.2

b
  

BDE195 0 ND 36.6
b
 0 ND 36.6

b
 33 108 ± 155 464 

BDE196 0 ND 59.4
b
 0 ND 59.4

b
 33 68.4 ± 67 201 

BDE197 11 ND 25.2 0 ND 31.2
b
 67 49.9 ± 32.7 98 

BDE198 44 40.4 ± 6.5 19.6 0 ND 72.6
b
 67 93.2 ± 69.5 208 

BDE201 11 ND 36 0 ND 39.2
b
 100 76.1 ± 50.4 151 

BDE202 0 ND 31.2
b
 0 ND 31.2

b
 33 24.3 ± 15 45 

BDE204 11 ND 23 0 ND 18.8
b
 33 36.3 ± 46.6 140 

BDE205 0 ND 35.4
b
 0 ND 35.4

b
 0 ND 35.4

b
 

BDE206 11 ND 62.7 33 40.8 ± 19.3 58 100 974 ± 887 2662 

BDE207 56 43 ± 12.6 37.7 67 70 ± 32.3 97 100 1904 ± 1515 4544 

BDE208 22 30 ± 2.7 8.11 67 37.6 ± 14.8 44.4 100 1255 ± 904 2711 

BDE209 56 371 ± 313 940 100 337 ± 186 557 0 ND 890
b
 

HBCDD 0 ND 168
b
 33 175 ± 158 475 0 ND 168

b
 

DBDPE 0 ND 323
b
 0 ND 323

b
 0 ND 323

b
 

Methoxy-TBB 0 ND 66
b
 0 ND 66.0

b
 0 ND 66

b
 

TBP-AE 33 11.7 ± 4 12 0 ND 22.0
b
 0 ND 22

b
 

TBP-BAE 0 ND 21.2
b
 0 ND 21.2

b
 0 ND 21.2

b
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BS and RS 2007-2008, CS 2007 CS 2008 BS 2010 

   

    

 

  

   

 
DF Blank MDL DF Blank MDL DF Blank MDL 

  (%) (Total pg) (%) (Total pg) (%) (Total pg) 

pTBX 0 ND 20.6
b
 0 ND 20.6

b
 0 ND 20.6

b
 

PBBz 44 108 ± 193 580 33 13.6 ± 0 27.2 100 36.3 ± 17.5 52.6 

PBT 0 ND 33.2
b
 33 22.3 ± 9.9 29.8 0 ND 33.2

b
 

PBEB 0 ND 34.4
b
 0 ND 34.4

b
 0 ND 34.4

b
 

TBP-DBPE 0 ND 86.2
b
 0 ND 86.2

b
 33 65 ± 37.9 114 

HBB 33 26.3 ± 17.1 51.2 33 39.1 ± 26 78 0 ND 48.2
b
 

PBBB 0 ND 231
b
 0 ND 231

b
 0 ND 231

b
 

PBB-Acr 56 427 ± 442 1325 33 281 ± 333 1000 0 ND 176
b
 

EH-TBB 0 ND 31.0
b
 0 ND 31.0

b
 0 ND 31.0

b
 

BTBPE 0 ND 33.4
b
 0 ND 33.4

b
 0 ND 33.4

b
 

BEH-TEBP 0 ND 393
b
 0 ND 393

b
 0 ND 393

b
 

s-DP 0 ND 29.6
b
 0 ND 29.6

b
 0 ND 29.6

b
 

a-DP 0 ND 26.8
b
 0 ND 26.8

b
 0 ND 26.8

b
 

a
 MDL = 3  SD of blanks. Note that both mean blank concentrations and MDLs are presented as total pg here, but 

were volume corrected (to the volumes noted in Table C2 rounded to the nearest 100 L) during data processing 

(blank substitution, MDL/2 substitutions). 
b
 These values are IDLs and were used when blank detection frequencies were <20% for a given analyte. 

 
Table D7. Method blank detection frequencies, concentrations (total pg; mean  SD) and MDL or IDLs

a
 for 

HFRs on glass microfiber filters used for water sampling.
b 

DF = detection frequency. 

  DF Blank MDL   DF Blank MDL 

  (%) (Total pg) (Total pg)   (%) (Total pg) (Total pg) 

PBDEs: 

   

Alternate HFRs: 

   BDE17 0 ND 30.4
a
 HBCDD 10 ND 168

a
 

BDE28/33 0 ND 54.8
a
 DBDPE 0 ND 323

a
 

BDE47 100 299 ± 133 399 Methoxy-TBB 0 ND 66
a
 

BDE49 0 ND 29.8
a
 TBP-AE 10 ND 22

a
 

BDE66 0 ND 54
a
 TBP-BAE 0 ND 21.2

a
 

BDE85 0 ND 69.4
a
 pTBX 0 ND 20.6

a
 

BDE99 100 223 ± 102 307 PBBz 0 ND 27.2
a
 

BDE100 100 39.9 ± 13.3 40 PBT 0 ND 33.2
a
 

BDE138 0 ND 69.4
a
 PBEB 0 ND 34.4

a
 

BDE153 10 ND 70.0
a
 TBP-DBPE 0 ND 86.2

a
 

BDE154 0 ND 55.2
a
 HBB 0 ND 48.2

a
 

BDE183 0 ND 63.6
a
 PBBB 0 ND 231

a
 

BDE190 0 ND 42.0
a
 PBB-Acr 0 ND 176

a
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  DF Blank MDL   DF Blank MDL 

  (%) (Total pg) (Total pg)   (%) (Total pg) (Total pg) 

PBDEs: 

   

Alternate HFRs: 

   BDE194 0 ND 69.2
a
 EH-TBB 0 ND 31.0

a
 

BDE195 0 ND 36.6
a
 BTBPE 0 ND 33.4

a
 

BDE196 10 ND 59.4
a
 BEH-TEBP 0 ND 393

a
 

BDE197 0 ND 31.2
a
 s-DP 0 ND 29.6

a
 

BDE198 20 19.8 ± 17.4 52.1 a-DP 10 ND 26.8
a
 

BDE201 0 ND 39.2
a
 

    BDE202 0 ND 31.2
a
 

    BDE204 0 ND 18.8
a
 

    BDE205 0 ND 35.4
a
 

    BDE206 40 91.7 ± 53.9 162 

    BDE207 50 142 ± 103 309 

    BDE208 30 68.3 ± 46.8 140 

    BDE209
c
 45 1020 ± 837 2955 

    a
 IDLs were used when analytes were not detected in blanks (DF <20%). 

b
 The blank and MDL concentrations in the table were volume corrected to the nearest 100 L (200-500 L samples) 

for blank corrections and data substitutions; volume corrected MDLs were further divided by 2 for data 

substitutions. 
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Table D8. The mean concentrations of the analytes in the blanks expressed as a percentage (%) of the 

concentrations in samples in A) the dissolved phase, and B) the particulate phase of seawater. The n values 

indicate the number of comparisons made where analytes were detected in both the samples and the blanks 

for the calculations (non-detect concentrations were not incorporated into the means). Only contaminants 

with a significant presence in the dissolved phase of seawater are shown (see Table D3). 

A) Dissolved phase           

Analyte n Blank:sample (%) Analyte n Blank:sample (%) 

BDE17 3 46 ± 52 HBCDD 0 - 

BDE28 10 70 ± 92 Methoxy-TBB 0 - 

BDE47 11 33 ± 19 TBP-AE 1 6.0 

BDE49 1 5.0 TBP-BAE 0 - 

BDE66 10 120 ± 131 pTBX 0 - 

BDE85 11 89 ± 42 PBBz 5 79 ± 81 

BDE99 11 24 ± 11 PBT 1 21 

BDE100 11 49 ± 22 PBEB 0 - 

BDE138 0 - TBP-DBPE 0 - 

BDE153 11 59 ± 24 HBB 1 353 

BDE154 11 55 ± 20 PBBB 0 - 

      PBB-Acr 2 84 ± 58 

 

B) Particulate phase           

Analyte n Blank:sample (%) Analyte n Blank:sample (%) 

BDE17 0 - HBCDD 0 - 

BDE28 0 - DBDPE 8 27 ± 24 

BDE47 8 34 ± 25 Methoxy-TBB 0 - 

BDE49 0 - TBP-AE 7 11 ± 10 

BDE66 0 - TBP-BAE 0 - 

BDE85 0 - pTBX 0 - 

BDE99 8 24 ± 8.9 PBBz 0 - 

BDE100 8 28 ± 14 PBT 0 - 

BDE138 0 - PBEB 0 - 

BDE153 8 68 ± 40 TBP-DBPE 0 - 

BDE154 0 - HBB 0 - 

BDE183 0 - PBBB 0 - 

BDE190 0 - PBB-Acr 0 - 

BDE194 0 - EH-TBB 0 - 

BDE195 0 - BTBPE 0 - 

BDE196 8 15 ± 12 BEH-TEBP 0 - 

BDE197 0 - s-DP 0 - 
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B) Particulate phase           

Analyte n Blank:sample (%) Analyte n Blank:sample (%) 

BDE198 8 21 ± 12 a-DP 7 8.4 ± 4.1 

BDE201 0 - 

   BDE202 0 - 

   BDE204 0 - 

   BDE205 0 - 

   BDE206 8 17 ± 12 

   BDE207 8 19 ± 12 

   BDE208 8 12 ± 7.7 

   BDE209
a
 8 14 ± 16 

   BDE209 8 23 ± 30       

a
 BDE209 results from analytical standard 1. 
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Table D14. Mean concentrations of HFRs in water and air used to calculate BAFs for CUPs in poikilothermic 

animals (water) and ringed seals (air).
 a

 Average concentrations from all samples and years from the present 

study. 

 Concentrations in water (pg L
-1

) and air (pg m
-3

) 

  Water
a
 Air

b
 

 

Barrow Strait Rae Strait Cumberland Sound Alert 

BDE17 0.036 0.041 0.11 0.083 

BDE28/33 0.12 0.11 0.58 0.18 

BDE47 1.8 0.99 4.5 1.4 

BDE49 0.37 0.37 0.018 ND 

BDE66 0.044 0.082 0.066 0.085 

BDE85 0.014 8.0E-03 0.045 0.098 

BDE99 2.7 3.7 2.2 0.87 

BDE100 0.029 0.041 0.028 0.23 

BDE138 ND ND ND 0.058 

BDE153 9.9E-03 9.3E-03 0.011 0.064 

BDE154 9.0E-04 1.1E-03 1.7E-03 0.060 

BDE183 1.2E-03 ND 5.3E-04 0.15 

BDE190 ND ND ND 0.085 

BDE194 7.2E-05 ND ND ND 

BDE196 4.9E-04 1.0E-04 1.5E-04 ND 

BDE197 1.9E-04 8.0E-05 7.3E-05 ND 

BDE198 4.3E-04 3.4E-05 1.2E-04 ND 

BDE201 1.6E-04 ND ND ND 

BDE202 2.5E-05 ND ND ND 

BDE204 5.4E-05 ND ND ND 

BDE206 3.5E-04 1.4E-05 5.6E-05 ND 

BDE207 5.7E-04 1.4E-04 9.6E-05 ND 

BDE208 3.4E-04 7.6E-05 5.4E-05 ND 

BDE209 2.6E-04 4.317E-05 1.8E-04 1.1 

HBCDD 0.45 ND ND ND 

TBP-AE 0.11 0.013 0.015 ND 

PBBz 0.07 ND ND ND 

PBT 0.009 ND 0.028 ND 

PBEB 0.001 ND 0.004 ND 

HBB ND ND 0.009 ND 

EH-TBB ND ND ND 0.64 

BTBPE 0.016 8.1E-04 1.2E-03 ND 
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 Concentrations in water (pg L
-1

) and air (pg m
-3

) 

  Water
a
 Air

b
 

 

Barrow Strait Rae Strait Cumberland Sound Alert 

BEH-TEBP 2.7E-05 1.6E-05 1.7E-04 0.41 

s-DP 2.3E-06 8.5E-05 ND ND 

a-DP 5.2E-07 ND ND ND 

a
 Concentration in water are means from all depths and all years at each location for calculation of BAFs and to 

investigate correlations with octanol-partition coefficients. 
b
 Mean concentrations in air provided by Hayley Hung as per Chapter 3. 

 
Table D15. BMFs based on lipid normalized concentrations, calculated at Barrow Strait Rae Strait and 

Cumberland Sound.
a 

Values marked with (*) are significantly less than 1, and those marked with (**) are 

significantly greater than 1 (2-tailed t-tests or Mann-Whitney U-tests, p <0.05). 

 Mean biomagnification factor ± SE 

Consumer Plankton Amphipods: Amphipods: Boreogadus: Boreogadus: SealBlubber: SealBlubber: 

Diet Algae Algae Plankton Plankton Amphipods Boreogadus Amphipod 

n (n1 + n2) 20 13 15 34 27 41 21 

 Barrow Strait 

BDE17 - - - - 3.0 ± 0.73** 

0.070  ± 

0.016* 0.21 ± 0.047*  

BDE28 - 0.13 ± 0.044* - - 2.4 ± 0.75 0.11 ± 0.031* 0.26 ± 0.081* 

BDE47 0.43 ± 0.12* 0.76 ± 0.26 1.8 ± 0.52 1.6 ± 0.37 0.92 ± 0.22 0.24 ± 0.050* 0.22 ± 0.056* 

BDE49 - - - - 2.1 ± 1.2 0.18 ± 0.086* 0.38 ± 0.071* 

BDE66 - - - - 

0.34 ± 

0.074* 0.14 ± 0.031* 0.048 ± 0.011* 

BDE85 - - - - 

0.57 ± 

0.077* 0.21 ± 0.028* 0.12 ± 0.022* 

BDE99 0.94 ± 0.34 1.0 ± 0.42 1.1 ± 0.40 0.57 ± 0.14* 0.53 ± 0.13* 0.11 ± 0.026* 0.059 ± 0.019* 

BDE100 0.79 ± 0.27 0.70 ± 0.39 0.89 ± 0.40 1.5 ± 0.55 1.7 ± 0.81 0.15 ± 0.051* 0.26 ± 0.099* 

BDE138 - - - 0.26 ± 0.031* - - - 

BDE153 - - - - 0.50 ± 0.11* 0.31 ± 0.048* 0.15 ± 0.035* 

BDE154 0.73 ± 0.14 0.52 ± 0.14* 0.72 ± 0.16 2.0 ± 0.31** 2.8 ± 0.55** 0.13 ± 0.026* 0.38 ± 0.10* 

BDE183 

0.26 ± 

0.079* 0.08 ± 0.032* 0.31 ± 0.061* 0.16 ± 0.023* 

0.51 ± 

0.094* 0.39 ± 0.053* 0.20 ± 0.035* 

BDE190 - - - 

0.034 ± 

0.028* - - - 

BDE194 0.52 ± 0.17* 0.21 ± 0.090* 0.41 ± 0.087* 0.20 ± 0.036* 0.49 ± 0.11* - - 

BDE195 0.43 ± 0.15* 0.13 ± 0.056* 0.30 ± 0.072* 0.18 ± 0.054* 0.60 ± 0.20 0.094 ± 0.025* 0.056 ± 0.011* 

BDE196 - - - - - - - 

BDE197 

0.20 ± 

0.066* 

0.045 ± 

0.018* 0.23 ± 0.053* 0.33 ± 0.084* 1.4 ± 0.39 0.086 ± 0.020* 0.12 ± 0.023* 

BDE198 0.60 ± 0.24 0.21 ± 0.095* 0.34 ± 0.090* 0.15 ± 0.046* 0.42 ± 0.14* 0.16 ± 0.046* 0.067 ± 0.015* 

BDE201 4.1 ± 2.2 0.53 ± 0.32 0.13 ± 0.044* 

0.054 ± 

0.015* 0.42 ± 0.10* 0.064 ± 0.016* 

0.027 ± 

0.0071* 

BDE202 - - - - - - - 
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 Mean biomagnification factor ± SE 

Consumer Plankton Amphipods: Amphipods: Boreogadus: Boreogadus: SealBlubber: SealBlubber: 

Diet Algae Algae Plankton Plankton Amphipods Boreogadus Amphipod 

n (n1 + n2) 20 13 15 34 27 41 21 

BDE204 - - - - - - - 

BDE205 - - 0.26 ± 0.052* 0.68 ± 0.21 2.6 ± 0.86 0.086 ± 0.028* 0.22 ± 0.064* 

BDE206 0.49 ± 0.17* 0.18 ± 0.092* 0.37 ± 0.13* 0.26 ± 0.056* 0.72 ± 0.22 0.066 ± 0.020* 0.047 ± 0.021* 

BDE207 0.44 ± 0.15* 0.17 ± 0.084* 0.39 ± 0.14* 0.30 ± 0.061* 0.76 ± 0.22 0.071 ± 0.020* 0.054 ± 0.023* 

BDE208 0.94 ± 0.32 0.44 ± 0.21* 0.47 ± 0.16* 0.26 ± 0.056* 0.55 ± 0.15* 0.060 ± 0.017* 0.033 ± 0.013* 

BDE209 1.2 ± 0.47 2.0 ± 0.84 1.6 ± 0.36 0.36 ± 0.091* 

0.22 ± 

0.054* 0.085 ± 0.033* 

0.019 ± 

0.0091* 

Tri-heptaBDE 0.58 ± 0.16* 0.74 ± 0.25 1.3 ± 0.34 1.1 ± 0.21 0.86 ± 0.19 0.18 ± 0.034* 0.16 ± 0.039* 

Tri-NonaBDE 0.60 ± 0.19 0.28 ± 0.13* 0.48 ± 0.13* 0.35 ± 0.060* 0.73 ± 0.17 0.11 ± 0.021* 0.080 ± 0.022* 

PBDE 1.0 ± 0.37 1.5 ± 0.59 1.4 ± 0.29 0.36 ± 0.082* 

0.25 ± 

0.057* 0.090 ± 0.030* 0.023 ± 0.009* 

        Alternate 

HFRs: 

       

HBCDD - - 

2.6E-03 ± 1.9E-

03* - 

0.16 ± 

0.023* 1.0 ± 0.21 0.16 ± 0.044* 

TBP-AE 0.22 ± 0.15* 

0.058 ± 

0.019* 0.26 ± 0.18* 0.20 ± 0.10* 0.78 ± 0.16 0.31 ± 0.067* 0.25 ± 0.055* 

PBBz 4.0 ± 3.8 14 ± 12 3.6 ± 2.8 6.1 ± 3.2 1.7 ± 0.4 0.16 ± 0.027 0.27 ± 0.054* 

PBT 0.25 ± 0.25* - - 1.0 ± 0.95 - - - 

 

Consumer Arctogadus: 

 

SealBlubber: 

Diet Plankton 

 

Arctogadus 

n (n1 + n2) 10   12 

 

Rae Strait 

BDE17 - 

 

- 

BDE28/33 - 

 

- 

BDE47 0.35 ± 0.13* 

 

0.79 ± 0.3 

BDE49 - 

 

0.51 ± 0.22* 

BDE66 - 

 

- 

BDE85 - 

 

0.89 ± 0.19 

BDE99 0.081 ± 0.018* 

 

1.1 ± 0.3 

BDE100 0.42 ± 0.10* 

 

1.1 ± 0.27 

BDE138 0.042 ± 0.033* 

 

- 

BDE153 0.013 ± 0.011* 

 

- 

BDE154 0.027 ± 0.0090* 

 

4.9 ± 1.8** 

BDE183 0.035 ± 0.0070* 

 

- 

BDE190 - 

 

- 

BDE194 - 

 

- 
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Consumer Arctogadus: 

 

SealBlubber: 

Diet Plankton 

 

Arctogadus 

n (n1 + n2) 10   12 

 

Rae Strait 

BDE195 0.011 ± 0.0030* 

 

0.42 ± 0.11* 

BDE196 - 

 

- 

BDE197 0.019 ± 0.0070* 

 

0.57 ± 0.14* 

BDE198 0.021 ± 0.0085* 

 

0.31 ± 0.099* 

BDE201 0.056 ± 0.028* 

 

0.17 ± 0.068* 

BDE202 - 

 

- 

BDE204 - 

 

- 

BDE205 - 

 

- 

BDE206 0.025 ± 0.010* 

 

0.51 ± 0.15* 

BDE207 0.033 ± 0.015* 

 

0.43 ± 0.15* 

BDE208 0.031 ± 0.015* 

 

0.41 ± 0.16* 

BDE209 0.026 ± 0.010* 

 

0.42 ± 0.12* 

Tri-heptaBDE 0.22 ± 0.065* 

 

0.92 ± 0.28 

Tri-NonaBDE 0.045 ± 0.015* 

 

0.63 ± 0.16* 

PBDE 0.029 ± 0.011* 

 

0.46 ± 0.12* 

    Alternate HFRs: 

   TBP-AE 0.067 ± 0.029* 

 

0.10 ± 0.029* 

PBBz 1.7 ± 1.4 

 

0.013 ± 0.013* 

BTBPE -   0.47 ± 0.14* 

 

Consumer Arctic char: Capelin: SealBlubber: SealBlubber: 

Diet Plankton Plankton Capelin Char 

n (n1 + n2) 8 8 12 12 

 Cumberland Sound 

BDE17 0.37 ± 0.12* - - - 

BDE28/33 - - 0.086 ± 0.025* 1.7 ± 0.53 

BDE47 2.0 ± 0.55 29 ± 7.3** 0.053 ± 0.00927* 0.79 ± 0.16 

BDE49 - - - - 

BDE66 - - - - 

BDE85 - - - - 

BDE99 2.0 ± 0.70 30 ± 9.2** 0.0065 ± 0.00193* 0.097 ± 0.032* 

BDE100 2.1 ± 0.79 38 ± 16 0.038 ± 0.012* 0.69 ± 0.19 

BDE138 - - - - 

BDE153 0.69 ± 0.15 14 ± 7.7 0.028 ± 0.012* 0.58 ± 0.10* 

BDE154 1.3 ± 0.56 7.5 ± 4.4 - - 

BDE183 0.55 ± 0.22 4.5 ± 1.0** - - 

BDE190 - - - - 

BDE194 - - - - 
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Consumer Arctic char: Capelin: SealBlubber: SealBlubber: 

Diet Plankton Plankton Capelin Char 

n (n1 + n2) 8 8 12 12 

BDE195 0.15 ± 0.071* 2.1 ± 1.4 - - 

BDE196 - - - - 

BDE197 0.29 ± 0.13* 3.6 ± 2.0 - - 

BDE198 0.21 ± 0.12* 4.7 ± 2.8 - - 

BDE201 1.1 ± 0.51 8.6 ± 4.6 - - 

BDE202 - - - - 

BDE204 - - - - 

BDE205 - - - - 

BDE206 0.27 ± 0.12* 5.5 ± 3.0 - - 

BDE207 0.25 ± 0.11* 5.8 ± 3.3 - - 

BDE208 0.88 ± 0.23 21 ± 10 - - 

BDE209 1.6 ± 0.57 28 ± 19 - - 

Tri-heptaBDE 1.9 ± 0.54 28 ± 7.0** 0.030 ± 0.0061* 0.45 ± 0.10* 

Tri-NonaBDE 0.65 ± 0.22 11 ± 4.5 0.016 ± 0.0039* 0.28 ± 0.049* 

PBDE 0.96 ± 0.29 17 ± 8.9 0.0070 ± 0.0028* 0.12 ± 0.024* 

     Alternate HFRs: 

    TBP-AE 0.046 ± 0.016* - - - 

PBBz 0.18 ± 0.061* 5.1 ± 1.7** - - 

BTBPE* 3.5 ± 1.3 68 ± 39 0.022 ± 0.0098* 0.42 ± 0.11* 

a 
BMFs were only calculated when analytes were detected at >20% frequency in both the consumer and the diet to 

avoid presenting skewed BMFs based on MDL/2 concentrations. 
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Table D16. Mean biomagnification factors (BMF ± SE) for muscle and liver of ringed seals from Barrow 

Strait and Rae Strait, NU. Each seal tissues is assessed according to the same dietary comparisons as in Table 

D15. BMFs marked with a (*) are significantly less than 1, those marked with (**) are significantly greater 

than 1 (2-tailed t tests, p <0.05). 
 

  Mean biomagnification factor ± SE 

 
Barrow Strait 

 
Rae Strait 

 

SealMuscle: SealMuscle: SealLiver: SealLiver: 

 

SealMuscle: SealLiver: 

 

Boreogadus Amphipod Boreogadus Amphipod 

 

Arctogadus Arctogadus 

  38 19 40 21   12 11 

BDE17 8.7 ± 3.2** 26 ± 12** 1.2 ± 0.39 3.6 ± 1.4 

 

- - 

BDE28/33 34 ± 20 81 ± 64 0.74 ± 0.19 1.8 ± 0.44 

 

- - 

BDE47 8.0 ± 2.1** 7.4 ± 2.4** 0.89 ± 0.18 0.82 ± 0.2 

 

1.9 ± 0.84 1.3 ± 0.48 

BDE49 126 ± 93 262 ± 208 1.1 ± 0.57 2.2 ± 0.81 

 

- - 

BDE66 7.5 ± 2.0** 2.5 ± 0.76 - - 

 

6.5 ± 1.8** - 

BDE85 5.2 ± 0.65** 3.0 ± 0.53** - - 

 

- - 

BDE99 18 ± 4.4** 9.7 ± 3.3** 0.82 ± 0.17 0.43 ± 0.13* 

 

8.4 ± 1.7** 2.2 ± 0.45** 

BDE100 21 ± 10 35 ± 22 0.42 ± 0.14* 0.71 ± 0.28 

 

3.0 ± 0.89** 1.8 ± 0.54 

BDE138 - - 5.8 ± 0.86** - 

 

- - 

BDE153 26 ± 6.0** 13 ± 4.3** - - 

 

- - 

BDE154 31 ± 17 87 ± 68 0.24 ± 0.040* 0.69 ± 0.15 

 

18 ± 6.6** 3.4 ± 1.4 

BDE183 15 ± 2.8** 7.8 ± 1.9** 2.3 ± 0.29** 1.2 ± 0.18 

 

4.8 ± 1.1** - 

BDE190 - - - - 

 

- - 

BDE194 - - - - 

 

- - 

BDE195 2.2 ± 0.63 1.3 ± 0.29 0.30 ± 0.080* 0.18 ± 0.032* 

 

7.4 ± 1.1** 1.4 ± 0.40 

BDE196 - - - - 

 

- - 

BDE197 4.5 ± 1.2** 6.4 ± 1.6** 0.51 ± 0.12* 0.72 ± 0.13* 

 

8.4 ± 2.2** 2.6 ± 1.0 

BDE198 5.2 ± 1.5** 2.2 ± 0.40** 0.37 ± 0.10* 0.16 ± 0.028* 

 

2.7 ± 0.77 0.90 ± 0.29 

BDE201 8.2 ± 2.5** 3.4 ± 1.3 6.9 ± 1.8** 2.9 ± 0.85** 

 

1.8 ± 0.70 5.4 ± 2.4 

BDE202 - - - - 

 

- - 

BDE204 - - - - 

 

- - 

BDE205 - - 0.53 ± 0.16* 1.4 ± 0.30 

 

- - 

BDE206 3.0 ± 0.71** 2.2 ± 0.8 0.43 ± 0.075* 0.31 ± 0.088* 

 

4.1 ± 1.1** 0.52 ± 0.19* 

BDE207 2.6 ± 0.55** 2.0 ± 0.66 0.40 ± 0.070* 0.31 ± 0.086* 

 

2.8 ± 0.93 0.19 ± 0.10* 

BDE208 1.7 ± 0.37 0.94 ± 0.30 0.24 ± 0.048* 0.13 ± 0.038* 

 

1.1 ± 0.43 0.37 ± 0.15* 

BDE209 2.3 ± 0.84 0.52 ± 0.22* 0.21 ± 0.059* 0.048 ± 0.013* 

 

1.2 ± 0.38 0.26 ± 0.081* 

Tri-heptaBDE 15 ± 3.0** 13 ± 3.5** 0.88 ± 0.15 0.76 ± 0.16 

 

3.0 ± 0.95 1.6 ± 0.46 

Tri-nonaBDE 7.0 ± 1.3** 5.1 ± 1.4** 0.64 ± 0.088* 0.46 ± 0.10* 

 

2.7 ± 0.63** 1.0 ± 0.24 

PBDE 3.2 ± 0.88** 0.81 ± 0.25 0.29 ± 0.064* 0.074 ± 0.014* 

 

1.5 ± 0.39 0.42 ± 0.10* 

        Alternate HFRs: 

      HBCDD 7.2 ± 1.0** 1.1 ± 0.20 3.4 ± 0.76** 0.54 ± 0.16* 

 

- - 

TBP-AE 184 ± 66** 144 ± 67** 7.3 ± 1.7** 5.7 ± 1.4** 

 

0.067 ± 0.029* 0.1 0 ± 0.029* 

PBBz 3.2 ± 0.96** 5.4 ± 2.2 0.98 ± 0.42 1.7 ± 0.96 

 

1.7 ± 1.4 0.013 ± 0.013* 

PBT - - 0.020 ± 0.017* - 

 

- - 

PBEB - - - - 

 

- - 

TBP-DBPE - - - - 

 

- - 

HBB - - - - 

 

- - 
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  Mean biomagnification factor ± SE 

 
Barrow Strait 

 
Rae Strait 

 

SealMuscle: SealMuscle: SealLiver: SealLiver: 

 

SealMuscle: SealLiver: 

 

Boreogadus Amphipod Boreogadus Amphipod 

 

Arctogadus Arctogadus 

  38 19 40 21   12 11 

BTBPE - - -  -   - 0.47 ± 0.14* 
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Table D17 Log-linear regression coefficients and TMFs for the relationships calculated between trophic level 

and logged concentrations of HFRs in the 3 individual food chains (A, B, and C) and for D) the composite 

poikilothermic (all invertebrates and fish) and E) the composite ringed seal food web.
c 

 Log-linear regression coefficients
a
 TMF and 95% CI 

  DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

A) Barrow Strait food chain 

         (n = 65) 

         BDE28/33 72 0.32 <0.001 b 3.47 0.27       

    

m -0.44 0.08 0.36 0.25 0.53 

BDE47 100 0.12 0.005 b 3.86 0.2       

    

m -0.17 0.06 0.67 0.51 0.88 

BDE99 98 0.29 <0.001 b 4.11 0.25       

    

m -0.38 0.08 0.42 0.30 0.59 

BDE100 94 0.08 0.023 b 2.78 0.23       

    

m -0.16 0.07 0.69 0.50 0.95 

BDE153 39 0.54 <0.001 b 3.14 0.17       

    

m -0.43 0.05 0.37 0.29 0.46 

BDE154 75 0.13 0.003 b 2.66 0.22       

    

m -0.2 0.066 0.63 0.47 0.85 

BDE183 45 0.61 <0.001 b 3.76 0.19       

    

m -0.57 0.06 0.27 0.21 0.35 

BDE195 69 0.65 <0.001 b 4.32 0.2       

    

m -0.66 0.06 0.22 0.17 0.29 

BDE197 67 0.57 <0.001 b 3.99 0.22       

    

m -0.6 0.07 0.25 0.18 0.34 

BDE198 66 0.45 <0.001 b 4.22 0.27       

    

m -0.59 0.08 0.25 0.17 0.37 

BDE201 63 0.47 <0.001 b 4.28 0.29       

    

m -0.65 0.09 0.22 0.15 0.33 

BDE206 92 0.49 <0.001 b 5.39 0.31       

    

m -0.72 0.09 0.19 0.13 0.30 

BDE207 89 0.45 <0.001 b 5.39 0.3       

    

m -0.65 0.09 0.23 0.15 0.34 

BDE208 81 0.47 <0.001 b 5.16 0.27       

    

m -0.62 0.08 0.24 0.17 0.35 

BDE209 80 0.31 <0.001 b 6.17 0.32       

    

m -0.52 0.1 0.30 0.19 0.47 

Tri-NonaBDE  

 

0.55 <0.001 b 5.74 0.19       

    

m -0.5 0.058 0.31 0.24 0.41 

PBDE 

 

0.4 <0.001 b 6.39 0.267       

    

m -0.52 0.081 0.30 0.21 0.43 

HBCDD 39 0.33 <0.001 b 4.36 0.32       
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 Log-linear regression coefficients
a
 TMF and 95% CI 

  DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

    

m -0.53 0.1 0.29 0.19 0.46 

TBP-AE 46 0.62 <0.001 b 3.553 0.172       

    

m -0.527 0.052 0.30 0.23 0.38 

PBBz 63 0.3 <0.001 b 2.859 0.165       

    

m -0.261 0.05 0.55 0.44 0.69 

B) Rae Strait food chain DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

(n = 16) 

 

                

BDE47 100 0.36 0.014 b 4.559 0.326       

    

m -0.243 0.086 0.57 0.37 0.87 

BDE66 50 0.3 0.028 b 3.383 0.625       

    

m -0.408 0.166 0.39 0.17 0.89 

BDE85 50 0.7 <0.001 b 3.234 0.222       

    

m -0.336 0.059 0.46 0.35 0.62 

BDE99 94 0.56 0.001 b 4.638 0.399       

    

m -0.444 0.106 0.36 0.21 0.61 

BDE100 100 0.28 0.034 b 3.321 0.237       

    

m -0.148 0.063 0.71 0.52 0.97 

BDE138 50 0.04 0.486 b 2.507 0.337       

    

m -0.064 0.09 0.86 0.55 1.30 

BDE153 63 0.22 0.069 b 2.962 0.55       

    

m -0.288 0.146 0.52 0.25 1.10 

BDE154 100 0.24 0.057 b 3.509 0.73       

    

m -0.402 0.194 0.40 0.15 1.00 

BDE195 75 0.74 <0.001 b 5.53 0.557       

    

m -0.942 0.148 0.11 0.06 0.24 

BDE197 63 0.49 0.002 b 4.475 0.692       

    

m -0.678 0.184 0.21 0.09 0.52 

BDE198 94 0.76 <0.001 b 5.799 0.522       

    

m -0.912 0.139 0.12 0.06 0.24 

BDE201 81 0.65 <0.001 b 5.043 0.527       

    

m -0.717 0.14 0.19 0.10 0.38 

BDE205 44 0.49 0.002 b 4.113 0.587       

    

m -0.575 0.156 0.27 0.12 0.57 

BDE206 94 0.48 0.003 b 5.767 0.687       

    

m -0.653 0.182 0.22 0.09 0.55 

BDE207 100 0.5 0.002 b 5.841 0.626       

    

m -0.619 0.166 0.24 0.11 0.55 

BDE208 100 0.6 <0.001 b 6.117 0.559       

    

m -0.675 0.148 0.21 0.10 0.44 
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 Log-linear regression coefficients
a
 TMF and 95% CI 

  DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

BDE209 88 0.6 <0.001 b 7.324 0.545       

    

m -0.664 0.145 0.22 0.11 0.44 

Tri-NonaBDE  

 

0.63 <0.001 b 6.403 0.431       

    

m -0.553 0.115 0.28 0.16 0.49 

PBDE 

 

0.62 <0.001 b 7.356 0.508       

    

m -0.638 0.135 0.23 0.12 0.45 

HBCDD 56 0.39 0.009 b 4.698 0.652       

    

m -0.52 0.173 0.30 0.13 0.71 

TBP-AE 38 0.74 <0.001 b 4.598 0.436       

    

m -0.729 0.116 0.19 0.11 0.33 

PBBz 38 0.55 0.001 b 4.304 0.57       

    

m -0.62 0.151 0.24 0.11 0.51 

BTBPE 69 0.013 0.669 b 2.975 0.545       

    

m 0.063 0.145 1.20 0.60 2.40 

          C) Cumberland Sound food chain DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

(n = 20) 

 

                

BDE28/33 60 0.102 0.169 b 3.861 1.02       

    

m -0.488 0.34 0.33 0.06 1.69 

BDE47 100 0.008 0.702 b 4.234 0.99       

    

m -0.129 0.331 0.74 0.15 3.68 

BDE49 10 0.258 0.022 b 4.593 1.19       

    

m -0.994 0.398 0.10 0.02 0.70 

BDE66 20 0.338 0.007 b 5.067 0.996       

    

m -1.01 0.333 0.10 0.02 0.49 

BDE85 15 0.406 0.002 b 5.206 0.896       

    

m -1.052 0.299 0.09 0.02 0.38 

BDE99 95 0.169 0.072 b 6.272 1.523       

    

m -0.974 0.509 0.11 0.01 1.20 

BDE100 100 0.018 0.572 b 3.593 1.211       

    

m -0.233 0.405 0.58 0.08 4.10 

BDE138 5 0.457 0.001 b 5.199 0.776       

    

m -1.011 0.259 0.10 0.03 0.34 

BDE153 70 0.12 0.135 b 3.74 0.895       

    

m -0.468 0.299 0.34 0.08 1.40 

BDE154 40 0.324 0.009 b 5.404 1.115       

    

m -1.094 0.373 0.08 0.01 0.49 

BDE183 15 0.34 0.007 b 4.849 0.876       

    

m -0.892 0.293 0.13 0.03 0.53 
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 Log-linear regression coefficients
a
 TMF and 95% CI 

  DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

BDE209 

 

0.18 0.062 b 6.531 1.288       

    

m -0.857 0.431 0.14 0.02 1.10 

HBCDD 40 0.063 0.288 b 3.653 0.687       

    

m -0.252 0.23 0.56 0.18 1.70 

Tri-NonaBDE  

 

0.19 0.055 b 6.489 1.055       

    

m -0.724 0.353 0.19 0.03 1.00 

PBDE 

 

0.181 0.061 b 6.784 1.132       

    

m -0.755 0.378 0.18 0.03 1.10 

         D) Poikilothermic food web DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

(n = 70) 

 

                

BDE28/33 54 0.1 0.009 b 3.04 0.268       

    

m -0.239 0.089 0.58 0.38 0.87 

BDE47 99 0.003 0.627 b 3.503 0.236       

    

m 0.038 0.079 1.09 0.76 1.57 

BDE99 96 0.003 0.652 b 3.469 0.273       

    

m -0.041 0.091 0.91 0.60 1.38 

BDE100 93 0.02 0.299 b 2.332 0.277       

    

m 0.096 0.092 1.25 0.82 1.91 

BDE154 74 0.004 0.606 b 2.423 0.26       

    

m -0.045 0.086 0.90 0.61 1.34 

BDE195 74 0.41 <0.001 b 4.164 0.242       

    

m -0.547 0.08 0.28 0.20 0.41 

BDE197 80 0.26 <0.001 b 3.744 0.281       

    

m -0.456 0.094 0.35 0.23 0.54 

BDE198+ 76 0.22 <0.001 b 4.089 0.321       

    

m -0.468 0.107 0.34 0.21 0.56 

BDE201 74 0.19 <0.001 

 

3.811 0.308       

     

-0.403 0.102 0.40 0.25 0.63 

BDE206 99 0.2 <0.001 b 4.829 0.306       

    

m -0.412 0.102 0.39 0.24 0.62 

BDE207 99 0.16 0.001 b 4.874 0.31       

    

m -0.37 0.103 0.43 0.27 0.68 

BDE208 93 0.17 <0.001 b 4.692 0.288       

    

m -0.357 0.096 0.44 0.28 0.68 

BDE209 73 0.09 0.011 b 5.691 0.319       

    

m -0.279 0.106 0.53 0.32 0.86 

Tri-NonaBDE  

 

0.16 0.001 b 5.308 0.219       

    

m -0.263 0.073 0.55 0.39 0.76 
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 Log-linear regression coefficients
a
 TMF and 95% CI 

  DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

PBDE 

 

0.13 0.005 b 5.907 0.262       

    

m -0.272 0.087 0.53 0.36 0.80 

TBP-AE 33 0.41 <0.001 b 3.584 0.214       

    

m -0.487 0.071 0.33 0.23 0.45 

PBBz 54 0.039 0.103 b 2.636 0.219       

    

m -0.12 0.073 0.76 0.54 1.06 

E) Ringed seal food web DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

(n = 94 - 101) 

 

                

          BDE28/33 64 0.27 <0.001 b 3.467 0.235       

    

m -0.416 0.069 0.38 0.28 0.53 

          BDE47 99 0.04 0.038 b 3.881 0.201       

    

m -0.124 0.059 0.75 0.57 0.98 

BDE99 96 0.19 <0.001 b 4.22 0.26       

    

m -0.363 0.076 0.43 0.31 0.61 

BDE100 95 0.02 0.205 b 2.762 0.237       

    

m -0.088 0.069 0.82 0.59 1.12 

BDE153 49 0.26 <0.001 b 3.053 0.199       

    

m -0.346 0.058 0.45 0.35 0.59 

BDE154 71 0.13 <0.001 b 2.896 0.228       

    

m -0.253 0.067 0.56 0.41 0.76 

BDE195 68 0.61 <0.001 b 4.493 0.195       

    

m -0.685 0.058 0.21 0.16 0.27 

BDE197 67 0.46 <0.001 b 4.045 0.222       

    

m -0.586 0.066 0.26 0.19 0.35 

BDE198 70 0.4 <0.001 b 4.406 0.263       

    

m -0.603 0.078 0.25 0.17 0.36 

BDE201 67 0.4 <0.001 b 4.282 0.261       

    

m -0.608 0.077 0.25 0.17 0.35 

BDE206 94 0.38 <0.001 b 5.363 0.289       

    

m -0.643 0.086 0.23 0.15 0.34 

BDE207 93 0.36 <0.001 b 5.38 0.276       

    

m -0.589 0.082 0.26 0.18 0.37 

BDE208 85 0.37 <0.001 b 5.167 0.258       

    

m -0.562 0.076 0.27 0.19 0.39 

BDE209 74 0.3 <0.001 b 6.309 0.293       

    

m -0.556 0.086 0.28 0.19 0.41 

Tri-NonaBDE  - 0.38 <0.001 b 5.752 0.205       
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 Log-linear regression coefficients
a
 TMF and 95% CI 

  DF (%) r2 p-value Coefficient  SE TMF L-CI U-CI 

    

m -0.452 0.061 0.35 0.27 0.47 

PBDE - 0.33 <0.001 b 6.414 0.245       

    

m -0.488 0.073 0.33 0.23 0.45 

HBCDD 42 0.28 <0.001 b 4.317 0.261       

    

m -0.476 0.076 0.33 0.24 0.47 

TBP-AE 41 0.57 <0.001 b 3.749 0.17       

    

m -0.557 0.05 0.28 0.22 0.35 

PBBz 61 0.26 <0.001 b 3.115 0.188       

        m -0.319 0.056 0.48 0.37 0.62 

a
 Log-linear regression coefficients include the y-intercept (b), slope (m) and the standard errors (SE) for those 

values. 
b
 Generally TMFs were only calculated when detection frequencies (DFs) were greater than 50%, some exceptions 

were made to facilitate comparisons between sites (for alternate HFRs in particular). 
b 
TMFs are shown with their lower and upper 95% confidence intervals (L-CI and U-CI respectively). 

c
 Concentrations of the octa- and nonaBDE congeners were not measured in the Cumberland Sound seals, therefore 

the n =94 for these compounds in the composite ringed seal food web and n = 101 for all other compounds in that 

food web. 
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Table D20. Pearson correlation coefficients calculated from the TMFs derived from regressions of 

concentrations of HFRs in the Arctic wide composite ringed seal food web, the composite poikilothermic food 

web (no seals), as well as the Barrow and Rae Strait food chains.
a
 Highlighted cells are insignificant 

relationships. 

 

Variable 1 Variable 2 r
2
 Direction p-value n 

Ringed seal (all data) TMF log KOW 0.32 - 0.0235 16 

Poikilothermic TMF log KOW 0.13 - 0.281 11 

Barrow Strait TMF log KOW 0.36 - 0.00796 18 

Rae Strait TMF log KOW 0.25 - 0.0408 17 

       Ringed seal (all data) TMF log KOA 0.30 - 0.0281 16 

Poikilothermic TMF log KOA 0.093 - 0.362 11 

Barrow Strait TMF log KOA 0.3 - 0.0175 18 

Rae Strait TMF log KOA 0.18 - 0.0857 17 

Quadratic - All HFRs 

      Ringed seal (all data) TMF log KOW 0.30 - 0.0383 16 

Barrow Strait TMF log KOW 0.40 - 0.023 18 

Quadratic - PBDEs only 

      Ringed seal (all data)  TMF log KOW 0.61 + 0.0056 14 

Barrow Strait TMF log KOW 0.60 + 0.0039 15 

Rae Strait TMF log KOW 0.52 + 0.0063 17 
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D.2 FIGURES 

 

Figure D1. The percent composition of samples assessed relative to the total sum of 26 PBDE congeners 

(PBDE). Technical mixture compositions (Bromkals) were calculated from the data in La Guardia et al. [46] 

and air data are described in Chapter 3 and Appendix B (Table B9). 
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Figure D2. The percent composition of samples assessed relative to the tri- to heptaBDEs (Tri-HeptaBDE) 

only to illustrate similarities to the pentaBDE mixture (Bromkal 70-5DE). Bromkal mixture proportions were 

calculated from La Guardia et al. [46]. 
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Figure D3. Selected log-linear regressions of the of concentrations of HFRs and trophic levels for an Arctic-

wide composite ringed seal food web using data from the Barrow Strait, Rae Strait and Cumberland Sound 

ringed seal food chains (only blubber was included for seals). 
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Figure D4. Relationship between the log KOW and the TMFs (of PBDEs) only in the ringed seal food chains at 

Barrow Strait,
 
Rae Strait and in the composite ringed seal food web

b
 which includes data from all three 

sampling locations. Regression r
2 
and p-values are provided in Table D20. The relationship of the TMFs of all 

of the HFRs with the log KOW are provided in Figure 1.3.
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