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ABSTRACT 

SPATIAL AND TEMPORAL DISTRIBUTION OF POLYBROMINATED DIPHENYL 
ETHERS IN LAKE TROUT (SAL VELINUS NAMAYCUSH W.) FROM THE GREAT LAKES 

Jennifer MaryLou Luross 
University of Guelph. 200 1 

Advisors: 
Professor K R .  Solomon 
Dr. M. Alaee 

To examine the spatial and temporal distribution of polybrominated diphenyl ethers 

(PBDEs) (BrI-Br7) in biota from the Great Lakes. Iake trout (Sulvelinris nnmcg~czrsh W.) were 

analysed by high-resolution mass spectrornetry. The spatial analysis was performed using Iake 

trout colIected from Lakes Superior, Huron. Erie, and Ontario in 1997. The temporal trend was 

based on lake trout samples collected from Lake Ontario between 1978 and 1998. PBDE 

concentrations were higher in lake trout from Lake Ontario at 434 k 100 ng/g lipid weight (lw) 

in comparison to Lakes Superior (392 + 159 ng/g Iw), Huron (25 1 i 98 ng/g Lw), and Erie ( 1  17 

* 37 ng/g Iw). The PBDE concentrations in lake trout from Lake Ontario increased from 2.8 

1.2 ng/g Iw in 1978 to 919 rt 225 ng/g Iw in 1998. In al1 samples, the predominant PBDE 

congeners detected were 2.2',1.4'-tetrabromodiphenyl ether (BDE-47). 2,7'.4.4',5- 

pentabromodipheny l ether (BDE-99). and 7,2',4.4',6-prntabromodipheny l ether (BDE- 1 OO), 

which are also the main components in a commercial PBDE flame-retardant. Together these 

data demonstrate that PBDEs are ubiquitous pollutants bioaccumulating in the Great Lakes. 
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1. INTRODUCTION 

Flame-retardants are used by industry to reduce the iikelihood of combustion of 

commercial rnaterials. Depending on their chemical composition. flame-retardants are 

classified into four groups: inorganic. halogenated. organophosphorus, and nitrogen-based. 

Within each of these groups. flame-retardants may be further sub-divided as reactive or 

additive. Reactive flame-retardants are covalently bound to the material, while additive flarne- 

retardants are mixed into the material (WHO 1997). The tendency for additive flame-retardants 

to migrate out of coated materials (Hutzinger er al. 1976) has prompted studies to evaluate the 

effects of these compounds on the environment. 

This particular st~idy involves the halogenated flame-retardants. which represent 

twenty-five per cent of the total worldwide production (WHO 1997). From tfiis proup, the main 

focus was on brominated flame-retardants (BFRs), more specifically, polybrominated diphenyl 

ethers (PBDEs). Environmental contamination of PBDEs was first documented in f i s h  sampled 

from the Viskan River in Sweden (Andersson and Blomkvist 1981). Subsequent studies from 

both Eiirope and Japan further demonstrated the presence of PBDEs in sliellfish, fish, birds and 

marine mammals (Watanabe et cil. 1987; Sellstrom et cd. 1993; Jansson et ul. 1987; Jansson er 

crl. 1993). More recently. reports on the environmental fate and distribution of PBDEs in North 

Arnerica have found PBDE contamination in marine mammals from the Canadian Arctic (Alaee 

et al. 1999) and the Gulf of St. Lawrence (Lebeuf and Trottier 200 1 ), as well as in birds and 

bird eggs (Simon and Wakeford 2000). Taken together, these data indicate that PBDEs are an 

emerging global pollutant. Furthermore. the accumulation of PBDEs is not restricted to 

wildlife, since Norén and Meironyté (1998) showed tliat concentrations of PBDEs in human 

breast milk doubled every five years in a twenty-five year period. The increasing commercial 

demand for PBDEs (Renner 2000), coinbined with their tendency to bioaccumulate, has 



prompted the ban. as of 2003, of a commonly used PBDE naine-retardant formulation 

consisting mainly of BDE-47, BDE-99, and BDE-IO0 by the European community, primarily 

out of concern for hurnan and environmental health (EU 2001). Studies to assess the levels and 

fate of BFRs in North Arnerica have been lirnited and therefore work to deterrnine the 

environmental impact of PBDEs in aquatic ecosystems was undertaken. A historical and 

geographical distribution of PBDEs in lake trout (Solvelirzzrs nnmqcush W.) from four of the 

five Laurentian Great Lakes is reported within this thesis. 

2.1 Background 

Polybrominated diphenyl etliers (PBDEs) are a class of additive. halopnated flame- 

retardant that are used in a wide-range of products including paints. plastics. textiles, and 

electronics (WHO 1994). The cliemical structure of the PBDE compoond is s h o w  in Figure 

1.1. 

Figure 1.1: Polybrominated diphenyl etlier chemical structure indicating the substitution 
positions iri  accordance with the International Union of Pure and Applied 
Cliernistry numbering system. X and Y represent the number of bromines for 
each phenyl ring, FI-5, y=0-5 



Theoretically. there are 209 possible PBDE congeners that share the same International Union 

of Pure and Applied Chemistry (IUPAC) numbering system as polyclilorinated biphenyls 

(PCBs), based on the position of  the halogen atom on each phenyl rins. Because o f  these 

structural simiiarities, both PBDEs and PCBs have similar physical and chemical 

characteristics. Coinmercial PBDEs are stable compounds witti Iow vapour pressures ranging 

from 3.85 to 13.3 Pa at 20-25 OC (WHO 1994). Recently, Wong et ul. (200 1 )  determined the 

vapour pressures of twenty-three individual PBDE congeners, which ranged between 0.1 and 

1 o4 Pa. The range of boiling points and n-octanol/water partition coefficients of PBDEs are 

3 10 to 425 OC and 4.28 to 9.9. respectively (WHO 1994). PBDEs are hydrophobie compounds. 

especially the higher brominated diphenyl etliers (de Boer el al. 2000)- 

Currently. tliere are three main commercial PBDE formulations that are mixtures of the 

penta-, octa-. and deca-brominated diphenyl ethers primarily, Table 1.1 shows the per cent 

composition of PBDE congeners for the three technical mixtures. 

Table 1.1: The per cent composition (%) of polybrorninated diphenyl ether (PBDE) 
congeners in the three commercial mixtures (WHO 1994). 

PBDE Congeners 

Technical 
Products tri tetrtr pentn Irew Jreptn octn nortc~ (lem 



1.2 Production Vulunte and Usage 

PBDEs are used in many consumer goods to reduce their flammability and 

subsequently reduce the risk of property damage and accidental death due to fire. Table 1.2 

shows tlie global demand for brorninated flame-retardants (BFRs) has increased from 25 000 

tonnes in 1975 to 200 000 tonnes in 2000 (Arias 2001). As the need for BFRs lias grown, so 

has global bromine production. increasing from 296 000 tonnes in 1975 to 520 000 tonnes in 

2000 (Arias 200 1). Total world production of bromine does not share the same increasing trend 

for each country. The global production volumes for sis countries and the European Union 

(EU) are compared in Table 1.3. As the arnount of bromine produced steadily increases in the 

United States and Israel. countries within the EU have decreased their bromine production by 

fifty per cent. 

According to the Worid HeaIth Organization (WHO 1994), 600 000 tonnes of flarne- 

retardants were used globally in 1992. of which 40 000 tonnes were PBDEs (30 000 tonnes 

dsca-BDE. 6000 tonnes octa-BDE. and 4000 tonnes penta-BDE). Of these tliree technical 

products, deca-BDE is the most widely used PBDE mixture (Hardy 2000). In 1999, the global 

market demand was 60 000 tonnes for the deca-BDE. of which, approxirnately 24 000 tonnes 

was produced in the United States, while 7 500 tonnes was produced i n  Europe (Arias 2001). 

As well, only 450 tonnes of the octa-BDE and 110 tonnes of the penta-BDE commercial 

formulation are produced in Europe, which is significantly smaller than the amounts produced 

in the United States (approximately 1 370 tonnes of octa-BDE and 8 290 tonnes of penta-BDE) 

(Arias 200 1 ). 

The deca-BDE mixture is the most widely used PBDE flame-retardant in the production 

of many plastics. especially high-impact polystyrene (HIPS). and for tlie treatment of testiles 

used in soft f~irnishing. automobile fabrics, and camping tents (WHO 1994). Octa-BDE is also 



an important PBDE tlarne-retardant used to coat or mixed with acrylonitrile-butadiene-styrene 

(ABS). a material used in the production of computers and other office equiprnent (WHO 1994). 

Penta-BDE is used mainly as an additive to polyurethane foam but is also used in epoxy resins, 

phenol resins, unsaturated polyesters, and sorne textiles (WHO 1993). 

Table 1.2: A cornparison of the world bromine demand in tonnes. 

1975 1990 1995 2000 

Flame Retardants 25 O00 90 O00 140 O00 200 000 

Pesticides 50 O00 70 O00 60 000 60 O00 

Gasol ine Additives 155 O00 80 O00 60 O00 55 000 

DriIling Fluids NIA 50 000 60 O00 50 O00 

Water Chernicals N/ A 25 O00 30 CO0 40 O00 

Miscel laneous 66 O00 120 O00 115 O00 115 O00 

N/A: not available 
(Source: Arias 200 1 ) 

Table 1.3: A cornparison of  annual global brornine production in tonnes. 

United States 

Israel 

China N/A < 1 000 33 000 45 000 

European Union 63 800 46 O00 32 000 32 O00 

Japan 1 1  300 15 O00 15 O00 20 O00 

Former USSR [ 3  000 GO 000 6000 GO00 

India N/ A <1000 1500 1500 

N/A: not available 
(Source: Arias 200 1 ) 



1.3 Toxicity of Polybrorninatetl Diphenyl Etlz ers 

Although Iittle toxicological data on PBDEs has been reported, their structural 

sirnilarities to PCBs. polybrominated biphenyls (PBBs), and 2,3,7,8-tetrachlorodibenzo-p- 

diosin (TCDD) suggest that they rnay have similar toxic activity. In support of this hypothesis, 

recent data by Bunce and colleagues (200 1 )  has shown that PBDE congeners can bind to the 

aryI hydrocarbon receptor (AhR). and sorne are weak inducers of ethosyresorulfin-O-deethylase 

(EROD) activity. In addition. Meerts et al. (1998) has also shown that PBDE congeners are 

able to activate and/or deactivate the Ah receptor. and Hallgren and Darnerud (1998) 

demonstrated a positive. a1 beit weak, correlation behveen Ievels of B DE-47 and increased 

EROD activity in rats. 

The relativeiy low binding affinity of the main PBDE congeners present in the three 

commercial mixtures (BDE-47. 99. 153. 154. and 183). shown by Chen and Bunce (2000) in 

rats, iniplies that these formulations are likely weak Ah receptor agonists and subsequently poor 

inducers of EROD activity. Indeed. Hanberg et al. ( 199 1 ) detected Iow levels of EROD activity 

from Bromkal 70-5DE. a penta-BDE fiame-retardant, in H4IIE rat hepatoma cells, where it was 

shown to also have weak diosin-like activity. In contrast, BDE-209, the main congener in deca- 

BDE fiame-retardant products, did not show any stimulatory effect on EROD activity in 

rainbow trout (Kierkegaard er al. 1999). 

Recently, Meerts el al. (2000) foiind that the structure of hydroxylated PBDEs resemble 

the thyroid hormone thyroxine, wliich may bind to traristhyretin (a transport protein), and 

interfere with thyroid hormone transport and metabolism. 



1.4 Stridy Site: The Cnnadinn Lnurenticltz Great Lakes 

The Laurentian Great Lakes (hereafter referred to as Great Lakes) form the largest 

system of fresh, surface water in the world, providing drinking water, and a means of 

transportation, power generation, and recreation to millions of people in Canada and the United 

States of America. The Great Lakes contain abolit 23 000 km3 of water. covering a total area of 

approximately 244 000 km' (USEPA and Government of Canada 1995). Although the Great 

Lakes are part of one watershed, each lake is different tvith respect to the physical 

characteristics. 

Lake Superior is the deepest and coldest of al1 the Great Lakes. In addition. it hoids tlie 

largest volume of water, (more than one-half of the total water in the Great Lakes), and has the 

longest retention time of 191 years. Lake Superior is an oligotrophic lake with clear water, low 

nutrient concentrations, and oxygen concentrations that do not Vary much from saturation 

(Horne and Goldman 1994). These ttvpes of lakes are referred to as unproductive due to their 

low primary productivity, resulting from Iimited phytoplankton and zooplankton populations. 

The Lake Superior basin is sparsely populated by humans, with heavily forested areas and little 

agriculture (USEPA and Government of Canada 1995). Due to these characteristics, Lake 

Superior is considered to be the most pristine of tlie Great Lakes. 

Lake Huron has the third largest volume of freshwater and its basin is more populated 

than Lake Superior. on both the Canadian and American shores. It has a retention time of 22 

years and is considered to be an oligotrophic to rnesotrophic lake. Mesotrophic lakes are more 

common and have characteristics that reflect an average of both oligotrophic and eutrophic 

lakes, with medium productivity (Horne and Goldman 1994). 

The smallest lake with respect to volume is Lake Erie. It is also the shallowest lake 

with tlie shortest retention time of approximately 3 years. Lake Erie is mainly a eutrophic lake 



that has high iiutrient levels and an abundance of alçae. Eutrophic lakes also have low water 

clarity and variable osygen concentrations and are considered to be very productive (Home and 

Goldman 1994). Lake Erie is also exposed to intensive agricultural farming and its shores are 

heavily urbanized. 

Lake Ontario is a mesotrophic lake that has the majority of iirban industrial centres 

located on its shores. [t has the fourth largest volume of water with a retention time of six 

years. The physical characteristics of the Great Lakes are shown in Table 1.3 and the sampiing 

sites from each of the lakes studied are shown in Figure 1.2. 



Figure 1.2: Map of the Great Lakes basin and sampling areas used for tliis stiidy (Adapted 
from Kirilcik et cd. 1998) 



Table 1.4: A cornparison of the physical features of the Great Lakes studied. 

Elevation Length Mean Depth Volume Retention 
Lake 

(ml (km) (ml (km3) Time (yrs) 

pp -- 

Superior 183 563 147 12 100 191 

Huron 176 332 59 3540 22 

Erie 173 388 19 454 3.6 

Ontario 74 31 1 86 1640 6 

(Source: USEPA and Government of Canada 1995) 

1.5 Lake Trout (Sd velinrts ntrntnycusir W.) 

Native to North America. lake trout (Scrlvelimis nnn~cryczish W.) are a member of the 

family Salmonidae, which are an important species for both commercial and sport anglers. 

Adult lake trout can be distinguished by their stout head, well-developed teeth. and  beak-like 

snout (Scott and Crossman 1998). Their colouration can va- from green. grey. brown, or black 

and tliey are usually covered with many light-coloured spots (Scott and Crossrnan 1998). Lake 

trout can live 15 to 25 years and weigh approximately between 22 and 45 kg (Pierce et ni. 1998; 

Scott and Crossman 1998). Their diet consists of a broad range of organisms including 

freshwater sponges. crustaceans. aquatic and terrestrial insects. as well as other species of 

smaller fish (Scott and Crossman 1998). 

Lake trout were chosen for this study because they are considered to be an ideai 

indicator for monitoring the bioaccumulation of contaminants in aquatic ecosysterns (Pierce el 



ul. 1998). Characteristics such as high lipid content and a long Iifespan alfow for the 

bioaccumulation of IipophiIic contaminants over rnany years. As well, lake trout represent the 

top trophic level of the aquatic food c h a h  Thus, chemical accumulation in lake trout will 

provide an estimate of health in the rernainder of the food chain. Also. lake trout have been 

used since 1977 to monitor spatial and temporal trends of contaminants due to their ubiquitous 

nature throughout the Great Lakes (Pierce ef al. 1998). 

1.6 Great Lakes Laborntory for Fisiteries and Aqctaric Sciences Tissue Archive 

In 1977, the Department of Fisheries and Oceans (DFO), at the Great Lakes Laboratory 

for Fisheries and Aquatic Sciences (GLLFAS) in Burlington, Ontario, Canada established a 

biological specimen bank in conjunction with the Great Lakes Contaminants Surveillance 

Program. This bank coiisists of homogenized tissue sarnples of more than I O  000 fish. benthic 

invertebrates. and plankton sarnples. al1 of which are stored at -25OC or -80°C (Hyatt et al. 1993: 

Kiriluk et al. 1998). For this stiidy, availability of the lake trout tissue was the main criteria for 

sample selection. Variables such as age, weiglit, sex. per cent lipid, and site of capture of the 

samples were also a factor in the selection process to decrease the variability within and 

between lakes. Ninety individual whole lake trout samples in total. from the Great Lakes, were 

removed from the archive for PBDE analysis. 

1.7 Objectives of Stutiy 

In North America, PBDEs are quickly becorning a chernical of concern. However, 

there is little known about the environmental fate, distribution and tosicity of these compounds 

in the Great Lakes, a major site of hiiman habitation and industrialization. Thus, the aim of the 

experimental work described within this thesis was to determine the magnitude of the PBDE 



contamination in lake trout from the Great Lakes. To accomplish this goal, a "dioxin" based 

anaiytical method was developed to determine PBDEs in biota at the Canada Centre for Inland 

Waters (CCIW) (Alaee et al. 2001). This method. outlined in Chapter 2, waç specifically 

designed for this project and has been validated by numerous inter-laboratory studies as shown 

in Chapter 3. Following validation of the method, experiments were conducted in order to test 

two hypotheses: 

1. PBDE concentrations in lake trout differ in eacli of the Great Lakes. 

2 .  PBDE concentrations in Lake Ontario lake trout Vary over time. 

The spatial component of the study used ten 6-year-old lake trout from Lakes Superior, 

Huron, Erie. and Ontario. Wliole fish tissue samples were analysed to establisli a geographical 

distribution of PBDEs in 1997 for the Great Lakes. The temporal trend encompassed a twenty- 

year time period behveen 1978 and 1998, involving ten 4-year-old lake trout from the Eastern 

BasinMain Duck Island in Lake Ontario. The results and discussion of botli are presented in 

Chapters 3 and 4. This stud) will provide valuable information on the levels and trends o f  

PBDEs in lake trout from the Great Lakes. 



2, METHODS 

The methods cliapter consists of the material required for this study as well as the 

sample extraction and clean up procedure. 

2. I Mnlerinls 

2.1.1 Reagents 

Al1 glassware ivas scrubbed witli soap ( ~ e c o n @  73 Concentrate or ~xt ran"  300 

Concentrate. both from BDH CIiernicaIs. Toronto, Ontario) and tap water, rinsed with deionized 

water. and then rinsed three times with acetone and hexane. The solvents (Caledon 

Laboratories Ltd., Georgetown, Ontario) used in the method were al1 distilled-in-glass except 

acetone, which was pesticide reagent grade. Sodium sulpliate (Na2S04) (10-60 rnesh. Caledon 

Laboratories Ltd.. Georgetown. Ontario) was heated to 500°C by a rnuffle furnace 

(~allenharn~".  VWR Canlab. Mississauga, Ontario) for approsirnately 16-24 h. cooled. and 

stored in an amber glass jar inside a dessicator (anhydrous   rie rite^, 8 mesh, W.A. Hammond 

Drierite Company, Xenia, Ohio). Silica gel ( 100-200 microns mesh, Caledon Laboratories Ltd., 

Georgetown, Ontario) and alumina (Woelm N-Super 1 .  type W200, Universal Scientific 

Incorporated. Atlanta. Georgia) were Iieated at 150°C for a minimum of 24 II by a Gravity 

Convection Oven (GCA, economy mode1 18EG). A three per cent deactivated silica gel 

mixture was prepared iiçing 3 grams of deionized, distilled, toluene-extracted water and 97 

grams of dry silica gel: then mised for 2 11 prior to use. Aiurnina was used as is, heated. from 

the oven. Silane-treated glass wool (Supelco, Mississauga, Ontario) was rinsed with Iiexane and 

allowed to air dry before use in the clean-up columns. Nitrogen (Grade 4.8) and helium (Grade 

5.0) gases from BOC gases, Division of %OC Canada Limited, Mississauga, Ontario, were used 

in this method. Disposable pipettes were used with 2 mL rubber pipette bulbs, both from (VWR 



Canada, Mississauga, Ontario) to transfer the extracts and solvents. A 100 pL syringe 

(Hami Iton Company. Chromatograph ic Spec iaIties Incorporated, Brockvi lle. Ontario) was used 

to spike the samples with the surrogate and performance standards. A 500 pL syringe 

(Hamilton Company. Cliromatographic SpeciaIties Incorporated, Brockville, Ontario) was used 

to transfer the estracts to the autosampler vials. 

2.1.2 SampIe Selection 

For the spatial analysis. ten 6-j~ear-old lake trorit per lake were collected frorn Thunder 

Bay (Lake Superior), Point Edward (Lake Huron), Dunkirk (Lake Erie), and Main Duck Island 

(Lake Ontario), white for the temporal analysis, ten 4-year-old lake trout per year were collected 

fiom Main Duck Island. Lake Ontario behveen 1978 and 1998. AI1 lake trout samples were 

collected by the Department of Fisheries and Oceans (DFO), Great Lakes Laboratory for 

Fisheries and Aquatic Sciences (GLLFAS) in Burlington. Ontario. Canada. After capture, the 

lake trout were frozen whole until processing, wliich involved determining the length, weight, 

age, and gender of each fish. as shown in Appendices 1 and 2. Whole fish samples were 

homogenized using a commercial meat grinder and stored at -25OC before analysis. Hyatt et cd. 

(1993) outlined a detailed description of the cotlection. storage, and processing of the samples 

in the tissue archive. 

The Ontario Ministry of Agriculture. Food and Rural Affairs (OMAFRA) in Guelph, 

Ontario, measured the per cent lipid of each whole fish sample. 

2.1.3 Standards 

The pre-mised brominated diphenyl ether analytical standard solution (mono-BDEs to 

hepta-BDEs) (EO-4149), the ''c labelled chlorinated diphenyl ether surrogate standard solution 



(EO-4 1 50). and the "C label led brorno/ch lorinated dipheny 1 ether performance standard 

solution (EO-4 15 1). were purchased from Cambridge Isotope Laboratories (Andover, 

Massachusetts, USA). In Table 2.1. the congeners are listed in order of their substitution 

pattern along with their corresponding IUPAC numbering. which is similar to PCB and PBB 

congener identification. The numbering has been applied to PBDEs using the abbreviation 

"BDE" since PBDEs share the same number of congeners with the same substitution pattern as 

PCBs and PBBs. 



Table 2.1: A list of polybrominated diphenyl ether congeners and their concentrations 
(pE/pL) for the analytical. surrogate, and performance standard solutions. 

Analytical Standard BDE Number Concentration 
(pg/lrL) --- 

2-Bromodiphenyl Ether BDE-2 1 O0 
3-Brornodipheny l Ether 
2,4-Dibrornodiphenyl Ether 
2.4'-Dibromodiphenyl Ether 
2.6-Dibromodiphenyl Ether 
3 -4-Di brornodiphenyl Ether 
3,4'-Dibrornodiphenyl Ether 
4.4'43ibrornodipheny 1 Ether 
2.4.6-Tribromodiphenyl Ether 
2,4'.6-Tribrornodiphenyl Ether 
2'.3.4-Tribrornodipheny l Ether 
3,3'.4-Tri brornodipheny l Ether 
3,4,4'-Tri bromodiphenyl Ether 
2,2',4,4'-Tetrabrornodiphenyl Ether 
2,3',4,4'-Tetrabromodiphenyl Ether 
2,3',4',6-Tetrabromodiphenyl Ether 
2,4,4',6-Tetrabromodiphenyl Ether 
3.3',4,4'-Tetrabromodiphenyl Ether 
2.2'.3.4.4'-Pentabromodiphenyl Ether 
2.2',4.4',5-Pentabromodipheny l Ether 
2,2'.4,4',6-Pentabromodiphenyl Ether 
2,2'.4,4',5,5'-Hexabromodiplienyl Ether 
2,3 ,3',4,4',5,6-Heptabromodipheny l Ether 
I3c 12 3,3',4,4'-Tetraclilorodipheny l Ether 
I3cI2 2.3J1,4.4'-Pentachlorodiphenyl Ether 
I3c 2.2',3.3'.4.4'-Hexachlorodiphenyl Ether 
1; C l1 2,3,3',4,4'.5-Hesachlorodiplienyl Ether 
"C l z  2.2'.3 .3',4,Jf.5-Heptachlorodiphenyl Ether 
13 C 17 2,2',3 .3',4,4',5,51-O~ta~hI~r~diphenyl Ether 
13 C 12 3 ,3',4.4'-Tetrabromodiphenyl Etlier 

B D E-3 
BDE-7 
B DE-8 

BDE-! O 
BDE-12 
BDE-13 
BDE-15 
BDE-30 
BDE-32 
BDE-33 
BDE-3 5 
BDE-3 7 
BDE-47 
B DE-66 
BDE-7 1 
BDE-75 
BDE-77 
BDE-85 
B D E-99 

BDE-119 
BDE- 153 
BDE- 190 
CDE-77 
CDE-1 O5 
CDE- 128 
CDE- 156 
CDE-170 
CDE- 194 
BDE-77 

Surrogate Standard 
"C I 2  3.j1,4'4'-Tetraclilorodiphenyl Ether CDE-77 20 
"C 12 2,3Jf,4,4'-Pentachlorod iphenyl Ether CDE- i 05 20 
13c 1z 2,3,3'.4.4',5-Hexachlorodipheny 1 Ether CDE- 156 40 
13 C l 2  2,2',3.3',4,4',5-Heptachiorodiphenyl Ether CDE- 170 40 
I3cI2 2,2'.3,3'.4.4'.5.5'-Octachlorodiphenyl Etlier CDE- 194 60 

Performance Standard 
-"CI? 2,2',3,3',4,4'-Hexachlorodiphenyl Ether CDE- 128 

13 
1 O0 

Cl7 3Jt,4,4'-TetrabromodiphenyI Ether BDE-77 1 O0 



2.2 Sarnple Extrnction nrzd C h n  Up 

2.2.1 Sample Extraction 

An individual. whole fisli. homogenate sarnple was thawed for 2-3 h and mixed 

tlioroughly before weighing. A 1 O g aliquot of the homogenized lake trout was weighed into a 

dichloromethane (DCM) rinsed aluminum weigh boat (VWR Canada, Mississauga, Ontario) 

using a Mettler PE 1600 laboratory scale. It was then ground manually until free flowing, using 

a mortar (750 mL) and pestle, with 130 g of anhydrous Na2S04. A large chromatography 

coiumn (22 mm ID x 500 mm long) was plugged with silane-treated glass wool and 2 mL of 

DCM was added to check for Ieaks in the stopcock or column. The mixture was transferred 

qualitatively into the coliimn using a spatuta. The weigh boat, spatula, mortar, and pestle were 

rinsed three times with DCM into the colurnn. The sample was spiked with 20 pL of 20-60 

pg/pL ')c labelled chlorinated diphenyl ether surrogate mixture and allowed to penetrate into 

the mixture before being eIuted with 300 mL of DCM into a 500 mL round-bottom flask for a 

minimum of 3 h. The sample \vas transferred to a 15 mL or 30 mL centrifuge tube tliat was pre- 

rinsed with DCM and concentrated by a combination of rotary evaporation (Buchi rotary 

evaporator, Baxter-Canlab, Mississauga. Ontario) and nitrogen evaporation (Pearce Reacti- 

T h e m  evaporator. Cl~romatographic Specialties Incorporated, Brockville, Ontario) prior to gel 

permeation chromatography (Ci PC). 

2.2.2 Gel Permeation Chromatography 

The GPC was used to remove the bulk of the lipid from the extracted samples. The unit 

was an automated ABC Laboratories Autoprep mode1 I002A with 23 individual loops. The 

column was packed with 60g of Bio Beads S-X3, 200-400 mesh (Bio-Rad Laboratories, 

Richmond, CA) in a 25 mm X 600 mm glass column. The calculated per cent lipid for each 



sample was iised to detemine the corresponding number of loops of clean up on the GPC. Each 

5 mL loop holds approxirnately 0.5 g of lipid. Prior to injection, the extracts were centrifuged 

and brought to their respective volumes. Syringe filters (25 mm filter, 0.5 um PTFE sterile, 

Chromatograph ic Specialties Incorporated. Brockville. Ontario) were used upon injection to 

ensure the removal of any suspended particdates and a rinse loop was added to the end of each 

sample. The elution solvent was 300 mL of 1 : 1 DCM:hesane per Ioop, in which the first 150 

mL was discarded ar.d the Iast 150 mL. containing the compounds of interest. was collected into 

round-bottom flasks. The flow rate was set at 5 mL/min and the total run time for an individual 

loop was 1 h. The 1:1 solvent mixture was mixed for 2 II using a stir bar and stir plate, then 

filtered for the GPC reservoir iising disc filters (rnillipore8, type FH, 0.5um) and a rnillipore" 

filtration unit which consists of a 300 mL graduated funnel, anodized aluminum clamp, 1000 

mL flask, and the ti-itted glass support filter holder (VWR Canada, Mississauga. Ontario). The 

sample was concentrated by rotary evaporation to 3 rnL for silica gel clean up. 

2.2.3 SiIica Gel Clean Up 

The three per cent deactivated silica gel coliimns were used primariiy as a clean-up step 

for any remaining interferences ratlier tl-ian fractionation since the main focus was only on the 

identification of brominated diphenyl etlier compounds and not a combination of different 

compounds. The 33 cm x 1.6 cm glass colurnns were prepared by plugging the stopcock with 

glass wool, adding 3 cm of Na2S04, 14 cm of three per cent deactivated silica gel, and 3 cm of 

Na2S04, respectively. The stopcock was opened fiilIy while the coiunin was rinsed with 40 mL 

of Iiexane into a 250 mL flat bottom flask. The sample was added to the column just before the 

"hexane-wash" dropped below the top level of Na2S04 and the waste flask was changed to a 

250 mL round bottom flask for collection. The 500 mL round bottom flask that contained the 



sarnple was rinsed 3 times using DCM and added individually to the top of the column as the 

previous rinse level ciropped below the top layer of Na2S04. The column was eluted with 100 

rnL of DCM. Prior to rotary evaporation. to 1 mL for alumina clean up. 20 rnL of hexane was 

added to the sample. 

2.2.4 Alurnina Ciean Up 

Further clean ~ i p  was required and thus accomplished by activated aIumina columns, 

which were prepared by plugging a disposable pipette with glass wool and measuring 5 cm of 

alumina into the column. topped with 0.5 cm of NalS04. The colurnn was rinsed with 5 mL 

hexane into a 15 mL centrifuge tube. The sample was added to the column and rinsed with 5 

mL of hexane (waste fraction). The centrifuge tube was repiaced with a 100 mL round bottom 

flask and 10 mL of toluene was added to the column and collected for analyses. The extract 

was rotary evaporated to almost dryness and transferred to a centrifuge tube tising 3 rinses of 

DCM. The sample was evaporated again to 100 pL using nitrogen. The 100 pL were 

transferred using a 500 pL syringe to autosampler vials with 3 rinses. As the sample was 

evaporating to dryness at room temperature. it was rinsed twice with 100 pL of DCM before 

finally being re-dissolved in 30 p L  of performance standard- 

2.3 Po@ brornimzteci Diphenyl Etlier Annlysis 

Analysis of PBDEs was perforrned by high-resolution gas c hromatography/ h igh- 

resolution mass spectrometry (HRGUHRMS) under electron ionization (Et) conditions with an 

electron voltage of 35-40 eV. A Hewlett-Packard 5890 II GC, (Hewlett Packard, Pa10 Alta, 

California, USA) equipped with a CTC A2OOs autosampler, (Leap Technologies, Chape1 Hill, 

North Carolina, USA) was connected to a VG AutoSpec-Q mass spectrorneter (Fisons, VG 



AnalyticaI, Manchester, UK). Perfluorokerosene (PFK) (PCR Incorporated, Gainesville, 

Florida) was used as a reference cornpound to tune the HRMS to 10 000 resolution prior to each 

run. The GC injection port was configured for 1 pL on-column injections, with an initial 

temperature of 160°C. held for 1 minute. and ramped at 100°C/rnin to 280°C and held for 55 

minutes. Gas chromatographic separation was achieved using a 60 rn Iength X 0.25 mm 1.D X 

0.25 pm film thickness Restek Rt,5 capiilary coIurnn (Chrornatographic Specialties 

Incorporated. Brockville, Ontario). Ultrapure helium was used as the carrier gas at a constant 

flow rate of 1.4 mL/min. A 1 m long X 0.53 mm 1.D and a 2.5 m long X 0.25 mm 1.D 

deactivated fused silica tubing n-ere connected to the front of the column. A 1 m long X 0.25 

mm 1.D deactivated fused silica tubing was attached to the end of the colurnn leading into the 

source through the heated interface (280°C). The source temperature was 270°C. The GC 

temperature program for PBDEs had a start temperature of 110°C for I min, ramped at 

15"CImin to 180°C. and tlien fiirther ramped at 2"C/min to 380°C and held for 60 min. The total 

run time was 90 min. The mass spectrometer was operated in selected ion monitoring (SIM) 

mode using 8 descriptors to analyze the 23 PBDE congeners. The experimental data used for 

detecting PBDEs by HRGCIHRMS are presented in Table 2.2. A11 samples were quantified by 

interna1 standards using the VG OPUS* 20/20 and Microsoft ~ s c e l @  software programs, 

foilowing the QA/QC guidelines establislied by Huestis et al. (1995). 



Table2.2: Experimenta! data used in the identification and quantification of 
polybrominated diphenyl ethers (PBDEs) in lake trout by high-resolut ion gas 
chromatography/ high-resolution mass spectrometry. 

Function PBDE Ion Mass PFK Lock Mass Retention Window (min) 
- 

1 mono M' 280.9824 10-15 
247.9837 
349.98 1 7 

di M- 
327.8922 3 330.9792 15-24:30 329.8903 

M- 
245.9680 3 rr i 250-9824 24:30-34 247.966 1 

4 323.8785 
terra M-?Br* 330.9792 34-43 

325.8765 

penra M -2 Br- 
403 -7870 
405.7850 

56 1.6060 
hepra M-2Br- 563 -6040 

Perfluorokerosene (PFK) was used as  a Iock rnass to cornpensate for long-term mass drift. 

2.4 Qrtnlity Asstrrnrice/ Qunlitj Cotitrol 

The criteria for peak identification included acceptable retention times (i 0.05 min), 

peak shape, ion ratios (* 15%), method detection limits for each congener (defined as the 

average concentration in the blank plus three times the standard deviation). and "C labelled 

chlorinated diphenyl ether surrogate spike recoveries. Tliese recoveries ranged between 60 to 

100 per cent for PBDEs. The method detection lirnits (MDLs) for PBDEs ranged between 

c0.01 and 0.25 ng/g w v  depending on the homologue group and individual PBDE congeners. 

A complete list of MDLs are shown in Appendix 3. Relative response factors (RRF), based on 

2 1 



the response of the analytical standard, were used to determine the quantity of the native PBDE 

compounds along with the surrogate and performance standard recoveries. For the unidentified 

PBDE peaks. an average RRF based on the homologue group was applied. The congener 

2.2'.4.4'.6-pentabrornodiphenyl ether (BDE-100) was not included in the original analytical 

standard containing 23 congeners, but was identified usins the new PBDE analytical standard 

with 40 congeners (EO-4982). Retention times for BDE- 1 00 were matched accord ingIy with 

the new analytical standard and a correction factor was appIied to the concentration. Al1 

samples were blank corrected iising the corresponding method blank for each sample set. Each 

method blank was analysed in the sarne manner as a whole fish sample, escept the blank 

contained only the reagents used for the estraction. 

2.5 Statisticnl Analyses 

The statistical software package sigrna~tat" version 2.0 was used for the t-tests, one- 

way analysis of variance (ANOVA) tests and the St~ident-Newmans-KeuIs (SNK) multiple 

cornparison tests. A second statistical sofnvare package. sirius" version 6.0, was used for the 

Principal Component Analysis (PCA) of both the spatial and temporal distributions of  PBDEs 

in lake trout. 

The physical data for the lake trout were statisticaIly compared to assess the variability 

within and between the lakes prior to comparing their PBDE concentrations. A t-test was used 

to compare the length. weight, age, and per cent lipid between the male and female lake trout 

witliin each lake. No significant differences betweeri the sexes were found for both the spatial 

and temporal stiidies (p>O.OS). The concentrations of PBDEs in males and females within each 

lake are also not significantly different (p>0.05). In contrast, the lake trout from Lake Superior 

had significantly lower lipid content (p<O.OS) than the three other lakes when the "between 



lake" pliysicaI data cornparisons were performed. Since the per cent lipid o f  the lake trout 

differed significantly between the lakes and years, the lipid weight concentrations were used for 

the statistical anaIyses. The majority o f  the data does not follow the assumptions for a normal 

distribution (i-e.. the treatment and environmental effects are additive. the experimental errors 

are random, independent. and normaliy distributed about a zero mean with a common variance); 

therefore the data were log transformed to fit a normal distribution. For any congeners that 

were not detected, the concentrations were sribstituted with values that were one-half o f  the 

corresponding method detection limits. Since the ANOVA does not indicate which years or 

lakes differ from which. a multiple comparison test was required. 

Once a significant difference was found behveen years or sites, a Student-Newmans- 

Keuls (SNE;) multiple comparison test was used. SNK begins by comparing the maximum and 

minimum means. If the range is not significant. no further testing is needed (Steel et cd .  1997). 

PCA is a multivariate technique used to qiiantify the interrelationships among a large 

number of interdependent variables and to explain those variables in terms o f  a smaller set of 

underlying components (McGarigal et cd.  2000). This type of ordination describes the sources 

of greatest variation arnong the samples. For non-detected values, random numbers generated 

between the method detection limit (MDL) and l / l o th  of the MDL were used for this analysis. 

The instrument detection level (IDL) was used in determining the random numbers for the 

conpeners that were not present in the blanks. Ali data was block normalized and standardized 

for PC.4 analysis. 



3. RESULTS 

The results chapter consists of the following three sections: 

1. Validation of the method for PBDE analysis, through round-robin studies, 

performed in difkrent matrices. As well as the qua!ity assurance/quality control 

analysis involving certified reference material. duplicates, and blanks. 

7 &. The results for the spatial distribution of PBDEs in Iake trout from Lakes Superior. 

Huron, Erie, and Ontario in 1997 are described in this section. 

3 .  The results for the temporal distribution of PBDEs in lake trout from Lake Ontario 

over a hventy-year time period are aIso discussed in this chapter. 

3.1 Metliod Vnlidation 

A -'diosin7' based analytical method, to determine PBDEs in biota, was developed 

specifically for this project (Alaee el  al. 200 1 ). Initial trials on certified reference materials 

(CRMs), like lake trout, herritig, and salmon, as weli as other qpes of biota were validated by 

inter-laboratory studies with the Institute of Ocean Sciences (10s) and the Netherlands Institute 

for Fisheries Research (RIVO). The method used at IOS by Ikonomou et al. (2000) was similar 

to the metliod developed by tlie ultra-trace laboratory at GLLFAS, DFO. The two laboratories 

showed comparable results that are listed in Table 3.1. Lake trout CRMs contained the greatest 

concentrations of PBDEs while the sockeye salmon CRMs, from a relatively uncontaminated 

area (Fraser River, B.C) had the lowest concentrations. The hem-brominated diphenyl ether 

homologue group (tetra-BDE) in lake trout CRMs were liigher in both GLLFAS and IOS 

studies than the penta-brominated diphenyI ether homologue group (penta-BDE). However, the 

opposite congener pattern was usually found in lake trout whole fish sarnples from the Great 

Lakes. 



Table 3.1: Polybrominated diphenyl ether homologue group concentrations (p& w v )  and 
the relative per cent difference (%) in Lake Ontario lake trout, Pacific herring, 
and sockeye salmon certified reference materials from the Great Lakes 
Laboratory for Fisheries and Aquatic Sciences (GLLFAS) and the Institute of 
Ocean Sciences (10s). 

GLLFAS 10s Relative Per cent 
Homologue Group (P& ww) (pglg ww) Difference ( O h )  

Lake Trout (n=7) 

Herring 

Di-BDE 
Tri-B DE 
Tetra-BDE 

Penta-BDE 

Hexa-BDE 

Hepta-BDE 

Salmon (n=6) 

Di-BDE 1 .O 

Tri-BDE 2.7 

Tetra-BDE 15 

Penta-BDE 2 2 

Hexa-BDE 4.6 

Hepta-B DE 5 -9 

- : non -detect, N/A: not available 



Our group also participated in a second inter-laboratory study involving twenty-nine 

laboratories from around the world. On request of the Bromine Science and Environmental 

Forum (BSEF), the RiVO designed the first large-scale round robin study involving PBDEs in 

environmental samples. In order to determine the accuracy of the individual laboratories and 

their respective metliods. abiotic and biotic sarnples were distributed to the participants for 

PBDE analyses (de Boer 2000). The biota samples analysed for PBDEs included eels, musseis, 

cormorant liver, harbour porpoise liver and harbour porpoise blubber. The concentrations of the 

congeners BDE-47 and BDE-99 were compared to the average concentrations calculated from 

the BSEF study and the results are shown in Table 3.2 and Table 3 .3 .  The concentrations of 

BDE-47 in al1 the biota samples, except for the mussel, were similar in cornparison to the 

average concentrations tabulated by the BSEF study. However, the concentrations of BDE-99 

in the biota samples. especially mussel. were al1 lower than the average concentration detected 

in the BSEF study. Lower concentrations of BDE-99 were encountered by rnost of the 

participants, whicli may reflect the different methods used by the individual laboratories. 

OveraII. the concentrations of BDE-47 detected in rnost of the biota samples were accurate, 

Iiowever the concentrations of congener BDE-99 may need to be re-esamined to determine the 

cause of the smaller concentrations. In additional, further method development studies on 

mussel samples are needed due to their high relative per cent difference behveen the 

concentrations of PBDEs detected by GLLFAS and the average concentrations calculated from 

the BSEF round robin study. 



Table 3.2: Concentrations of BDE-47 (ngg  Iw) in biota detected by Great Lakes 
Laboratory for Fisheries and Aquatic Sciences (GLLFAS) and compared with the average 
concentration from the Bromine Science and Environmental Forum (BSEF) inter-laboratory 
study. 

GLLFAS BSEF 
Type of Biota Relative Per cent (ng/g Iw *standard 

(ngk Iw) deviation) Difference ( O h )  

Ee l 12 1 1 (r 1.9) 

Musse1 0.34 0.52 (* 0.2 1 )  

Cormorant Liver 49 49 (* 9.3) 

Harbour Porpoise Liver 135 131 (*27) 

Harbour Porpoise Blubber 699 627 (C 168) 

Table 3.3: Concentrations of BDE-99 (ng/g Iw) in biota detected by Great Lakes 
Laboratory for Fisheries and Aquatic Sciences (GLLFAS) and compared with 
the average concentration from the Bromine Science and Environmental Forum 
(BSEF) inter-laboratory study. 

BSEF 
GLLFAS (nglg Iw *standard Relative Per cent 

Type of Biota 
(ng/g lw) deviation) Difference(%) 

Ee l 0.56 

Musse1 0.1 1 

Cormorant Liver 15 

Harbour Porpoise Liver 14 

Harbour Porpoise Blubber 92 



3.1.1 Polybrominated Diphenyl Ether Identification in Lake Trout frorn the Great Lakes 

The labelled chromatograms of the individual PBDE congeners found in the analytical 

standard and the seven homologue groups identified in Lake Ontario lake trout are presented in 

Figure 3.1. The total ion chromatogram (TIC) identified the individual PBDE congeners in the 

analytical standard for comparison with the PBDE congeners detected in lake trout from Lake 

Ontario. The unidentified peaks in the lake trout sample were located in one of the eight 

retention tirne windows, which were based on the two most predominant ions for each 

homologue group. These windows enabled partiaI identification of the peaks by their 

respective homologue sroup. The unknown PBDE peaks were quantified using the homologue 

group's average relative response factor (RRF), which was calculated from the individual 

congeners concentrations detected in the analytical standards. Stable isotope labelled 

polychlorinated diplienyl ethers (PCDEs) were used as the internal and external standards 

because "C labelled brominated diphenyl ether compounds had not been maiiufactured at this 

tirne. Two "C labelled polychlorinated diphenyl etlier congeners from the surroçatr solution. 

"C CDE-156 and "C CDE-170, were used as the internal standards, while congener "C CDE- 

128, from the performance solution. was used as the external standard. All three ')c PCDEs 

were used for quantitation and calibration calculations of the individual PBDE congeners in al1 

lake trout samples in this stiidy. 
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1 
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Figure 3.1: Total ion chromatogram (TIC) of  the labelled homologue groups i n  ke 
Ontario lake trout (A) and the individual polybrominated diphenyl ether 
congeners detected in the analytical standard (B). 



3.2 Qunlity Assurnnce arzd Qudiîy Control 

The surrogate recoveries ranged between 60 and 120 per cent, which were between the 

guidelines established by Huestis et al. (1995) for the analysis of organochlorine pesticides 

(OC), PCBs, and polychlorinated dibenzo-p-dioxins and furans (PCDD and PCDF) in fîsh. 

These values were implemented for the PBDE method in response to the daily fluctuation of the 

HRGC/HRMS afier calibrating. If sample recoveries for the "C Iabelled chlorinated diphenyl 

ether compounds were above or belorv the outlined percentages, the sample was re-analysed. 

3.2.1 Certified Reference Material 

Lake trout certified reference materials (BCRM) were extracted and processed dong 

with the temporal samples, spatial samples. and blanks. BCRMs were a portion of the whole 

lake trout, which were de-boiied, skinned, homogenized, and diluted with distilled water 

(Sergeant and Bolt 1997). As well. the certified reference material was only certified for PCBs, 

PCDDs, and PCDFs, not for the concentrations of PBDEs. Therefore, only the precision of the 

method can be determined not the accuracy. Table 3.4 showed the average concentration of 

PBDEs, their standard deviation, and the relative standard deviation for six BCRMs (ndg  ww). 

The hepta-brominated diphenyl ether homologue group (hepta-BDE) had the highest relative 

standard deviation at approsirnately forty-sis per cent due to Iower concentrations detected in 

the lake trout samples. As levels reach their respective rnethod detection limits (MDLs), the 

variability and consequently, their relative standard deviation increased. The relative standard 

deviations were also displayed in Table 3.5 for the individual PBDE congener concentrations in 

the lake trout CRMs from Lake Ontario. Similarly, the relative standard deviation was higher 

for BDE-12/13, BDE-66, and BDE- 1 19. These three congeners had concentrations in the lake 



trotit samples that were less than their respective MDL or near the MDL concentrations and 

therefore had a much greater error associated with their relative standard deviation. 

Table 3.4: The average concentrations (ngg w v ) ,  standard deviation, and relative standard 
deviation (%) for the polybrominated diphenyl ether homologue group 
concentrations in Iake trout certified reference rnaterial from Lake Ontario. 

Average Standard Relative Standard 
Homologue group (ng/g w w) Deviation Deviation (%) 

Table 3.5: The average concentration (ndg ww). standard deviation, and relative standard 
deviation (%) for the polybrominated diphenyl etlter individual congener 
concentrations in lake trout certified reference material from Lake Ontario. 

Individual 
Congeners 

Average 
concentration 

(ng/g ww) 

Standard Relative Standard Deviation 
Deviation ("/O ) 

BDE-13/13 0.00 I 0.00 1 >IO0 

BDE-15 0.02 0.0 1 39 

BDE-32 0.0 1 0.002 2 1 

BDE-33 O.; I 0.04 13 

BDE-47 12 2.6 21 

BDE-66 0.09 O. 15 >IO0 

BDE-77 0.0 I 0.004 47 

BDE-119 0.07 0.07 >IO0 

B DE-99 2.3 0.54 24 

BDE- 100 N/ A N/A NIA 

BDE- 153 2.3 0.57 2 5 
*- - -- -- 

N!A: not available 



3 2 . 2  Duplicates 

Duplicate extractions were performed throughout the study on two random samples 

from eacli Iake or year to deterrnine the reproducibiIity of the method used for the analysis of 

PBDEs in lake trout. For each duplicate pair, a relative per cent difference (%) was calculated 

for the PBDE homologue groups and their individual PBDE congeners. The relative per cent 

difference cakulations are defiiied as the difference betnreen the hvo concentrations divided by 

their average and multiplied by one hiindred. The results for the spatial study are shown in 

Table 3.6 and Table 3.7, respectively. Tables 3.8 and 3.9 show the relative per cent difference 

between the duplicata for the homoiope groups and individual congeners in the temporal 

study. The inaccurate results from some of the duplicate pairs rnay be attributed to 

experirnental or instrumental error. For example. if the duplicates were analysed at different 

times, the high per cent variation in the relative per cent difference rnay be caused by the 

fluctuation of the HRGC-HWIS with daily calibration and integration. As well, the status of 

the instruinent (i.e. unclean inner or outer source and lens stack) may affect the PBDE 

concentrations detectec! in the samples. However, the rnajority of the high per cent differences 

had concentratioiis of PBDEs that were estremeIy close to the rnethod detection limits, which 

caused a drastic misinterpretation of the results. Overall, the duplicates had similar 

concentrations of PBDEs. which showed adequate precision of the method. 



Table 3.6: Relative per cent difference of the polybrorninated diplienyl ether homologue 
group concentrations in lake trout, from the Great Lakes, coIiected in 1997. 

Relative Per cent Difference (%) 

Lake Superior Lake Huron Lake Erie Homologue Lake Ontario 

Group 
D8 1 D g 2  Dg I D#Z D# I Dg  2 De I D# 2 

D: duplicate 

Table 3.7: Relative per cent di fference of the ind ividual polybrominated diphenyl ether 
congener concentrations in lake trotit, from the Great Lakes, collected in 1997. 

Relative Per cent Difference (%) 
- - -  

individual 
Congeners 

BDE-12/13 

BDE- 15 

BDE-33 

BDE-33 

BDE-47 

BDE-66 

BDE-77 

BDE- 1 19 

BDE-99 

BDE-100 

BDE- 153 

Lake Superior 

D# I Li# 2 

> 1 O0 

5 2 > 100 

7 12 

6 12 

O 8 

3 18 

O 17 

Lake Huron 

D# I D# 2 

3 

3 20 

3 13 

7 15 

10 13 

2 1 1 1  

1 O 1 

8 4 

24 3 

44 O 

73  -- 7 

Lake Erie 

Dff  1 D# 2 

>IO0 

48 17 

73 4 

4 O 25 

3 5  24 

> 1 O0 30 

29 13 

>IO0 65 

35 2 1 

5 1 35 

17 29 

Lake Ontario 

Dg I 0 # 2  

- : non-detect, D: duplicate 



Table 3.8: Relative per cent difference of the polybrominated diphenyl ether homologue 
group concentrations in lake trout collected from Lake Ontario between 1978 
and 1998. 

- -. - - - - - - - - - - 

Relative Per cent Difference ( O h )  

1978 1983 1988 f 993 1998 
Homologue 

gr ou^ Dg 1 LI$.? D g  1 D Dg 1 D g 2  D g  1 D f f Z  

Hepta-BDE 5 85 5 O 16 >IO0 8 4 O I 1 I I 16 
----- - -- 4- - -.. - 

- : non-detect. D: duplicate 

Table 3.9: Relative per cent difference for the individual polybrominated diphenyl ether 
congener concentrations in Iake trout collected from Lake Ontario between 
1978 and 1998. 

- Relative Per cent Difference ( O h )  --- ---- 

"Weners Dg 1 Dg.? D# 1 D # 2  D# 1 DB? DI: I D g 2  D# I D # 2  

BDE-12/13 >IO0 I - >IO0 

BDE- 15 - 3 54 27 1 O 3 6 O 14 3 

- BDE-32 - - > 1 O0 4 

BDE-33 27 36 37 4 S 9 30 6 0 I I 2 5 

BDE-47 >IO0 6 IS 77 7 3 37 

BDE- 100 >IO0 35 38 3 18 24 78 8 6 3 1 

BDE- 153 6 5 14 30 3 5 1 4 t 12 4 36 15 

- : non-detect, D: duplicate 



3.2.3 Blanks 

Blank samples are used to assess the level of contamination during laboratory analysis 

(Martin et al. 1999). Unintentional PBDE contamination may occur in blank samples due to a 

variety of sources, sucli as inadequately cleaned and maintained equipment, which may 

decrease the accuracy of the PBDE concentrations reported. Twelve method blanks, containing 

only reagents. were analysed for PBDE contamination tliroughout this study and their relative 

standard deviation (%) for the individual PBDE congeners are shown in Table 3.10. Al1 lake 

trout samples were blank corrected by their respective sarnple set blank. Many of the per cent 

relative standard deviations values of the blanks esceeded 100 per cent. \vhich malr be due to 

PBDE contamination in the laborator). through unclean glassware or carry-over of the PBDE 

compounds between sarnples by the equipment. As well, the variability between the blanks 

may be attributed to the fact that not a11 PBDE congeners were detected in every blank. 

However. the majority of the PBDE concentrations in the blanks were approximately less than 

10 per cent of the PBDE concentrations in the lake trout samples. 

Table 3.10: The average concentration (pgg  ww), standard deviation, and relative standard 
deviation for the polybrominated diplienyl ether individual congeners in the 
twelve blank samples used to blank correct the lake trout samples. 

Average Individ ual 
concentration Congeners 

- --- - -(~b_&---- O/ \nv)  - 
BDE-12/13 
BDE- 15 
BDE-32 
BDE-33 
BDE-47 
BDE-66 
BDE-77 
BDE-119 
BDE-99 
BDE- 100 

Standard Relative Standard Deviation 
Deviation 

---- 
(=w 

- 
1.5 >IO0 
1.4 > 1 O0 

3.9 >IO0 
54 67 
5.9 >IO0 
1.3 >IO0 
17 70 
4.2 >IO0 
NIA NIA 

BDE- 153 8.0 8.3 > 1 O0 
- : non-detect, N/A: not available 



3.3 Spatial Distributiori of Poljdruminnted D@/renyl EtIlers in Lake Trout from the Great 
Lakes 

3 -3.1 Total Polybrominated Diphenyl Ether Concentrations 

The mean concentrations of total PBDEs (ndg  Iw) detected in lake trout (n=10) for 

Lakes Superior. Huron. Erie. and Ontario are sliown in Figure 3.2. Lake Ontario lake trout had 

the greatest concentrations of total PBDEs (95 k 22 ng/g ww, 434 * 100 ng/g Iw) in comparison 

to lake trout from Lakes Superior (57 * 19 ng/g ww. 392 & 159 ng/g Iw). Huron (50 * 19 ng/g 

ww, 25 I * 98 ng/g Içv), and Erie (27 * 9 ng/g ww, 1 17 i~ 37 ng/g Iw). However, the statistical 

analysis showed the total concentrations of PBDEs in lipid weight were not significantly 

different between lake trout from Lakes Superior and Ontario (p>O.Oj). Aithough, the lake 

trout chosen for this study were al1 six-years of age. Lake Superior lake trout Iiad significantIy 

lower lipid content than lake trout from Lakes Huron, Erie, and Ontario @<0.05). Therefore. 

the lipid weight PBDE concentrations detected in each lake trout were used for the statistical 

analyses in this spatial study. However, both wet weight ( \ n v )  and lipid weight (Iw) 

concentrations are reported. 

3.3 2 Homologue Group Distri bution 

The PBDE Iiomologue group pattern detected in lake trout was the same for al1 the 

Great Lakes studied, with the highest levels detected in the tetra-brominated diphenyl ether 

homologue group (tetra-BDE) folIowed by the penta-brorninated diplienyl ether homologue 

group (penta-BDE) and finally the hexa-brominated diphenyl ether homologue group (hexa- 

BDE). The homologue group distribution of PBDEs (ngg l\v) in lake trout from Lakes 

Superior, Huron, Erie and Ontario are sliown in Figure 3.3. The concentrations of the PBDE 

homologue groups in wet and lipid weight are shown in Tables 3.1 1 and 3.12. 





The concentrations of the di-brominated diphen>.l ether homologue g o u p  (di-BDE) in 

lake trout from Lake Superior were significantly smaller than the otfier three lakes ( p 4 . 0 5 ) .  

Lake Ontario lake trout had significantly Iarger concentrations of the tri-brominated diphenyl 

ether (tri-BDE) and hexa-BDE Iiomologue groups than lake trout from Lakes Superior. Htiron, 

and Erie @<O.Os). The wet ~veiglit concentrations of the tetra-BDE homologue group found in 

lake trout from Lake Ontario were approsimately fi@ per cent greater than the concentrations 

detected in lake trout from Lakes Superior and Huron, and approximately seventy per cent 

higher than lake tro~it from Lake Erie. However, the lipid weight concentrations of the tetra- 

BDE homologue group Lvere not significantly different between Lakes Superior and Ontario 

lake trout (p>O.OS). Similarly. the penta-BDE homologue group concentration ( n d g  ww) was 

greater in  Lake Ontario Iake tro~it, however there was no significant differeiice (pB0.05) found 

between the lipid weight concentrations of the penta-BDE homologue groups in lake trout from 

Lakes Superior (152 + 61 ng/g Iw) and Ontario (121 k 28 ng/g lw). Interestingly, the 

concentrations of the hepta-BDE homologue group in wet weight were greater in Lake Huron 

lake trout than the other three lakes studied. 



1 I Lake Superior 
O Lake Huron 
m Lake Erie 
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di-BDE tri-BDE tetra-BDE penta-BDE hesa-BDE hepta-BDE 

Homologue group 

Figure 3.3: Polybrominated diphenyl ether homologue group distribution detected in lake 
trout, from Lakes Superior, Huron, Erie. and Ontario. collected in 1997. 



Table 3.1 1 The average wet weight concentrations of polybrominated diphenyl ether 
homologue groups detected in lake trout from Lakes Superior, Huron, Erie, and 
Ontario. 

Average wet weight concentrations of PBDEs (ng/g b v  * standard deviation) 

Homologue Group Lake Superior Lake Huron Lake Erie Lake Ontario 

Di-BDE 0.0088 * 0.0047 0.058 k 0.0 15 0.043 * 0.0 17 0.06 i L 0.0 17 

Tri-BDE 0.48 * 0.15 0.85 I 0.38 0.61 x 0.18 2.5 * 0.64 

Tetra-BDE 32 c 10 29 L 9.5 18 i 5.8 60 = 15 

Penta-BDE 22 = 8.5 17 F 8.4 7.6 i 3-6 26 * 5.4 

Hexa-BDE 1.8 * 0.59 2.9 * 1 .- 3 0.98 k O. 15 5.3 c 1.6 

Hepta-BDE 0.23 -c 0.06 0.90 * 0.25 0.33 i 0.23 0.70 * 0.22 

Table 3.12 The average lipid weight concentrations of polybrominated diphenyl ether 
homologue groups detected in lake trout from Lakes Superior, Huron, Erie, and 
Ontario. 

Average lipid weight concentrations of PBDEs (ng/g I w  * standard deviation) 
- - - - .- -- - - - - . - - - .. - - . . - -. -- - - - - - . p- -- - . -. . . . . . - - - - . - - - - -. - 

Homologue Croup Lake Superior Lake Huron Lake Erie Lake Ontario 

Di-BDE 0.054 I 0.036 0.28 * 0.066 0.19 L 0.075 0.27 * 0.072 

Tri-B DE -,-a m 

J . J  = 1.3 4.3 * 1.5 2.6 * 0.76 12 i 2.9 

Tetra-BDE 324 2 96 143 I 49 76 I 25 274 I 64 

Penta-BDE 152k61 85 i: 42 33 111 121 * 28 

Hexa-BDE 12 i 4.3 14 k 5.9 4.3 I 0.85 24 * 7.9 

Hepta-BDE 1.6 i 0.63 4.5 ~ i :  1.2 1.5 * 1.2 3.3 * 1.0 



3.3.3 Individual Polybrominated Diphenyl Ether Congener Concentrations 

The average concentrations (wet and lipid tveight) of the individual PBDE congeners, 

commonly detected in lake trout are shown in Tables 3.13 and 3.14. The concentrations of the 

individrial congener. BDE- 12!13. were not signifrcantly different in lake trout from al l four 

lakes studied @>0.05). Lake trout from Lakes Huron and Ontario had similar wet weight 

concentrations of the congener BDE-15, which were significantly greater than the 

concentrations detected in lake trout from Lakes Superior and Erie (p<0.05). The 

concentrations of BDE-32 and BDE-33 in lake trout from Lake Ontario were significantly 

greater than the concentrations detected in iake trout from the other three lakes ( p 4 . 0 5 ) .  As 

well. the concentrations of BDE-47 were significantly different in lake trout from each Iake 

@<O.OS). Lake trout from Lakes Superior and Ontario had similar concentrations of congeners 

BDE-66. BDE-99, and BDE-100, which were al1 significantly greater than the concentrations 

detected in lake trout from Lakes Huron and Erie. The concentrations of congeners BDE-77 

and BDE-1 19 detected in lake trout from Lake Erie were significantly srnalier tlian the levels 

found in lake trout from Lakes Superior, Huron, and Ontario. The concentrations of BDE- 153 

in lake trout from Lakes Superior and Huron had sigiiificantly smaller concentrations in 

cornparison to lake trout from Lake Ontario ( p ~ 0 . 0 5 ) .  

The three dominant congeners detected in al1 four Great Lakes were BDE-47, BDE-99, 

and BDE-100, which represented approxirnately 57, 15, and 8 per cent of the total PBDE 

congener concentrations in Iake trout. Interestingly, the wet weight concentrations of BDE- IO0 

in lake trout were approsimately two-fold greater than the concentrations of BDE-153, 

however, in Lake Ontario lake trout, the concentrations were approsimately equal. On the other 

hand, the wet weight concentrations of BDE-99 were approximately three-fold greater than 



congener BDE-100 in lake trout from Lakes Superior, Huron, and Ontario, while Lake Erie lake 

trout had higher concentrations of BDE-100 in cornparison to BDE-99. 

Table 3.13 The average wet weight concentrations of the individual polybrominated 
diphenyl ether congeners detected in lake trout from Lakes Superior, Huron, 
Erie, and Ontario. 

Average wet weight concentrations of PBDEs (ng/g ww i standard deviation) 

Individual 
Congener 

BDE-12/13 

BDE- 15 

BDE-32 

BDE-33 

- - - - - - - 

Lake Superior Lake Huron Lake Erie 

-- - 

Lake Ontario 

bolded values represent the main congeners commonly found in the penta-BDE formulation 



Table 3-14 The average lipid weight concentrations of the individual polybrominated 
diphenyl ether congeners detected in lake trout from Lakes Superior. Huron, 
Erie. and Ontario. 

Average lipid weight concentrations of PBDEs (ng/g Iw * standard deviation) 
-- --- -- - -- - - - . - - - - - -- - - . - . -. . 

Individual Lake Superior Lake Huron 
uener Con, 

Lake Erie Lake Ontario 

BDE- 1 5 0.038 c 0.0 18 0.23 i 0.053 O. 14 * 0.056 0.2 1 i 0.049 

BDE-77 O. 16 5 0.069 O. 14 -L 0.058 0.036 k 0.0 14 O. 1 O = 0.047 

BDE-I 19 0.60 = 0.52 0.52 5 0.30 0.15 = 0.1 1 0.99 + 0.8 1 

BDE-153 10 * 3.9 11 =t 4.8 3.9 * 0.79 22 * 7.5 
--- -- - - - - -. . - -- -. - - - - -- - - - - - - 

bolded values represent the main congeners commonly found in the penta-BDE formulation 



3.3.4 Principal Component Analysis for the Spatial Distribution of Polybrominated DiphenyI 
Ethers 

The principal component analysis plot in Figure 3.4 (A) shows the scores for the Iake 

trout from four of the Great Lakes. The four distinct clusters represented the proportions of the 

individual PBDEs (n@g Iw) in lake trout from Lakes Superior, Huron, Erie. and Ontario. The 

penta-BDE formulation proportions were plotted as a sample and were similar to the lake trout 

proportions from Lake Superior. Figure 3-4 (B) shows the ioadings of the individual PBDE 

congeners detected in Iake trout on components i (38.5%) and 7 ( 19.5%). The proportions of 

compounds BDE-15. BDE-33 and BDE-47 influenced the clustering of the samples for Lake 

Erie. while the proportions of BDE-66 and BDE-99 seemed to influence the sarnples for Lake 

Superior. Lakes Ontario and Huron lake trout samples were influenced by the proportions of 

the greater brominated congeners. BDE- I 19 and BDE- 153. 
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Figure 3.4 (A) Principal Cornponent Analysis showing the scores for lake trout from the Great 
Lakes plotted against principai components 1 (38.5%) and 2 (19.5%) (+ standard 
deviation). (B) Loadings plot of the polybrominated diphcnyl ethers on principal 
components 1 and 3. 



3.4 Tempord Distribution of Po fybrontinated Diphetzyl Ethers in Lnke Trortt from Lake 
Ontario 

3.4.1 Total Polybrominated Diphenyl Ether Concentrations 

The temporal distribution of total PBDEs concentrations ( n g g  !w) in lake trout (n=10) 

from Lake Ontario behveen 1978 and 1998 are shown in Figure 3.5. The mean concentrations 

of total PBDEs in lake trout showed a dramatic increase from 0.54 A 0.23 ncJg w v  (2.8 k 1.2 

ng/g Iw) in 1978 to 178 * 42 ng/g ww (919 2 235 ndg  Iw) in 1998. Tlie total PBDE 

concentrations in Lake Ontario lake troiit from 1983 were 1.7 ; 0.75 ng/g tvw (8.0 i 3.5 ng/g 

Iw) which increased fourteen-fold by 1988 (27 6.1 ng/g w v ,  168 * 38 ng/g Iw), and in 1993 

the total concentrations of PBDEs detected in lake trout were 66 k 1 2 ng/g ~ n v  (4 19 f 1 0 1 ng/g 

Iw). Overall. the  mean concentrations of total PBDEs varied significantly in lake trout from 

each year @<0.05). Although. the lake trout chosen for rhis study were al1 sirnilar in age, their 

lipid content \vas significantly different between the years (y<O.Oj). Therefore, the lipid weight 

PBDE concentrations detected in each lake trout were iised for the statistical anafyses in this 

temporal study. However. bot11 wet weight (wv)  and lipid weight (Iw) concentrations were 

reported. 



Figure 3.5: The mean concentrations of total PBDEs (di-BDEs to Iiepta-BDEs) detected in 
Lake Ontario lake trout between 1978 and 1998. The error bars for both 1978 
and 1983 are less than 1% and cannot be viewed on the graph. 



3.4.2 Polybrominated Diphenyl Ether Homologue Group Distribution 

The concentrations of the tetra-BDE Iiornologi~e groups detected in lake trout showed 

the greatest increase over the twenty years, foiIowed by the penta-BDE and hexa-BDE 

homologue groups. The homologue group distribution of PBDEs (ndg  Iw) in lake trout from 

1978, 1983. 1988. 1993. and 1998 are shown in Figure 3.6. The concentrations of the PBOE 

homologue groups in wet and lipid weight are s h o w  in Tables 3.1 5 and 3.16. 

The lipid weight concentrations of the di-BDE homologue groups in lake trout did not 

differ significantly over the twenty-year time period (p0.05). However. the tri-BDE 

homologue group concentrations in lake trout increased thirty-fold from 1978 to 1998. The 

tetra-BDE hoinologue groups showed the greatest increase in lake trout from Lake Ontario, 

which increased from <MDL in 1978 to 1 19 ng'g ww in 1998. Similarly, the wet weight 

concentrations of the penta-BDE homologue group in Iake trout increased appro'cimately 400- 

fold since 1978. The concentrations of the hexa-BDE homologue group also increased 

significantly from 1978 to 1993, however there was no significant difference between the 

concentrations detected in lake trout from Lake Ontario in 1993 and 1998 (p0.05). The 

concentrations of the hepta-BDE I-iomologue group increased significantly in Iake trout from 

1978 until 1958, however the concentrations detected in lake trout from Lake Ontario between 

1988 and 1998 have remained constant @>0.05). 



Figure 3.6: Temporal distribution of the polybrominated diphenyl etlier homologue groups 
detected in lake trout from Lake Ontario between 1978 and 1998. 



Table 3.15 The average wet weight concentrations of polybrominated diphenyl ether 
homologue groups detected in lake trout from 1978 to 1998. 

Average wet weight concentrations of PBDEs (ng/g ww I standard deviation) 

Homologue 
Group 1978 1983 1988 1993 1998 

Di-BDE 0.23 * 0.10 0.075 = 0.035 0.050 - 0.035 0,055 i 0.0 16 0.082 + 0.032 

Table 3.16 The average lipid weight concentrations of polybrominated diphenyl ether 
homologue groups detected in lake trout from 1978 to 1998. 

Average lipid weight concentrations of PBDEs (ng/g Iw h standard deviation) 

Homologue 
Group 



3.4.3 Individual Polybrorninated Diphenyl Ether Congener Concentrations 

The average concentrations (wet and lipid weight) of tlie individual PBDE congeners, 

commonly detected in lake trout from Lake Ontario behveen 1978 and 1998 are shown in 

Tables 3.17 and 3.18. As weli, the average concentrations of the three most predominant 

congeners in lake trout. BDE-47, BDE-99. and BDE-100, are s h o w  in Figure 3.7. There was 

no significant difference between the concentrations of congeners BDE- 12/13. BDE-33. and 

BDE-1 19 in Iake trout over the twenty-year period @>0.05). The concentration of congener 

BDE-15 in Lake Ontario lake trout \vas greater in 1978 in cornparison to the concentrations 

detected in iake trout from 1983 to 1998. However, the concentrations of BDE- 15 in Iake trout 

remained constant during tliose years and were not significantly different @>0.05). Congener 

BDE-33 increased approximately thiw-five-fold in Lake Ontario lake trout while BDE-47 

increased approximately 400-foId from 1978 to 1998. The concentrations of congeners BDE-66 

and BDE-77 detected in lake trout showed no significant increase in lake trout ~ i n t i l  1988, where 

concentrations increased approximately three-fold. Congener EDE-99 concentrations detected 

in lake trout increased signiticantly from 0.060 r.$g ww in 1975 to 23 ng/g ww in  1998 

@<0.05). The concentrations of BDE-IO0 showed the greatest increase, approximately 500- 

fold, in lake trout from Lake Ontario between 1978 and 1998. The wet tveight concentrations of 

BDE-153 showed a steady increase in lake trout over the twenty-year time-period, however the 

concentrations in lake trout between 1993 and 1998 were not significantly different (p>O.O5). 

Interestingly, the concentrations of BDE-153 in lake trout from Lake Ontario were 

greater than tlie concentrations of BDE-100 between 1978 snd 1993. However, in lake trout 

from 1998, the concentrations of BDE- 1 53 were approximately one-half of the concentrations 

of BDE- 100. 



Figure 3.7: The average concentration of BDE-47, BDE-99. and BDE- 100 detected in lake 
trout from Lake Ontario between 1978 and 1998. 



Table 3-17: The average wet weight concentrations of the individual polybrorninated 
diphenyl ether congeners detected in lake trout between 1978 and 1998. 

- - - - - - - - - -- - - - - 

Average wet weight concentrations of PBDEs (n& ~ n v  * standard deviation) 

Individual 
mener Con, 

BDE-12/13 

BDE-15 

BDE-32 

BDE-33 

BDE-47 

BDE-66 

BDE-77 

BDE-119 

BDE-99 

BDE-100 

BDE-153 

bolded values represent the congeners comrnonly found in the penta-BDE formulation 



Table 3.18: The average lipid weight concentrations of the individual polybrorninated 
diphenyl etlier congeners detected in Iake trout between 1978 and 1998. 

Average lipid weight concentrations of PBDEs (ng/g Iw k standard deviation) 
- .  

Individ ual 
Congener 

BDE-12113 

BDE- 2 5 

BDE-32 

BDE-33 

BDE-47 

BDE-66 

BDE-77 

BDE-119 

BDE-99 

BDE-100 

BDE-153 

bolded values represent the congeners cornmonly found in the penta-BDE formulation 



3 .44  Principal Component Analysis for the Temporal Distribution of Polybrominated Diphenyl 
Ethers 

The principal component analysis (PCA) was performed using the total lipid weight 

concentrations of the PBDE individual congeners detected in lake trout behveen 1978 and 1998. 

The first principal component described 35.4% of  the variance within the samples. while the 

second principal component described 23.4% of the variance. Figure 3.8 (A)  shows the scores 

for the individual lake trout sarnples from 1978 to 1998, and the proportions o f  the penta-BDE 

formulation, which were plotted against the two principal components. There were hvo distinct 

clusters separating 1978 and 1983 lake trotit, whiIe the third group contained lake irout from 

1988, 1993. and 1998. The proportions of the penta-BDE commercial formulation were similar 

in comparison to the Iake trotit samples from 1983 and 1988. Figure 3.8 (B) shows the loadings 

o f  each congener with respect to principal component I and 2. The di-%DE and tri-BDE 

individuai congeners had higher proportions in 1978, tvhile BDE-99, BDE-IOO. and BDE-153 

proportions were greater in 1983. The proportions of BDE-47, BDE-66, and BDE-77, 

influenced the clustering of the lake trout samples from 1988. 1993 and 1998. 



- 5 

Cornpcnent 1 (38 5 % )  

-0.8 

Component 1 (35.42) 

Figure 3.8: (A) Principal Component Aiialysis showing the scores (* standard deviation) for 
Lake Ontario lake trout samples between 1978 and 1998 plotted against principal 
coinponents 1 (35.4%) and 2 (23.4%). (B) The loadings plot of principal 
components 1 and 2 for polybrominated diphenyl ethers in iake trout. 



4. DISCUSSION 

4.1 Spatirri Distrib rttiort of Po4 brorn Ntcrted Diph ettyi Ethers irz Lake Tro rtt from the Great 
Lakes 

The mean concentrations of total PBDEs in lake trout from Lake Ontario (95 ng/g ~ v ,  

434 n d g  Iw) are significantly greater than the concentrations of total PBDEs in iake trout from 

Lakes Superior (56 ng/g cviv. 392 ng/g Iw). Huron (50 ng/g w v ,  25 1 ndg Iw), and Erie (27 ndg 

wv,  1 1  7 n3/g Iw). However, in eacli of the four lakes, a similar homologue group distribution 

was observed. For example, the tetra-brominated diphenyl etlier homologue group (tetra-BDE) 

was the largest homologue group detected in Iake trout, which represented approximately one- 

half of the total PBDE concentration in each of the Great Lakes. This data agrees with the work 

of Loganathan et al. ( 1  995), who sliowed that the tetra-broininated diphenyl ether homologue 

groiip accounted for approsimately ninety-five per cent of total PBDE concentrations in carp 

from the Buffalo River, New York. 

Previous work esarnining the distribution of PBDEs in fish from the Great Lakes have 

been restricted to studies of coho and chinook salinon as well as steelliead trout sampied from 

Lake Michigan (Manchester-Neesvig el al. 200 1, Asplund ef OZ. 1999). While PBDE 

concentrations in Lake Michigan lake trout were not analysed, it is noteworthy that the 

concentrations of PBDEs in Lake Michigan salmon (Manchester-Neesvig et al. 200 1 ). a simiIar 

salmonid predator. were approximately five-fold greater than the highest concentrations 

detected in lake trout from the other four Great Lakes studied here. Similarly. muscle tissue 

from Lake Michigan steeIhead trout (Asplund et ul. 1999) were shown to have concentrations of 

PBDEs that were seven-fold greater than lake trout from Lake Ontario, the most contaminated 

lake in this study. 

The basins of Lake Ontario and Lake Erie are heavily developed, however the 

concentrations of PE3DEs in Lake Ontario lake trout were significantly greater than the PBDE 
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concentrations in lake trout from Lake Erie. Lake trout from Lake Erie had approximately fifty 

per cent smailer concentrations o f  PBDEs than fisli from the less urbanized basins of Lakes 

Huron and Superior, which indicated that localized point sources o f  PBDE contamination were 

not the only factor that contributed to the observed differences in the concentrations of PBDEs 

in lake trout from the four Great Lakes studied. 

Several additional esplanations could account for differences in the concentrations of 

PBDEs in lake trout frorn eacli o f  the Great Lakes. The atmospheric transport and deposition of 

PBDEs rnay be an important mechanism to account for the elevated presence of BFRs in Lakes 

Superior and Huron since their basins are sparsely popiilated with IittIe industrial shoreline 

development. In support of tIiis premise. Strachan and Eisenreich ( 1988) Iiave s h o w  that Lake 

Superior received ninety per cent of the total polychlorinated biphenyI (PCB) inputs by 

atmospheric deposition. whiie Lake Ontario received only seven per cent. A similar report by 

Hoff et al. (1996) confirmed that the atmospheric deposition of PCBs was significantly greater 

for Lake Superior than Lakes Erie and Ontario. 

Differences in the physical characteristics of eacli lake rnay also increase its 

susceptibility to atmospheric deposition of PBDEs. Lake Superior is a cold oligotrophic Iake 

with a surface area of approximateiy 82 100 km'. In contrat ,  Lake Erie is a warmer eutrophic 

lake with a smaller surface area (25 700 km'). Lakes Huron and Ontario also have smaller 

surface areas of 59 600 km2 and 18 960 km'. respectively (USEPA and Government of Canada 

1995). Thus. Lake Superior is likely to receive a greater proportion of airborne contaminants 

deposited on its surface in comparison to the other Great Lakes (Eisenreich et al. 1981). 

Alternatively, Lake Superior lake trout had significantly smaller per cent lipid values than Lakes 

Huron, Erie. and Ontario lake trorit (p<0.05), which may account for their greater relative 

concentrations of PBDEs when adjusted to lipid weight. For exampie, KaIantzi et a!. (2001) 



showed the concentrations of PBDEs in grey seal pups from the North Sea increased even as 

their weight decreased over a six-month period. Food web differences between the Great Lakes 

may account for the smailer per cent lipid values of Lake Superior lake trout, since Lake 

Superior is an oligotrophic lake that lias less primary production. in comparison to the other 

Great Lakes (Horne and Goldman 1994). As well. the site of capture may influence the 

concentrations of PBDEs detected in biota. The concentrations of PBDEs in Lake Superior lake 

trout, collected from Whitefish Bay, (Alaee et al. 1999) were significantly lower in comparison 

to the PBDE lipid weight concentrations detected in Iake trout from Thunder Bay. Lake 

Superior. 

Other factors may also contribute to the bioaccurnulation of BFRs in fish. For esample, 

Lake Erie. a iieavily industriaiized lake basin kvith a very short retention time (<3 years), had the 

smallest mean concentration of PBDEs in lake trout. By contrast, Lake Superior, Huron, and 

Ontario have considerably longer retention times of 19 1, 22. and 6 years, respectively (USEPA 

and Government of Canada 1995). Therefore, it may be hypothesized that water, and 

consequently pollutants, move rapidly through Lake Erie into Lake Ontario, where they are 

retained longer and subsequently accumulate in fish. Interestingly, less than one per cent of the 

total volume of water from the Great Lakes moves out through the St. Lawrence River each year 

(USEPA and Government of Canada 1995), which may also promote the accumulation of 

contaniinants in the Great Lakes (Pierce et cd. 1998). This raises the possibitity that cumulative 

contaminant loading from the four upstrearn Great Lakes systems may also contribute to the 

greater concentrations of PBDEs observed in lake trout from Lake Ontario. 

The degradation of water quality, which results from increasing urbanization and 

industrial development around the Great Lakes basin rnay be an additionai factor to explain the 

greater concentrations of PBDEs in Iake trout from Lake Ontario in comparison to Lakes 



Superior, Huron. and Erie. From 1900 to 1990, the population around Lakes Michigan, Erie. 

and Ontario have tripled while, Lake Huron and Lake Superior's basins have stayed relatively 

the same (USEPA and Government of Canada 1995). For example, localized point sources of 

po!ychlorinated biphenyls (PCBs) were responsible for çreater PCB concentrations in Lake 

Ontario lake trout in comparison to Lakes Erie, Huron. and Superior (Pierce et al. 1998). As 

well. Moisey er cd. (2001) found PBDE concentrations were highest in herring gull eggs 

samples from the large urban areas of Detroit, Hamilton, and Toronto. Similarly, Christensen et 

al. (200 1) found elevated PBDE concentrations in shortliorn sculpin that were sampled close to 

populated areas in southern Greenland. Collectively, these data siiggest that elevated 

concentrations of PBDEs detected in Lake Ontario fis11 may result from the increased local 

sources of PBDE contamination, since pollutants often enter the lakes by direct discharge from 

industrial areas and disposal/waste sites, in addition to atmospheric transport and deposition 

(USEPA and Government of Canada 1995). 

4.1.1 Polybrominated Dipfienyl Ether Individiia! Congener Profiles in Lake Trout 

To fiirther investigate the accumulation of PBDEs in lake trout, individual PBDE 

congeners were studied. The congeners %DE-47, BDE-99, and BDE-100 were the three 

predorninant PBDE compounds present in lake trout and accounted for approsimately ninety 

per cent of the total PBDE concentrations detected in each of the four Great takes, Congener 

BDE-47 had the highest concentration in al1 lake trout sampled, followed by BDE-99 and BDE- 

100. This congener profile is found in other fish from North America. Data obtained by Hale et 

al. (2000) analysed PBDE concentrations in muscle tissue from sis different species of 

freshwater fis11 (channel catfisli, flatliead catfisli, wallejre. striped bass. white perch, and carp) 

on the Roanoke and Dan Rivers in Virginia, U.S.A. found that BDE-47 was the dominant 



congener in each species. representing about seventy per cent of the total PBDEs for each 

sample. In addition. this congener profile lias been reported in other biota from North America. 

Ikonomou et al. (2000) detected PBDEs in a variety of marine organisms from the Canadian 

West Coast and Holman Island in the Northwest Territories. Altliough PBDE concentrations 

differed between species (1.2 to 2 269 ng/g Iw), the crab. seal, and porpoise congener patterns 

were al1 similar with congener BDE-47 representing approximately fi@ per cent of the total 

PBDEs for the crab and porpoise sainples, and eighty per cent for the seals. As well, She et al. 

(2000) showed that BDE-47 was the dominant congener found in seal blubber from the San 

Francisco Bay area. Importantljr. this congener pattern is not restricted to North America. since 

fish from European waters, including Viskan River pike. Lake Vattern Arctic char, and Lake 

Storvindeln whitefish al1 share similar congener profiles, dominated by BDE-47, BDE-99, and 

BDE- 100 (Sellstrorn el al. 1993. 19%). 

Interestingly. these three PBDE congeners are the main components in the penta-BDE 

formuIation, which are aIso the main PBDE congeners detected in most environmental samples. 

The penta-BDE formulation is used primarily as a flanle-retardant in polyurethane foam (Hardy 

2000), however, its main constituents, congener BDE-47, BDE-99, and BDE-100 represented 

approximately 57. 15. and 8 per cent of the total PBDE concentrations in lake trout frorn the 

Great Lakes. The composition of Bromkal 70- DE'. a cornmon penta-BDE Rame retardant. 

analysed by Sjodin and colleagues (1998), was s h o w  to contain 37% BDE-47. 35% BDE-99, 

6.8% BDE-100, 1.6% BDE-85, 3.9% BDE-153, 2.3% %DE-154, and 0.41% %DE-138. The 

individuaI PBDE congener concentrations detected in lake trout and otlier biota do not reflect 

the composition of the penta-BDE commercial formulation. Houlever. fish collected from 

Hadley Lake, USA. near a known PBDE point source, had a congener profile similar to that 

observed in the penta-BDE formulation (Dodder er al. 2000). Since the ratio of %DE-47 to 



BDE-99 is comparable in the penta-BDE formulation (1:l) then. it follows that the 

concentrations in the abiotic environment should also be found at the same ratio. Abiotic data 

presented in a summary report by the Swedisli Environrnental Protection Agency (de Wit 2000) 

were used to calculate an average ratio for BDE-47 and BDE-99. which correlated with the 1 : 1 

ratio found in tfie commercial penta-BDE formula. In contrast, a six-fold increase in the ratio of 

BDE-47 to BDE-99 was observed in biotic sarnples. A sirnilar pattern was also observed when 

BDE-99 and BDE-100 \vere compared in abiotic samples, which have an average ratio simiIar 

to the penta-BDE formulation at approsirnately 5: 1, while biotic samples appear to have equal 

arnounts of BDE-99 and BDE- 100. 

The apparent discrepancy between the relative proportions of PBDE congeners in 

abiotic and biotic samples with the ratio observed in the industrial formulation rnay be 

explained by the uptake efficiencies and bioavailability of the PBDE compounds within 

organisrns. It is increasingly difficult for greater molecular weight PBDE congeners to pass 

through cell membranes becaiise. as the degree of bromination increases. the ability of PBDEs 

to bioaccurnulate is reduced (Bernes 1998). Burreau and Broman (1997) esamined the uptake 

efficiencies of PBDE congeners in pike and showed that congener BDE-47 had the greatest rate 

of uptake from the gastrointestinal tract (90%) followed by BDE-99 (63%) and BDE-153 

(40%). Interestingly. Boon ct ci/.  (2000) showed the effective molecular cross-section (EMCS) 

of BDE-47 and BDE-100 to be 8.1 A. This small molecular size rnay permit congeners to 

bioaccumulate more readiiy. BDE-99 has an EMCS of 9.6 A and should be less bioavailable to 

organisms. While speculative. this may explain the elevated concentrations of BDE-47 relative 

to BDE-99 concentrations detected in biota, and why concentrations of BDE-100 are almost as 

high as those of BDE-99. 



Differences in the rate of metabolism of PBDEs could also affect the congener profiles 

found in biota, since the potential for PBDEs to be rnetabolised is thought to be dependent on 

tlie degree of bromination and on the positions of tlie bromine atoms in the PBDE rnolecule 

(Klasson-Wehler er al. 200 1 ). Interestingly, Hakk et al. (200 1 )  found that BDE-47 and BDE- 

100 accumulated in rats at a greater rate tlian otlier PBDE congeners present in the penta-BDE 

formulation. This provides circumstantial support to esplain wliy Iake trout from the Great 

Lakes as well as otlier biota worldwide share the sarne congener pattern with similar ratios of 

6: 1 and 1 : 1 for BDE-47 and BDE-99. and BDE-99 and BDE-100, respectively. Peltoia and 

YIa-Mononen (2001) demonstrated that the penta-BDE formulation is poorly biodegraded and 

BDE-47, BDE-99. and BDE- 1 O0 slokvly metabolized; their half-lives in rats Vary from 19-1 19 

days. In addition, Klasson-Weliler el  cd, (2001) showed that rats metabolize tetra-BDE, penta- 

BDE, and deca-BDE into several hydro'cyIated metabolites with the majority of the PBDEs 

being escreted with théir urine and faeces (BDE-47: 14%. BDE-99: 65%. and BDE-209: 84%). 

Morck and Klasson-Wehler (2001) found that ninety per cent of deca-BDE is excreted in the 

faeces, suggesting that the higher brominated congeners do not bioaccumulate as easily as the 

lower brominated congeners in biota. However, a recent study by Sellstrorn el al. (2001) has 

found concentrations of the highly brominated BDE-209 and BDE-183 congeners in peregririe 

falcons eggs frorn Sweden. This is the first tirne higher brominated congeners have been 

identified and quantified at a high trophic ievel in the terrestrial food web and therefore, 

indicated that higher brorninated PBDE congeners do have the potential to bioaccumulate. 

The possibiIity that high molecrilar weiglit PBDE cotnpounds undergo debromination is 

another reason to account for the Iiigher concentrations of lower brominated PBDE compounds 

in tlie environment. Tysklind et al. (2001) showed that congener BDE-309 undergoes 

photolytic debromination to lower PBDE congeners, wliich correspond to the components found 



in the commercial PBDE formulations. Sirnilarly. Sellstrorn et al. (1998) found that deca-BDE 

degrades to tetra-brominated diphenyl ethers in ultra-violet (UV) light. This agrees witli the 

original findings of Watanabe and Tatsukawa (1987) who showed that the deca-BDE congener 

degraded to tri-brorninated diphenyl ethers when irradiated for 16 hours by UV light. 

Conversely. Eriksson et ni. (2001a) found that the decomposition of the deca-BDE congener 

\vas restricted to compounds having sis bromine atoms. Taken together, these data suggest that 

the photo-degradation of deca-BDE may lead to lower brominated compounds. However, 

selective debromination to congeners BDE-47, BDE-99. and BDE-IOO. hâs not yet been proven. 

4.2 Tenrpornl Distribution of Poiy bronrirmred Diph erryl Etlr ers in Lake Orztrrrio Lake Trout 
betweert 19 78 crnd 1998 

The mean concentrations of total PBDEs in lake trout from Lake Ontario have increased 

approximately 300-fold from 1978 to 1998. The period from 1983 to 1988 showed the fastest 

rate of change of PBDE concentratioiis in lake trout, which increased from 1.7 nglg \ n v  (8.0 

ng/g Iw) in 1983 to 27 ng/g ww (168 ng/g lw) in 1988. The tetra-brominated diphenyl ether 

homologue group increased from <MDL in 1978 to sixty-eight per cent of the total PBDE 

concentrations in 1998. while the penta-brominated diphenyl ether homologue group remained 

at approximately hventy-five per cent of the total PBDE concentrations over the twenty year 

time period. 

Due to the  lack of historical data on PBDEs in fish from the Great Lakes, comparisons 

behveen the concentrations of PBDEs in lake trout cannot be made. However, the increase of 

PBDEs concentrations in lake trout correlates well with recent temporal trend studies of PBDEs 

in biota from North Arnerica. For esample, a study on beluga whales from the Cleanvater Fjord 

area of Cumberland Sound demonstrated an increasing trend in overall PBDE concentrations 

from 1982 to 1997 (Stern et al. 2000). In addition, LeBeuf and colleagues (200 1) have shown a 
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signiticant increase in the rnean concentrations of total PBDEs in beluga wliales from the St. 

Lawrence over a ten-year period (1988-1999). As well, temporal trends of PBDE accumuIation 

in Holman ring seals collected in 198 1, 199 1,  and 1996 have increased ten-fold (Ikonomou er 

al. 2000). Similar!~. temporal trends from 1 98 1-2009 indicated an esponential increase with a 

doubling time of approsimately four years for PBDEs in I-ierring 81.111 eggs from the Great Lakes 

(Moisey et al. 200 1). These increasing trends of PBDE accumulation in wildlife are also 

occurring within the human popuIation. The concentration of PBDEs in milk collected from 

Canadian mothers has increased from 0.2 1 pgkg mifk lipids in 1982 to 16 pgkg rniik lipids in 

1992 (Ryan and Patry 3000). In contrast. the temporal trends in European biota differ in 

cornparison to the increasing concentrations of PBDEs in North American biota. 

Recent European studies have shown a decrease in the concentrations of PBDEs found 

in the environment. OriginalIy. Norén and Meironyté (1998) described an exponential increase 

of PBDEs in human milk from Sweden diiring 1972 to 1997. However, their follow-up study 

showed that concentrations of PBDEs in Swedisli liuman milk reached a maximum 

concentration of approsimately 4 ng/g milk Iipids in 1997 and since then has steadily decreased 

to 2.8 ng/g milk lipids in 2000 (Meironyté Guvenius and Norén 2001). Similarly, Sellstrom er 

al. (1993) have shown the sum of three PBDE congeners (BDE-47, BDE-99, and BDE-100) in 

guillemot eggs from the Baltic Sea have increased ten-fold between 1970 and 1989. However, 

as more recent sampIes Lvere analysed, Sellstrom (1999) found that afier 1989 there was a 

steady decrease of PBDEs from 990 ng/g Iw in 1990 to 190 ng/g Iw in 1997. As well, de Boer 

and Allchin (2001) have shown that concentrations of BDE-37 and BDE-99 in yellow eel frorn 

rivers in the Netherlands and in cod liver from the North Sea have been decreasing since 1980. 

The concentrations of BDE-47 and BDE-99 found in cod liver decreased from 1000 ng/g Iw and 

22 nglg Iw in 1983 to 240 ng/g Iw and 7 ng/g Iw in 1999, respectively. 



Several expianations may account for the conflicting trends in PBDE concentrations 

between North American and European biota. Even though the total world bromine production 

has increased from 296 000 tonnes in 1975 to 520 000 in 2000 (Arias 2001). the individual 

countries that n~ake up this total do not al1 share a siniiIar increasing trend. For example, the 

production of bromine in the United States has increased from 189 000 tonnes in 1975 to 229 

000 tonnes in 2000. while the European Union lias decreased their bromine production by 

approximately one-half in the past twenty-five years (Arias 2001). The total world demand for 

flaine-retardants lias also increased from 1975 to 2000. with the majority of bromine ( 1  55 000 

tonnes) used for gasoline additives in 1975; in 3000. only 55 000 tonnes were used (Arias 

200 1). Currently, the majority of bromine (approximately thirty-eight per cent of total brornine 

demand) is used for the production of flame-retardants. 

In 1999, the global market demand was 60 000 tonnes for the deca-BDE commercial 

formulation. of whicli. approximately 24 000 tonnes was produced in the United States. while 

only 7 500 tonnes was produced in Europe (Arias 2001). As well, only 450 tonnes of the octa- 

BDE commerciaI formulation was produced in Europe. which is less than one-half of the 

amount produced in the United States ( 1 370 tonnes) (Arias 200 1). The rnajority of the penta- 

BDE commercial formulation was produced and used in the United States (8 290 tonnes). which 

was significaiitly greater than the amount produced in Europe (approxiinately 2 10 tonnes) 

(Arias 200 1). Therefore, the increased concentrations or PBDEs in North American biota 

clearly reflect the larger demand for PBDE flame-retardants, while the decreasing trend of 

PBDEs in European biota coincide with the decreased production and use of PBDE Ratne- 

retardants. 



4.2.1 Polybrominated Diphenyl Ether Individuai Congener Profiles in Lake Trout 

Since 1983, the most predominant congener in lake trout sarnpled from Lake Ontario 

was BDE-47. while congener BDE- 153 kvas tlie second most abundant. However. in 1993, the 

concentrations of BDE-99 surpassed the concentrations of BDE-153 by forty per cent in Lake 

Ontario lake trout. The congeners BDE-47, BDE-99, and BDE-100 represented 70, 15, and 7 

per cent of the total PBDE concentrations in 1998 Iake trout? which is similar to the spatial 

congener profile from 1997 Lake Ontario Iake trout. 

Clearly. as bromine production and consumption of the technical PBDE products 

increase. so too are the concentrations of PBDEs in the North American environment. Thus, the 

relatively great concentrations of BDE-47 and BDE-99 detected within North American biota 

are most likely a refiection of the increased production and use of the penta-BDE formulation. 

By contrast, in Europe. a decline in bromine production and PBDE usage reflect the decreasing 

PBDE concentrations in biota, In 1996, the use of PBDEs in Germany. the Netlierlands, and 

Nordic countries accounted for twenty-sis per cent of the European niarket for BFRs. This had 

decreased tu approximately eleven per cent in 1998 (DEPA 1999). Similarly, the annual 

consumption of PBDEs has decreased markedly in Japan in the past 10 years, with the use of 

deca-BDE declining from 10 000 tonnes in 1990 to 2 800 tonnes in 2000 (Watanabe and Skai 

2001). This decline in the consumption of PBDEs correlates positively with recent Japanese 

time-trend studies in biota. Ohta rr al. (2001) have shown a decrease in total PBDE 

concentrations in sea bass and grey mullet from Osaka Bay, Japan between 1986 and 2000. 

An experiment by de Boer ( 1990) confirmed a temporal association between industrial 

usage of PBDEs and environmental contamination. Eels from the river Roer in the Netherlands 

had been shown to have increasing concentrations of BDE-47 and BDE-99 between 1987 and 

1993. This increase was thouglit to result from the extensive use of the penta-BDE formulation 



in the Gerrnan coal mining industry (de Boer 1990). However, once this product ceased to be 

used, the concentrations of PSDEs started to decreâse in the river Roer eels from approximately 

1 300 pg/kg Iw in 1993 to ~ 2 0 0  ugkg Iw in 1999 (de Boer and Allzhin 2001). In addition to 

the mining industry. Ieading European companies in the electric and electronic industries have 

made attempts to avoid the use of PBDEs in their products (Renner 2000). Interestingly, the 

Gerrnan Association of Chemical Industries voluntarily haited the production of PBDEs in 1986 

(DEPA 1999). yet between 1985 to 1999 the median PBDE concentrations still increased from 

3.1 to 4.7 ng/g lipid in Iiurnan blood from Germany (Schroter-Kermani et cd. 2000). 

4.3 Conrparison of Poiybromirinted Diplienyl Etliers to Persistent Organic Pollrrtnnfs in tire 
G m t  L d e s  

Persistent organic polliitants (POPs) are chemical substances that resist photolytic, 

biological. and chemical degradation (Ritter et ai. 1995). POPs are also semi-volatile 

compounds that are prone to Iong-range transport and can accumulate in remote regions, such as 

the Arctic (AMAP 1998). In addition, POPs are ofien Iialogenated compounds that 

bioaccumrilate due to their low water solubility and high lipid solubility (Ritter et ni. f 995). As 

well. POPs are chemicals that can adversely affect humans and wildlife by acute e'cposures, as 

well as chronic long-term exposure (Vallack 1998). These chronic effects include damage to 

the central and periplieral nervous systerns, reproductive disorders, disruptioii of the immune 

system, and the development of cancers (Vallack 1998). 

PBDEs share the same physical and chemical properties of POPs, like PCBs and 

diosins, which could lead to sirnilar tosic effects in biota. Currently. toxicity studies have 

shown that certain PBDEs activated the Ah receptor, induced EROD activity, and were 

immunotoxic and neurotoxic in mice (Bunce et al. 200 1: Darnerud and Thuvander 1998; 

Eriksson ef al. 2001 b). As well, Meerts el al. (2000) showed that the hydroxylated metabolites 
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of PBDEs cornpeted with the thyroid hormone thyroxine, wliich may interfere with its transport 

and metabolism. However, the mean concentrations of total PBDEs were significantly lower 

than the concentrations of other POPs in lake trout, which may Iower the potential for acute and 

chronic toxicity of PBDEs in the Great Lakes. For example, in 1995. the concentrations of 

PCBs in Lake Ontario lake trout were thirty-two-fold greater than the concentration of PBDEs 

(Pierce er al. 1998). Similarly, the total concentrations of DDT (1,1,1 -trichloro-2,2-bis(4- 

chlorophenyl) ethane) in lake trout were highest in Lake Ontario at approsimately 1 000 ng/g 

ww. which was approsimately eleven-fold greater than the concentrations of PBDEs in lake 

trout from Lake Ontario (Pierce et al. 1998). Although, the highest concentration of tosaphene 

in lake trout from the Great Lakes was detected in Lake Superior, the concentrations were 

significantly greater than the concentrations of PBDEs found in lake trout (Whittle el cd. 2000). 

The concentrations of some POPs are lower in lake trout than the concentrations of 

PBDEs detected in  lake trout from the Great Lakes. For example, the concentrations of 

poIychlorinated dibenzo-p-dioxins and furans (PCDD and PCDF) in lake trout were greater in 

Lake Ontario in comparison to the other lakes studied, however the PCDD and PCDF 

concentrations were significantly lower than the concentrations of PBDE in lake trout (DeVauIt 

el cil. 1995). As well, the concentrations of poIybrominated biphenyls (PBBs) from the same 

lake trout sarnples were much lower in ail the Great Lakes in comparison to the concentration of 

PBDEs. Lake Huron lake trout had 3.1 ng/g ww, 15 ng/g Iw, followed by Lake Ontario (1.1 

ng/g ww, 5.3 nglg Iw), Lake Erie (0.33 ng/g ww, 1.4 ng/g Iw), and the lowest PBB 

concentrations were found in lake trout from Lake Superior (0.25 ng/g ww, 1.7 ng/g Iw) (Luross 

et cil. 200 1 ). 

The concentration of PBDEs in lake trout from Lake Ontario increased from 0.54 ng/g 

w v  in 1978 to 178 ng/g w v  in 1998, wl-iile the concentrations of other POPs have decreased 



over time. Temporal trends in the same lake trout samples revealed that the concentrations of 

PBBs decreased over the twenty-year time period from 1.1  nglg ww to 0.49 ng/g w w  (Luross et  

al. 2001), which correlated well with the ban of hesabromobiphenyls in 1974, after the incident 

in Michigan. USA, where PBB flame-retardants kvere accidentally added to cattle field. 

Similarly. PCBs concentrations in lake trout have declined from 10 000 ng/g ww in 1977 to 3 

000 ng/g k v  in 1993 (Huestis et cd. 1996). which may be due to the restriction imposed on the 

manufacturing and commercial use of PCBs in 1977 (Environment Canada 200 1). DDT was 

~ ~ s e d  primarily as a pesticide until its ban in 1972 (Ritter er al. 1995). As a result, the 

concentrations of DDT in lake trout showed a dramatic decline between 1977 and the mid 

1980's. The rate of decrease of DDT in lake trout from Lake Ontario has levelled off and 

remains steady at approsimately I pg/g (Pierce et ai. 1998). Similarly, a decrease and levelling 

off of PCDD and PCDF concentrations, both by-products from various manufacturing and 

industrial processes, were observed in the analysis of lake trout from 1977 to 1993 (DeVault et 

ai. 1995). [nterestingly, even though PCBs and DDT were banned in the 19707s, their 

concentrations in lake trout from Lake Ontario are significantly greater ttian the concentrations 

of PBDEs. 

The variation in concentrations of POPs and PBDEs in lake trout from the Great Lakes 

may be attributed to local sources of contamination by industrial and urbanized areas around the 

Great Lakes basin. As well, the physical characteristics and retention tirnes of each lake rnay 

influence the concentrations detected in lake trout for each contaminant. The temporal 

distribution of PBDEs and POPs in lake trout from Lake Ontario seenied to reflect the 

production and use of each individual pollutant. 

With the limited number of studies on flame-retardants, the fate and toxicity of PBDEs 

in the North American environment remains unknown. Nonetheless, PBDEs are 



bioaccumulative compounds that share the same physiochemical properties as other POPs, 

which may cause similar toxic activity in humans and wiidlife. The potential risk to human and 

environmental health may increase. as unregulated concentrations of PBDEs are biomagnified 

throigh the food chain. 



5. CONCLUSIONS 

Determining the distribrition of PBDEs in lake trout from the Great Lakes was the 

primary focus of this study. A spatial analysis of PBDE accumulation in lake trout revealed 

significantly greater concentrations of PBDEs in Lake Ontario lake trout in comparison to fish 

from Lakes Superior, Huron. and Erie. The observed differences in PBDE concentrations in 

lake trout benveen lakes may reflect differences in the pliysical characteristics of each lake, the 

variation in the lipid weight of Iake trout behveen lakes, increased development surrounding the 

Great Lakes. as well as differences in  the atmosplieric transport and deposition of PBDEs into 

the Great Lakes. 

The observation that PBDE concentrations were markedly higher in Lake Ontario lake 

trout prompted a historical stirdy of PBDE bioaccumuIation in Lake Ontario lake trout from 

1978 to 1998. Data from this experinient showed that PBDE levels in lake trout have increased 

significantly over this period. Together, the spatial and temporal studies presented here provide 

novel evidence that PBDEs are ubiquitous polIutants, capable of bioaccumulating within top 

predator species in the aquatic food chain of the Great Lakes. 

The steady rise in PBDE concentrations in Lake Ontario lake trout coincides with the 

rising globaI prodrrction of bromine and its subsequent use in the manufacturing of flame- 

retardants in North Arnerica. Additional evidence to support the increasing trend of PBDE 

IeveIs in North American biota are provided by recent studies on herring g~ills from the Great 

Lakes (Moisey et al. 2001) and beluga whales from the St. Lawrence estuary (LeBeuf et al. 

200 1). 

A circumstantial link between elsvated PBDE concentrations in biota with increased 

flame-retardant production was made following analyses of individual PBDE congeners in lake 

trout. The congeners BDE-47, BDE-99, and BDE-100 were shown to predominate in al1 of the 



samples tested. Interestingly. these three congeners are the primary constituents of the penta- 

BDE commercial formulation, suggesting that this flame-retardant mixture may be an important 

source of PBDE contamination to the environment. Further studies will be required to confirm 

this premise. 

The increasing trend of PBDE contamination in biota over the past two decades, in 

combination with the physiochemical resembIance of PBDEs to other well-described persistent 

organic pollutants (POPs), (including PCBs), suggests that PBDEs may be environmentally 

hazardous compounds. Nevertlieless. information on the fate and toxicity of PBDEs remains 

scarce. Séveral lines of research will be required to better understand the impact of PBDE 

bioaccumuIation on human and environmental health. Trophic Ievel studies will be required to 

determine the extent of PBDE biomagnification throughoiit the food chain. In addition, it will 

be important to assess the relative contribution of PBDE point-source contamination in the 

Great Lakes. Recent evidence showing tliat PBDEs are accumulating in Iiumans (Ryaii and 

Patry 2000; Sjodin et al. 1999) further emphasizes the need for detailed toxico~ogicai and risk 

assessrnent studies ro gauge the potential threat of exposure to flame-retardant mistures on 

human and environmental health. 
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7. APPENDICES 

z1 Appentii~ 1: Spatial surnmary o f  t h e  physical  parameters  a n d  field da ta  co l l ec ted  f o r  lake 
t rou t  f rom Lakes  Superior,  Huron,  Erie. and Ontar io  in 1997. 

CSP# Lake and Site Capture sex Length 

- Date (cm) AkF 
Ontario, Eastern Basin 
Ontario, Eastern Basin 
Ontario, Eastern Basin 
Ontario, Eastern Basin 
Ontario, Eastern Basin 
Ontario, Eastern Basin 
Ontario. Eastern Basin 
Ontario. Eastern Basin 
Ontario, Eastern Basin 
Ontario, Eastern Basin 

Erie. Dunkirk, NY 
Erie, Dunkirk, NY 
Erie, Dunkirk, N'Y. 
Erie, Dunkirk, NY 
Erie. Dunkirk, NY 
Erie. Dunkirk, NY 
Erie, Dunkirk. NY 
Erie, Dunkirk, NY 
Erie, Dunkirk, NY 
Erie, Dunkirk, NY 

Superior, Thunder Bay 
Superior, Thunder Bay 
Superior. Thunder Bay 
Superior, Thunder Bay 
Superior, Thunder Bay 
Superior, Thunder Bay 
Superior, Thunder Bay 
Superior, Thunder Bay 
Superior, Thunder Bay 
Superior, Thunder Bay 

Huron, Point Edward 
Huron, Point Edward 
Huron, Point Edward 
Huron, Point Edward 
Huron. Point Edward 
Huron, Point Edward 
Huron, Point Edward 
Huron, Point Edward 
Huron, Point Edward 
Huron. Point Edward 

Sept. 1 1 
Sept- I l  
Sept. I I  
Sept. 1 1 
Sept. 1 1  
Sept. 1 1  
Sept. 1 1 
Sept. 11 
Sept. I 1 
Sept. 1 1  

Aug. 5 
Aug. 8 
Aug. 5 
Aug. 5 
Aug. S 
Aug. 5 
Aug. 5 
Aug. 5 
Aug. 5 
Aug. 8 

Nov. 30 
Nov. 3 0  
Nov. 30 
Nov. 2 0  
Nov. 3 0  
Nov. 2 0  
Nov. 2 0  
Nov. 30 
Nov. 3 0  
Nov. 2 0  

Oct. 3 
Oct* 3 
Oct. 3 
Oct. 3 
Oct. 3 
Oct. 3 
Oct. 3 
Oct. 3 
Oct. 3 
Oct. 3 - 

D: duplicate, CSP#: contaminant surveillance program number assigned to each individual lake trout, m: 
male, f: female 



Z2 Appentk 2: Temporal summary of the physical parameters and field data collected for Iake 
trout from Lake Ontario between 1978 and 1998. 

CSPi: Ycar Capture Date -. Ses Wright tzi - 

Augusr 4 
Jiil! 26 
Jul) 26 
JuIy 26 
July 26 
August 4 
July 16 
August 6 
August 4 
August 4 

W A  
July 12 
Jiil? 12 
Jul? 12 
Julk 12 
NIA 
July 12 
July 12 
July 12 
July IZ 

August 3 I 
August 3 1 
Septeniber i 
Septernber 1 
Septernbcr 1 
Scptcrnbrr 1 
August 3 I 
August 3 1 
Septernbcr 1 
Septeniber I 

Jull. 8 
Jul! 8 
July 8 
July 18 
July 8 
luly 8 
July 8 
July S 
JuIy 8 
Ji111 8 

Septrmbcr 10 
September 10 
Srpternber 10 
September I O 
Septernbcr 10 
Scpternber 10 
Srpternber I O  
Septernber 10 
Septernber 10 

15633 D 1998 Scpternber 10 - - - - -- 
D: duplicate, CSP#: contaminant sun.eillance prograrn number assigncd to each individual Iakr trout. N/A: not available. rn: male. 



7.3 Appendir 3: Metliod detection limits (pdg wet and lipid weight) of polybrominated 
diphenyl ether homologue groups and individual congeners for lake trout from 
the  Great Lakes. 

Wet Weight Lipid Weight 

aener Con, MDL MDU2 MDL MDU2 

BDE-12/13 O .O 72 0.036 0.36 O. 18 

BDE- 15 4. I 2.0 20 I O  

BDE-32 7.6+ 3 .8* 38* 19* 

BDE-33 15 7.5 74 37 

BDE-47 23 8 119 I i75 588 

BDE-66 4.9 2.4 24 12 

BDE-77 0.059 0.030 0.30 0.15 

BDE- 100 5.8* 2.9* 29* 14* 

BDE-1 19 1.9 0.98 9.7 4.83 

BDE-99 74 37 3 66 183 

BDE- 153 32 16 159 8 O 

Homologue group 

hepta-BDE 122 6 1 603 30 1 

* : instrument detection limits (IDL) 




