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Abstract 

Background: Fish are often rich in essential micronutrients including omega-3 fatty acids (FA), 

and are a cultural and dietary staple in traditional food systems of First Nations communities in 

the Canadian subarctic. Country foods including fish contribute to improved food security, and 

promote the cultural sovereignty of First Nations communities. However, these foods are often a 

primary route of exposure to methylmercury, an environmental contaminant that can pose 

significant adverse health risks. 

Objectives: The objectives of this study are to: 1) Determine the concentration of total mercury 

(Hg) and long chain omega-3 polyunsaturated fatty acids (omega-3 PUFAs) in the muscle tissue 

of various wild-caught freshwater fish species harvested from eight lakes in the Dehcho region, 

Northwest Territories (NWT); 2) Construct a probabilistic, population-based retrospective dose 

reconstruction model to assess dietary omega-3 PUFA intake and Hg exposure across several 

Dehcho First Nations communities; 3) Characterize and quantify sources of mercury and omega-

3 PUFA exposure from country food consumption, and identify key contributors from the diet; 

and 4) Assess the utility and accuracy of the probabilistic exposure model at estimating 

population-level profiles of risk and cardioprotective benefit using biomarkers for omega-3 

PUFAs in blood plasma and Hg in hair. 

Methods: Samples from eight freshwater fish species [Burbot (Lota lota; also known as Loche 

or Mariah), Cisco (Coregonus artedi; also known as Herring), Lake Trout (Salvelinus 

namaycush), Lake Whitefish (Coregonus clupeaformis), Longnose Sucker (Catostomus 

catostomus), Northern Pike (Esox lucius; known locally as Jackfish), Walleye (Sander vitreus; 

also known as Pickerel) and White Sucker (Catastomus commersoni)] were harvested from eight 

lakes of the Dehcho (including Ekali, Trout, Sanguez, Tathlina, McGill, Gargan, Mustard, and 
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Kakisa Lakes) in August of 2013, 2014, and 2015. Omega-3 PUFA levels in fish tissue were 

determined by a lipid extraction on pulverized, homogenized fish tissue and quantified using a 

gas chromatograph with a flame ionization detector, and freeze-dried, homogenized fish muscle 

tissue samples were analyzed and quantified for total Hg using a Direct Mercury Analyzer. Fish 

mercury and fatty acid profiles were paired with primary species-specific country food 

consumption data collected during the Contaminants Biomonitoring Study in the Northwest 

Territories Mackenzie Valley using a food frequency questionnaire (FFQ). A retrospective 

probabilistic dose reconstruction model was developed using Oracle Crystal Ball™ advanced 

risk modeling software, to simultaneously characterize intake of methylmercury (MeHg) and n-3 

PUFAs through country food consumption, and to estimate both the population proportion at risk 

of exceeding the tolerable daily intake for MeHg, and those not meeting adequate intakes for 

PUFAs. A two-dimensional Monte Carlo analysis was conducted and profiles of exposure to 

MeHg and n-3 PUFAs were generated. Results from the model output were compared to 

toxicological and nutritional data from the results of the Contaminant Biomonitoring Study in the 

Northwest Territories Mackenzie Valley. 

Results: Mean HgT concentrations within piscivorous fishes (e.g. Northern Pike, Walleye, 

Burbot and Lake Trout) were up to 7.3 times higher than observed in benthivorous and 

planktivorous fishes (e.g. Cisco, Lake Whitefish, and Sucker). Further, EPA+DHA 

concentrations in Lake Trout were up to 4.5 times higher than observed in other piscivorous fish 

species harvested, including Burbot, Northern Pike, and Walleye. Significant differences were 

noted for mercury and fatty acid profiles in fish between lakes. Negative correlations were 

observed between mercury and fatty acids for Burbot, Northern Pike and Walleye. Stratifying by 

species, mean DHA:HgT ratios for Lake Whitefish and Cisco were up to 8.7-fold higher than in 
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piscivorous fish species including Northern Pike, Walleye and Burbot. As an exception, Lake 

Trout, demonstrating higher omega-3 PUFAs than other species, had accordingly higher fatty 

acid:mercury ratios. 

Based on fatty acid and mercury levels in fish species of the Dehcho, and results from the 

FFQ, estimates for mercury exposure from fish consumption among the Dehcho population 

indicated that up to 7% of trials exceeded the pTWI of 3.29 μg/kg/week (0.47 μg/kg/day). In 

contrast, only 0.5% of respondents within participating Dehcho communities exceeded Health 

Canada’s recommended guidance value of 6 mg/kg. Mean hair mercury was 0.74 mg/kg, with a 

geometric mean of 0.38 mg/kg. Generally, only a small proportion of trial values exceeded 

Dietary Reference Intakes for fatty acid subgroups DHA, EPA+DHA, and total omega-3 PUFAs. 

Similarly, the Omega-3 Index of participants indicated levels of EPA+DHA that fell within the 

category associated with very low cardioprotective benefits. Sensitivity analyses indicated that 

input variables corresponding to Lake Whitefish were strong drivers of fatty acid intake across 

all fatty acid subgroups, while the proportion of the population consuming Northern Pike and 

Walleye were primary drivers of exposure to methylmercury intake.  

Conclusion: Probabilistic models provide an important lens for characterizing the risks and 

benefits from country food consumption in First Nations communities of the Dehcho region. 

Future studies in probabilistic human health risk assessment will incorporate a component to the 

model that characterizes risk not only within the general population, but in demographics most 

vulnerable to the risks associated with mercury exposure, including young children, women of 

childbearing age, and pregnant women. Any consumption notices and advisories that outline 

recommendations to modify country food use must consider the multitude of sociocultural, 

nutritional and spiritual benefits of these foods in subarctic Indigenous populations.
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1. Introduction 

Mercury is a persistent, toxic global pollutant that affects human and ecosystem health 

(Driscoll et al., 2013). Mercury is a naturally-occurring element of which natural fluxes occur 

primarily through the weathering of soil, rocks, and through wildfires and volcanic activity 

(Health Canada, 2007). However, anthropogenic flux results in the enhanced movement of 

mercury in the atmosphere, predominantly through industrial processes that include coal 

combustion, smelting operations and waste incineration (Roman et al., 2011). The fate of Hg in 

the environment is controlled primarily through long-range atmospheric transport, 

biogeochemical and food web processes. The environmental cycling of this metal influences the 

chemical forms it takes, whether present as elemental mercury, inorganic mercury, or organic 

methylmercury (MeHg) (Wiener et al., 2003). 

Subarctic Aboriginal populations are particularly vulnerable to methylmercury exposure 

(Donaldson et al., 2010; Lemire et al., 2015). Elemental mercury (Hg0) is converted to its 

oxidized state, Hg2+, which is converted through microbial methylation into MeHg. 

Methylmercury biomagnifies in aquatic food chains, and can accumulate to elevated 

concentrations in higher trophic level predatory fish and marine mammals that are often 

consumed as components of traditional food systems in subarctic First Nations communities 

(Receveur et al., 2007).  

In contrast to other forms of mercury, methylmercury is absorbed almost completely 

unhindered through the intestinal epithelium, and can transport readily across the blood-brain 

barrier and the placental barrier, into fetal circulation (Ralston and Raymond, 2010; Vázquez et 

al., 2014; Lemire et al., 2015). Extensive toxicological and epidemiological evidence has 

demonstrated definitive causal links between methylmercury exposure and neurotoxic outcomes, 
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particularly with in utero exposure (e.g., Lam et al., 2013). Characterizing methylmercury 

exposure is an important component of risk-benefit analyses of country food consumption in 

subarctic populations, and effective risk assessment and management strategies play an integral 

role in guiding public health decision-making in this demographic. 

Traditional food systems, which include wild-harvested freshwater fish, hold significant 

cultural, socioeconomic and nutritional value, and are an integral contribution to overall 

wellbeing in the Dehcho First Nations communities of the Canadian subarctic. Country foods 

contribute to food security in remote subarctic Indigenous communities, and are important 

dietary sources of omega-3 fatty acids and other essential micronutrients (e.g., Lemire et al., 

2015). Sufficient dietary intake of long-chain omega-3 polyunsaturated fatty acids is suggested 

to mitigate the health effects of some inflammatory disorders, reduce the risk of certain forms of 

cardiovascular disease, and contribute to optimal neurocognitive development in early stages of 

the lifespan (Mozaffarian and Rimm, 2006; Dunstan et al., 2008; Mahaffey et al., 2011; Ruxton, 

2011). However, studies suggest that these foods, particularly predatory fish, are also dominant 

contributors to MeHg exposure in Canadian Indigenous communities (e.g., Mergler et al., 2007). 

Effective risk assessment and communication warrants thoughtful consideration of the 

unique social and cultural specificities that characterize First Nations subpopulations in the 

Canadian subarctic (Friendship and Furgal, 2012). Due to elevated methylmercury levels found 

in wild-harvested freshwater fish of the Dehcho, food consumption advisories warning the public 

of potential contaminant exposure have occasionally been deemed necessary in order to mitigate 

any associated risks of fish-derived methylmercury exposure (DHSS, 2016). Given the chronic 

food insecurity affecting many subarctic Indigenous communities, care must be taken to consider 

potentially negative nutritional outcomes associated with food advisories that warn against the 
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consumption of these cultural and dietary staples (Chan et al., 1999; Egeland et al., 2011). Risk 

management strategies and policy development must explicitly consider not only the risks posed 

by exposure to environmental contaminants, but also the sociocultural, nutritional, economic, 

and spiritual benefits that are inherent in traditional food systems.  

This thesis project investigated and characterized mercury exposure from country foods, 

particularly from wild-harvested freshwater fish, in communities of the Dehcho region in the 

Northwest Territories. Firstly, this project collated and analyzed a composite dataset of total 

mercury and omega-3 fatty acid profiles in the tissues of fish harvested in freshwater lakes of the 

Mackenzie River Basin in the Dehcho region. With the assistance of Dr. Ken Stark and 

colleagues at the University of Waterloo, total lipid extraction, followed by separation and 

analysis using a gas chromatograph with a flame ionization detector, isolated and characterized 

fatty acid content in each species of fish caught for the purposes of this study. Using a Milestone 

Direct Mercury Analyzer, Dr. Heidi Swanson and members of her lab team in the Department of 

Biology at the University of Waterloo measured total mercury content in the muscle tissues of 

fish harvested from Dehcho lakes in 2013, 2014, and 2015. Using Crystal Ball probabilistic 

modeling software, the Monte Carlo technique was employed to develop and refine a 

probabilistic dose reconstruction model that characterized mercury and omega-3 PUFA intake in 

communities of the Dehcho. This thesis project, and specifically the design of the probabilistic 

dose reconstruction model described herein, serves as a tool to explore the intersection between 

the inherent risks and benefits of country foods.  

Secondly, this work incorporated a subset of results collected during Years 1 and 2 of the 

Contaminants Biomonitoring Study, in order to evaluate community profiles of mercury 

exposure from hair mercury measurements and overall omega-3 PUFA from blood omega-3 
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PUFAs. A collated mercury and fatty acid dataset from Chapter 4 of this thesis project was 

paired with hair mercury analyses and dietary survey data collected in five communities of the 

Dehcho region to generate estimates of mercury and omega-3 intakes. This projects lays the 

foundation for the assessment of dietary determinants of hair mercury at the population level, 

and beyond this project the model and method will need to be validated first by assessing the 

correlation between individual blood and hair mercury, and estimated mercury intake. To 

achieve this, the study will continue in the Dehcho and a growing sample size will enhance the 

statistical power and precision of the model in predicting and characterizing individual profiles 

of exposure. This work presents the basis for a model that will inform future public health 

interventions and policy development, while considering the unique intricacies of traditional 

food systems in the context of subarctic communities in the Dehcho First Nations. 
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2. Study Rationale 

The Dehcho First Nation is a regional council, established to represent the interests of 

Dene and Métis Indigenous peoples in the Dehcho region of the Northwest Territories. This 

regional coalition comprises a broad association of communities that are distributed throughout 

the southwest corner of the Northwest Territories, within the Mackenzie Valley basin. Country 

foods, and in particular wild-harvested freshwater fish including species such as Walleye 

(Sander vitreus), Northern pike (Esox lucius), Lake trout (Salvelinus namaycaush), and Lake 

Whitefish (Coregonus clupeaformis), are cultural linchpins and dietary staples that are an 

integral contributing factor to the health, wellness, and improved food security of First Nations 

communities in the region (Berti et al., 1998). In addition to the inherent cultural and 

socioeconomic benefits of these foods, wild caught fish are a primary source of omega-3 

polyunsaturated fatty acids and other essential micronutrients in the diet. Fish-derived lipids are 

associated with a host of cardiovascular and neurocognitive health benefits (Kris-Etherton et al., 

2009; Mahaffey et al., 2011). However, these benefits may be undermined by growing concerns 

surrounding the increasing levels of methylmercury (MeHg) in some lakes of the Dehcho. 

Prolonged dietary exposure to MeHg has the potential to cause permanent adverse effects to 

neurological, immune, cardiovascular, renal, and reproductive systems, and is particularly toxic 

to the developing fetus and young children (Grandjean et al., 1999). 

 Elevated Hg concentrations have been documented in Walleye, Northern Pike, and Lake 

Trout in several lakes of the Dehcho region (Evans et al., 2005), and follow up work has 

demonstrated a near-twofold increase in Hg levels in fish caught in some of these lakes, with 

decreasing or stabilizing levels in others (Swanson, 2014). Though there is an ongoing dietary 

transition occurring in Northern First Nations communities trending towards the consumption of 
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relatively greater quantities of imported market foods, there are still a number of communities 

that rely heavily on traditionally harvested foods in their diet. In response to evidence of elevated 

fish mercury profiles in some lakes of the Dehcho, the Government of the Northwest Territories 

(GNWT) Department of Health and Social Services developed and released a series of public 

health consumption notices to advise public of the potential health risks associated with the 

dietary consumption of several piscivorous, predatory fish (DHSS, 2016).  

 
Figure 2-1. A map of the Dehcho region, with the smaller pane in the top left demonstrating the 

Dehcho’s geographic location relative to a map of Canada (Anishnabe History, 2017). 

 

Country food consumption notices and other relevant risk communication strategies in subarctic 

First Nations communities must be predicated on informed policy development that considers 

both the risks and benefits of country foods within a community-specific context. Contaminant 

advisories leading to indiscriminate reduction in country food consumption may run the risk of 
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instilling adverse community health outcomes in terms of nutrient adequacy and chronic disease 

risk (Laird et al., 2013). Effective, clearly communicated dietary interventions underscore the 

cultural and nutritional value of country foods in the diet, while considering the risks of exposure 

to environmental contaminants. 

 Probabilistic, population-based models can be a useful tool to estimate and characterize 

community-level profiles of methylmercury exposure. However, the true extent of exposure to 

methylmercury, and other contaminants, in First Nations peoples of the Dehcho region is not 

well understood. There is a degree of uncertainty surrounding food consumption patterns and 

toxicokinetic variability between individuals that is implicitly woven into the structure of 

retrospective probabilistic dose reconstruction models, which makes it difficult to draw 

conclusions that are specific to one person. By compiling datasets that outline regional country 

food consumption patterns and internal mercury and omega-3 PUFA exposure collected from a 

comprehensive, multi-year contaminants biomonitoring study conducted in communities of the 

Dehcho region, we can attempt to fit a probabilistic dose reconstruction model that characterizes 

population-level mercury and nutrient exposure profiles that convey important community-

specific nuances. Broadly, this work will contribute to the informed development of region-

specific risk-benefit communication tools and dietary interventions that promote and maximize 

the nutritional benefits of country foods in order to lower risk factors for chronic disease, while 

also making a concerted effort to minimize mercury exposure among communities in the Dehcho 

region.  
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2.1 Research Questions 

In subarctic First Nations communities, maintaining country food consumption is of 

paramount cultural, spiritual and nutritional importance – traditional food systems play an 

important role in facilitating improved food security and wellbeing (Kuhnlein and Receveur, 

2007). To promote the use of country foods, and to foster effective communication to First 

Nations communities of the intimate relationship that exists between dietary intake and exposure 

to environmental contaminants, the following research questions were addressed in Part I of this 

two-part thesis: 

i. Which fish species hold the highest nutritional value, in terms of fatty acid content, 

relative to the amount of mercury contained within their tissues? 

ii. What are the Hg and omega-3 fatty acid intake levels in five communities of the 

Dehcho, in comparison to the toxicological reference values and dietary reference 

intakes, respectively? 

Part II of this thesis project evaluated and the significance of the findings from Part I, building on 

this work to model risk and benefit from fish consumption in participating communities of the 

Dehcho region. In order to accomplish this, the following research questions were composed: 

iii. In communities of the Dehcho, which fish species comprise the majority of all dietary 

fish intake among the population? 

iv. After refining the dose reconstruction model with community-specific dietary intake 

data and profiles for omega-3 and mercury content that were generated from Part I 

from locally harvested fish, can this model be corroborated by biomarker data (e.g. 

hair mercury, blood fatty acid profiles) from the Contaminants Biomonitoring Study? 



 9 

2.2 Objectives 

The following objectives were formulated in order to address the aforementioned 

research questions: 

i. Determine the concentration of total Hg and omega-3 PUFAs in the muscle tissue of 

various wild-caught freshwater fish species harvested from 8 Dehcho lakes. 

Using the mercury and omega-3 fish composition dataset, and the retrospective dose 

reconstruction model constructed in Part I of my thesis, I will address these objectives in Part 

II of this thesis project: 

ii. Construct a probabilistic, population-based retrospective dose reconstruction model to 

assess dietary omega-3 fatty acid intake and Hg exposure among members of the 

Dehcho First Nations.  

iii) Characterize and quantify sources of mercury and omega-3 PUFA exposure from 

locally harvested fish consumption, and identify key contributing drivers from the 

diet. 

iv) Assess human health risk from MeHg exposure to participating communities of the 

Dehcho through a probabilistic model. 

v) Assess the utility and accuracy of the model at estimating population-level profiles of 

risk and cardioprotective benefit from fish consumption using biomarkers for omega-

3 PUFAs in blood plasma and Hg in hair. 
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3. Literature Review 

 
3.1 Introduction 

This literature review will provide an overview of existing research on the toxicology, 

toxicodynamics, primary sources and biomarkers of methylmercury (MeHg), and will summarize 

existing exposure assessment models used to characterize profiles of exposure in human 

populations. Additionally, this literature review will explore in detail the importance of 

traditional food systems and their role in contributing to a balanced diet in First Nations 

communities of the Dehcho region in the Northwest Territories, by examining the nutritional 

benefits that country foods afford to the diet. This review will briefly summarize human health 

effects of methylmercury; however, it should not be mistaken for a comprehensive review of 

existing literature pertaining to human health effects of methylmercury, as these outcomes are 

discussed in greater detail elsewhere (Mergler et al., 2007; Choi et al., 2008; Díez, 2009). 

 Country foods are invaluable to the cultural continuity, self-identification, autonomy and 

sovereignty of many Indigenous Canadians (Kuhnlein and Receveur, 2007). The aim of this 

literature review is to serve as the foundation for subsequent research that will contribute to the 

development of effective risk assessment profiles for methylmercury exposure in First Nations 

communities, and to existing food advisory guidelines for country food consumption. This 

information will also inform ongoing biomonitoring studies that relate mercury levels in country 

foods with blood and tissue levels in First Nations populations, with the end goal of maximizing 

nutritional intake from consumption of country foods and minimizing risk from exposure to 

MeHg. 
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3.2 Indigenous environmental health and traditional food systems 

Despite the relatively high standard of living in Canadian society, Indigenous peoples of 

Canada experience unique disparities in health and quality of life, which are illustrated by 

significant inequities in health and disease outcomes between these populations and the Canadian 

population as a whole (see, Adelson, 2005). For example, type II diabetes mellitus afflicted over 

20% of the Saskatchewan’s First Nations populations in 2006, compared with only 6% among 

the general population in the province (Dyck et al., 2010). 

Many First Nations communities in Canada are remote and rural, and as an integral part 

of their heritage, these populations often maintain a close and intimate connection with the 

environment (Beckford et al., 2010). This link often carries vital cultural, societal and spiritual 

implications that remain deeply rooted in the history of these people (see, Van Oostdam et al., 

2005). In First Nations societies, the land is a fundamental social, cultural and spiritual 

component that is essential to health and wellbeing, and to the continuity of cultural values and 

self-identification in these communities (Richmond and Ross, 2009). This close relationship with 

the land can pose contaminant risks to health. Many studies have clearly identified the presence 

of environmental contaminants, including heavy metals (mercury and lead), organochlorines 

(lindane, chlordane, toxaphene, dichlorodiphenyltrichloroethane (DDT), and polychlorinated 

biphenyls (PCBs)) across Canadian Arctic and subarctic ecosystems (Barrie et al., 1992; 

Lockhart et al., 1992; Muir et al., 1999; Donaldson et al., 2010). These pollutants, which are 

often released to the environment in southern regions, are transported to the Arctic by long-range 

atmospheric transport, or by waterways and ocean currents (e.g., Donaldson et al., 2010). 

Remote Indigenous communities often depend on locally harvested country foods as a 

part of a balanced diet (e.g., Van Oostdam et al., 2005). Traditional food systems play a vital role 
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in the social, cultural and economic wellbeing of many subarctic First Nations communities, with 

country foods providing significant nutritional and sociocultural value (Richmond and Ross, 

2009). The practices of harvesting, preserving and preparing food in these communities plays a 

crucial role in reinforcing First Nations culture and identity (Kuhnlein and Receveur, 1996). 

As these locally sourced commodities often form a substantial component of the food 

consumed in Indigenous communities, country foods are a key contributor of essential nutrients 

to the diet (Kuhnlein et al., 2004). These foods provide an excellent source of protein, long-chain 

omega-3 fatty acids, selenium, iron, zinc, and vitamins A, C, D, and E (Fediuk et al., 2002; 

Donaldson et al., 2010; Laird et al., 2013). Traditional food systems of Indigenous communities 

typically contain greater nutrient density overall than in imported market foods (Kuhnlein and 

Receveur, 1996).  

 Traditional food systems contribute significantly to the overall quality of the diet of First 

Nations peoples living in the Canadian subarctic (Kuhnlein and Receveur, 2007), and many 

health benefits have been suggested to result from an increased intake in country food 

consumption. For example, several investigators have reported on the role of a diet rich in 

country foods in protecting or mitigating the risk of cardiovascular disease in Indigenous 

populations (Blanchet et al., 2000). Additionally, many staples of a traditional diet in First 

Nations communities are rich in essential fats including docosahexaenoic acid (DHA, 22:6n-3) 

and eicosapentaenoic acid (EPA, 20:5n-3), which are thought to reduce the risk of high blood 

pressure, diabetes, and certain types of cancer (Beilin et al., 1993; Nielsen et al., 1996). 

There has been a transitional shift in the diet of Canadian Arctic and subarctic Indigenous 

populations, from nutrient-dense country foods to a diet high in carbohydrates and low in 

essential nutrients (e.g., McGrath-Hanna et al., 2003). Obesity and other diet-driven chronic 
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illnesses, stemming from poor nutrition, reduced physical activity, and inflated alcohol and 

cigarette consumption, have emerged as health concerns in Canadian Indigenous communities 

(Dyck et al., 2010; Egeland et al., 2011; Lemire et al., 2015). Traditional food systems play a 

crucial role in preserving cultural continuity and self-identity in First Nations society, and 

contribute to improved food security, in communities where food insecurity is a chronic concern. 

 

3.3 Omega-3 polyunsaturated fatty acids 

3.3.1 Health benefits of omega-3 polyunsaturated fatty acids 

Animal food products are considered to predominate in traditional food systems, and as a 

result an Indigenous diet rich in country foods is assumed to be relatively high in fat. Wild-

harvested and free-range animals, which occupy an important role in traditional foods systems, 

are considered to have much a higher essential fatty acid content, and lower saturated fat content, 

than in commercial livestock (Horrocks and Yeo, 1999). The presence of high levels of omega-3 

long-chain polyunsaturated fatty acids (omega-3 PUFAs), including EPA and DHA, is the basis 

of dietary recommendations that include the consumption of fish-derived lipids as part of a 

healthy diet (Mahaffey, 2004). Omega-3 PUFAs are polyunsaturated fatty acids that have a 

double bond at the third carbon atom from the end of carbon chain. While there are a series of 

long-chain polyunsaturated fatty acids, three dominate in terms of their importance to human 

physiology: α-linoleic acid (ALA), EPA, and DHA. Relatively shorter than its counterparts, 

ALA is a plant-based fatty acid found in high concentrations in flax seed, soybean, canola, and 

other plant-based foods (Albert et al., 2005). Though the human body can convert ALA to EPA 

and DHA, studies suggest that the enzymatic breakdown and synthesis of these compounds is a 

slow process, with a low yield (Swanson et al., 2012). Wild-harvested, freshwater fish, and other 
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marine seafood play an important role in traditional food systems, and are important contributors 

of EPA and DHA, in addition to other long-chain polyunsaturated fatty acids (Kris-Etherton et 

al., 2009). There are a host of health benefits conferred from a diet rich in these essential fatty 

acids, which are summarized below.  

3.3.2 Cardiovascular outcomes 

Fish or fish oil consumption in the diet mitigates cardiovascular risk factors; therefore, 

dietary guidelines encourage the consumption of fatty fish at least twice per week (Vázquez et 

al., 2014). Fish tissue contains high levels of long-chain omega-3 PUFAs, including EPA and 

DHA, in oily fish types (Vázquez et al., 2014). EPA and DHA carry a wide array of health 

benefits. For example, these long-chain polyunsaturated fatty acids play an integral role in anti-

inflammatory processes in cell membranes, and are essential in fetal development (Conquer et 

al., 2000; Dunstan et al., 2008). Additionally, EPA and DHA are precursors of lipid mediators 

considered to be beneficial in preventing or treating several diseases (Swanson et al., 2012). 

Strong evidence suggests the consumption of fish or fish oils lowers the risk of death 

from coronary heart disease, and many studies have even addressed the implications of omega-3 

PUFAs in mitigating cardiovascular disease (CVD) risk factors in Indigenous cohort studies 

(Dewailly et al., 2001; Dewailly et al., 2002; Dewailly et al., 2003). Dewailly et al. (2001) 

examined an Inuit population aged 18-74 years, and considered the relationship between blood 

plasma concentrations of EPA and DHA and cardiovascular disease factors in this population. 

They observed a protective effect of n-3 fatty acids on HDL-cholesterol and triacylglycerol 

concentrations, which are notable risk factors associated with CVD (Jacobs et al., 1990; Gaziano 

et al., 1997). The findings from Dewailly et al.’s (2001) study suggested that the traditional diet 

may play a critical role in low mortality rate from ischemic heart disease in the Inuit population. 
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Similar studies have further clarified the cardiovascular benefits associated with long chain 

omega-3 PUFAs. Evidence from clinical trials demonstrates reduced triglyceride levels from 

omega-3 PUFA intake (Eslick et al., 2009), as well as lowered systolic and diastolic pressure and 

resting heart rate (Geleijnse et al., 2002; Mozaffarian et al., 2005), all of which are risk factors 

associated with CVD. 

Measures to quantitatively characterize and evaluate the cardiovascular benefits 

associated with adequate omega-3 PUFA intake have been explored in previous studies (Harris 

and von Schacky, 2004). As a tool to characterize omega-3 PUFA exposure, Harris and von 

Schacky (2004) proposed the use of the relative percentage of EPA+DHA in total fatty acids in 

blood as a risk factor for coronary heart disease (CHD) mortality. This measure, which was 

thereafter referred to as the Omega-3 Index, was suggested as a tool to characterize levels of 

EPA+DHA in the blood that correspond to cardioprotective benefits associated with omega-3 

PUFA intake. The Omega-3 Index categorizes four discrete groupings that correspond to 

EPA+DHA weight percentage values in erythrocytes of ≤4 (very low), >4-6 (low), >6-8 

(moderate), and >8 (high). Equivalent groupings for other measures in blood, including plasma 

total lipids [≤2.9 (very low), >2.9-4.0 (low), >4.0-5.2 (moderate), and >5.2 (high)] were 

determined according to equations described in previous studies (Stark et al., 2016a). 

3.3.3 Growth and cognitive development 

Long chain omega-3 fatty acids may have a role in neurodevelopment during early stages 

of the lifespan (Neuringer et al., 1988). Animal studies have demonstrated marked 

neurodevelopmental improvements from omega-3 PUFA supplementation. In one study, young 

monkeys administered a diet deficient in omega-3 PUFAs including DHA and EPA 

demonstrated reduced visual acuity, along with many behaviours that are indicative of impeded 
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neurological development (Neuringer et al., 1988). In an experimental study on rats, depressive-

like symptoms were reported in post-pubescent rodents whose mothers were fed a DHA-

deficient diet during pregnancy, when compared with offspring who had sufficient access to 

DHA during development (Weiser et al., 2015). In an experimental animal study of Alzheimer’s 

Disease, rats supplemented with omega-3 PUFAs demonstrated improved cognitive function, 

diminished neuronal loss, and reduced the amount of amyloid-β, a peptide that contributes to the 

development of plaque in the Alzheimer’s brain (Hooijmans et al., 2012). 

Additionally, studies have suggested a link between regular doses of DHA and other 

omega-3 PUFAs with improved cognitive development in infancy (Dunstan et al., 2008). Some 

studies, which examined maternal supplementation before birth and postpartum, found minimal 

differences between the control group and offspring whose mothers were given DHA 

supplements (Malcolm et al., 2003; Colombo et al., 2004). However, there is some evidence 

suggesting prenatal omega-3 PUFA supplementation (as well as supplementation during 

lactation) can contribute to improved neurodevelopment and cognition (Dziechciarz et al., 2010). 

Furthermore, maternal EPA and DHA supplementation in pregnancy is suggested to be 

associated with a lowered risk of offspring developing asthma, as well as increased fetal tissue 

concentrations of EPA and DHA (Olsen et al., 2008; Swanson et al., 2012). In a randomized 

control trial (RCT) of 533 women with normal pregnancies, pregnant mothers who were 

administered a regular dietary supplement of EPA+DHA demonstrated lower occurrences of 

asthma in offspring, when compared to those who were administered an olive oil or placebo-

alternative (Olsen et al., 2008). However, in other randomized control trials examining this 

phenomenon, few significantly consistent effects were discovered (Ruxton et al., 2004).  
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3.3.4 Inflammatory Disease 

 There is growing evidence suggesting long chain polyunsaturated fatty acids have 

potential immunomodulatory effects, prompting many researchers to examine the potential 

benefits of these fatty acids in treating chronic inflammatory disorders (Ruxton et al., 2004). 

Many double-blinded RCTs examining fish oil supplementation in patients with rheumatoid 

arthritis reported a variety of improvements in clinical outcome, including reduced morning 

stiffness, reduced numbers of tender or swollen joints, reduced joint pain, reduced time to 

fatigue, improvements in grip strength, and reduced need for non-steroidal anti-inflammatory 

drugs (Kremer et al., 1985; Tulleken et al., 1990; Kjeldsen-Kragh et al., 1992; Lau et al., 1993).  

 

3.4 Human exposure to MeHg 

 Mercury is a pervasive global pollutant that enters the environment both naturally, 

through the weathering of soil and rocks, volcanic activity and from forest fires, but primarily 

through anthropogenic processes including industrial coal combustion, waste operations, and 

smelting (e.g. Health Canada, 2007; Roman et al., 2011). While elemental mercury travels and is 

deposited primarily through atmospheric transport, ambient air mercury levels do not constitute a 

significant public health risk (Clarkson et al., 2003). In contrast, as it is proven to present 

significant human health risks, dietary exposure to the more toxic and bioaccumulative organic 

form, methylmercury, is a pressing public health concern (e.g., Tian et al., 2011). 

3.4.1 Sources of MeHg 

Methylmercury (MeHg) biomagnifies in aquatic food chains, and bioaccumulates in the 

tissues of fish (e.g. Clarkson, 2002). In humans, exposure to mercury in its organic form occurs 

primarily as a result of consumption of higher trophic level fish (Mergler et al., 2007; Karagas et 
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al., 2012; Lin et al., 2014). This poses a particularly pressing concern for Indigenous 

environmental health; not only are fish a highly valued source of many essential nutrients, but 

they are also a critical component in traditional food systems across Canada (Kuhnlein and Chan, 

2000).  

In aquatic systems, it is understood that methylmercury is produced primarily as a result 

of the microbial methylation of oxidized mercury, upon which this methylmercury then enters 

the food chain, where it bioaccumulates in fish and marine mammals that are a part of traditional 

food systems (King et al., 2000; Maycock and Benford, 2007). While most human exposure to 

MeHg occurs predominantly as a result of fish consumption, reports of other sources (e.g. intake 

of foods from nearby mercury mines) exist (Malm, 1998; Horvat et al., 2003; Feng et al., 2008). 

For example, methylmercury was found in relatively high concentrations in rice cultivated from 

areas contaminated with mercury, and in the meat of terrestrial animals, and pork and chicken, 

likely a result of fishmeal used in livestock feed (Ysart et al., 2000; Horvat et al., 2003; Lindberg 

et al., 2004). However, in the subarctic Mackenzie Valley, and more specifically in communities 

of the Dehcho First Nation, there are no known local point sources that contribute to 

methylmercury exposure. 

Methylmercury is the most easily absorbed and readily bioavailable form of mercury in 

the human gastrointestinal tract, and consequently is considered the most threatening form of Hg 

to the human population (Clarkson, 2002). Furthermore, past studies have demonstrated that in 

aquatic ecosystems, and specifically in fish tissue, the majority of mercury present exists as 

methylmercury (from 75-95% of HgT), and it is often assumed that total mercury (HgT) is 

present in its methylated form, as methylmercury (Bloom, 1992). Studies have demonstrated 

inconsistency in the amount of HgT present as methylmercury in fish tissue, which makes it 
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difficult for risk assessors to accurately model exposure in the population using a fixed 

conversion factor (Forsyth et al., 2004). For these reasons, human health risk assessments 

typically assume conservatively that 100% of ingested HgT is in the form of methylmercury, to 

account for the varying degree of uncertainty associated with this measure (e.g. Health Canada, 

2007; Laird et al., 2009). 

 

3.5 Toxicodynamics of methylmercury 

While it is widely regarded that several servings of fish as part of a balanced diet has a 

range of health benefits, it is important to also consider the potential health risks posed by 

methylmercury exposure as a result of fish consumption. This section provides a brief summary 

of the toxicological effects of methylmercury in human populations.  

The hazardous and diverse health effects of mercury on health have been studied 

extensively, and can depend on the form of mercury to which a person is exposed and the 

duration of exposure. Exposure to elemental mercury, which occurs primarily through inhalation, 

is known to cause extensive damage to the kidneys and to the central nervous system in high 

doses (Sherman et al., 2013). The majority of this inhaled elemental mercury is absorbed quickly 

into the bloodstream, and is oxidized within cells (Clarkson et al., 2007). In its liquid form, it is 

poorly absorbed by human tissue and represents a minimal health risk. However, as a vapour it is 

highly volatile and can be readily absorbed in the lungs (Clarkson et al., 2007). Exposure to 

inorganic mercury occurs primarily through ingestion. In large quantities, ingested inorganic 

mercury can lead to irritation or corrosive effects on the gastrointestinal tract (Park and Zheng, 

2012). Furthermore, acute high dose exposure to inorganic mercury can result in burning chest 

pain and impaired kidney function, as well as contact dermatitis, discoloration of the nails, and 



 20 

burning on the skin (Park and Zheng, 2012). Methylmercury is rapidly absorbed into the 

bloodstream from the gastrointestinal tract, and is quickly distributed throughout the body (e.g. 

Clarkson, 2002). A small fraction of methylmercury is broken down and converted to inorganic 

mercury by microflora in the GI tract, where it is poorly absorbed and thus excreted in the feces 

(Rowland, 1988). Methylmercury contamination in fish, particularly in deeper-dwelling, pelagic 

predatory fish at higher trophic levels, poses a particular challenge to public health, particularly 

due to the known nutritional benefits conferred through regular dietary fish consumption. The 

careful balance of these risks and benefits is particularly pertinent in subarctic communities of 

the Dehcho region, where wild-harvested freshwater fish are an important component of 

traditional food systems. In deeper, anoxic or oxygen-poor sediments, sulfate- or iron-reducing 

bacteria convert significant amounts of mercury to its organic form (Compeau and Bartha, 1985; 

Kerin et al., 2006). Depth-specific differences in foraging behaviour also likely play a key role in 

total body burden for mercury over the lifespan of a pelagic predatory fish (Choy et al., 2009).  

3.5.1 Cardiovascular toxicity 

 Several studies report strong evidence connecting methylmercury exposure with a range 

of adverse cardiovascular effects. Multiple studies have demonstrated a positive association 

between methylmercury exposure and increased risk of atherosclerosis (Guallar et al., 2002; 

Choi et al., 2009). In particular, methylmercury is associated with acute myocardial infarction in 

several studies. Studies suggest that exposure to methylmercury increases the risk of myocardial 

infarction, and that elevated methylmercury levels accelerate the progression of carotid 

atherosclerosis (Mahaffey, 2004; Kim et al., 2014). In a population-based prospective study of 

1871 Finnish males, men in the highest third of the population for hair mercury content had 

significantly higher risk for acute coronary events, cardiovascular disease (CVD), coronary heart 



 21 

disease, as well as all-cause mortality, when compared with men in the lower two-thirds of the 

population (Virtanen et al., 2005). Chronic dietary methylmercury exposure among Faroese men 

who regularly consumed whale meat as their main source of seafood displayed cardiovascular 

health outcomes, including increases in blood pressure and intima-media thickness (IMT) (Choi 

et al., 2009). Methylmercury exposure was associated with decreased sympathetic and 

parasympathetic modulation of heart rate variability in Faroese children, and similar findings 

were demonstrated among a cohort of Nunavik Inuit children (Grandjean et al., 2004; Valera et 

al., 2012). This indicator is suggested to be a predictor of increased risk for cardiac events.  

 While there is a growing body of evidence supporting the adverse cardiovascular 

outcomes associated with methylmercury exposure, these results are not consistent in the 

literature. A prospective cohort study in the U.S. examined toenail mercury concentrations and 

incidence of CVD (including coronary heart disease and stroke) in a population of 51,529 men 

and 121,700 women. After adjustment for matching factors, study participants with higher 

mercury exposure did not appear to demonstrate a higher CVD risk (Mozaffarian et al., 2011). 

Similar findings have been reported through the use of other biomarkers. A Quebec study 

conducted before and after sport fishing season in James Bay demonstrated decreased levels of 

oxidized low-density lipoprotein (LDL), a strong predictor of cardiovascular disease risk, despite 

a two-fold increase in hair Hg over the same period of time (Bélanger et al., 2008). 

Animal Studies 

A growing body of evidence strongly supports the conclusion that methylmercury 

exposure contributes to oxidative stress, a preliminary biological reaction that can cause vascular 

cell damage and lipid peroxidation (Grotto et al., 2009; Roman et al., 2011). Oxidative stress, 

and subsequent formation of reactive oxygen species (ROS) and damage to the vascular 
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endothelium, can lead to increased risk of atherosclerosis, hypertension, and CVD outcomes 

(Elahi et al., 2009; Touyz and Briones, 2011). 

Experimental animal studies have consistently demonstrated evidence for 

methylmercury-induced oxidative stress and lipid peroxidation, two contributing factors to CVD 

risk. Experimental studies examining long-term, chronic exposure to low levels of MeHg in rats 

have demonstrated an increase in systolic pressure in rats exposed to a long-term low dose of 

MeHg, as well as a suggested increase in ROS production (Grotto et al., 2009). In a similar 

study, rats administered an acute dose of mercuric chloride (HgCl2) demonstrated increased 

hepatocellular injury from lipid peroxidation (Lin et al., 1996). 

3.5.2 Neurocognitive development in early life 

 Although methylmercury is known to adversely affect the central nervous system at any 

stage in development, several notable incidents of exposure have underscored the particular 

vulnerability of the developing fetus to this potent organic toxicant (Harada, 1995; Debes et al., 

2006; Oken and Bellinger, 2008). Despite exhibiting minimal or no symptoms of mercury 

poisoning, pregnant women exposed to high levels of methylmercury, gave birth to babies with 

severe neurological impairments, including, among others: delayed milestones of development; 

blindness; deafness; and, cerebral palsy (Amin-Zaki et al., 1978; Harada, 1995; Gauba et al., 

2014; Rice et al., 2014). One of the more recognized examples of methylmercury exposure led to 

the coining of a disease now known as Congenital Minimata Disease. Extreme fetal 

abnormalities and neurotoxicity were reported in pregnant women exposed to highly 

contaminated seafood. Offspring developed symptoms ranging from microcephaly and 

blindness, to severe mental and physical retardation (Harada, 1995). 
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Results from studies of prenatal exposure to methylmercury have demonstrated adverse 

neurocognitive outcomes in school-aged children (Kjellström et al., 1989; Grandjean et al., 

1997). In a prospective epidemiological study of births in the Faroe Islands, significant, dose-

related adverse effects from prenatal methylmercury exposure were observed, using maternal 

cord blood and hair as biomarkers for mercury exposure from maternal consumption of pilot 

whale (Weihe et al., 2002). Adverse associations between methylmercury exposure and 

decrements in neurocognitive endpoints, including memory, attention, linguistic capacity, and 

visuospatial function were reported (Grandjean et al., 1997). Similarly, a New Zealand study 

investigating 6- and 7-year old children of mothers who demonstrated elevated hair Hg levels 

found a positive correlation between measures of neurodevelopment and hair mercury levels, 

with an association demonstrated between prenatal Hg exposure and decreased cognitive test 

performance (Kjellström et al., 1989). However, the Seychelles Child Development Study, a 

longitudinal assessment of child neurocognitive development, indicated no detectable adverse 

effects from prenatal MeHg exposure associated specifically with ocean fish consumption 

(Myers et al., 2003). 

3.5.3 Neurotoxicity 

 The neurotoxicity of methylmercury has been extensively studied in cases of 

environmental exposure. Clear and tangible neurotoxic effects have been observed in devastating 

epidemics where environmental contamination of food sources led to exposure of the population 

to staggeringly high methylmercury levels (Farina et al., 2011). This toxicant can cause oxidative 

stress, mitochondrial dysfunction, lipid peroxidation, and interruption of synapse transmission, 

among other mechanisms in the brain that lead to adverse neurological outcomes (Sager and 

Matheson, 1988; Farina et al., 2011). In the infamous poisoning of Minimata Bay from industrial 
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methylmercury bioaccumulating in fish and shellfish, acute exposure to methylmercury resulted 

in devastating neurological disturbances, including distal sensory disturbance, impacts to visual 

capacity, ataxia, dysarthria, seizures, and tremor (Harada, 1995; Clarkson et al., 2003; Mergler et 

al., 2007). Additionally, deficits in motor, psychomotor, visual and cognitive ability have been 

directly connected with MeHg in several case studies of methylmercury exposure in the 

Amazonian Basin and in the Mediterranean (Lebel et al., 1998; Dolbec et al., 2000; Carta et al., 

2003).  

 

3.6 Selenium-mercury coexposure and toxicological implications 

Despite the numerous health benefits associated with regular dietary fish consumption, 

fish and seafood can also present a major route of exposure to organic mercury (Mozaffarian, 

2009). However, many studies have begun to examine the antagonistic relationship between 

selenium and mercury. Selenoproteins (including deiodinase, thioredoxin reductase, and 

glutathione peroxidase) have significant physiological importance, and play critical roles in 

thyroid function and fetal neurocognitive development (Ralston and Raymond, 2010). 

Selenoprotein expression is an integral component in interneuron development, and a deficiency 

in these proteins is associated with neurological disorders including seizures and ataxia (Ralston 

and Raymond, 2010). 

The interaction between mercury and selenium is one of the most well-known examples 

of biological antagonism, however the mechanisms of their interaction require further study (e.g., 

Khan and Wang, 2009). Historically, dietary selenium was thought to bind Hg and prevent or 

mitigate its toxicity (Whanger, 1992; Yoneda and Suzuki, 1997). More recently, this interaction 

has been hypothesized to center predominantly around Hg’s propensity to sequester selenium in 
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neural and endocrine systems and prevent the formation of selenium-containing proteins, and as 

a result the protective effects associated with selenium co-exposure may arise from adequate 

selenium levels so as to maintain normal selenoprotein synthesis (Ralston and Raymond, 2010). 

These interactions are not exclusively antagonistic, and in fact synergistic effects of Hg and Se 

co-exposure have been reported in the literature (Palmisano et al., 1995; Khan and Wang, 2009). 

Selenium has been suggested to reduce mercury content in animal and human studies 

(Paulsson and Lundbergh, 1989; Seppänen et al., 2000). Seppänen et al., (2000) examined the 

relationship between selenium supplementation and methylmercury content in pubic hair. 

Compared to the control group, participants who were given a daily 100 µg selenomethionine 

supplement demonstrated a 34% reduction in hair mercury, with a 73% elevated serum selenium 

and 59% blood selenium.  

The interactive effects of co-exposure to selenium and mercury have also been observed 

through in vivo studies examining these phenomena in fish tissue. A study conducted by 

Paulsson and Lundbergh, (1989) examined a Swedish lake with a population of fish high in 

mercury content. It was observed that after only one year of treatment with selenium (raising 

lake selenium concentrations from 0.4µg to 3-5µg/L), mercury content in fish tissue was reduced 

by 50-85% (depending on age and species). In a study examining in vivo fish exposure mercury 

and selenium interaction, MeHg accumulation was reduced significantly by co-exposure with Se, 

however it continued to present toxic inhibitory effects on antioxidative selenoproteins (Branco 

et al., 2012). 
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3.7 Human Health Risk Assessment 

 Understanding methylmercury toxicity and the fundamental components that influence 

exposure to methylmercury allows toxicologists and clinicians to assess the adverse health risks 

posed by MeHg exposure. The human health risk assessment process for mercury is subdivided 

into four critical steps: problem formulation; exposure assessment; toxicity assessment; and risk 

characterization (Renwick et al., 2003; Health Canada, 2007; Maycock and Benford, 2007). To 

identify and characterize a potential hazard, an understanding of toxicity, and the adverse health 

effects in the population from contaminant exposure must be understood.  

3.7.1 Problem Formulation 

  The first phase in human health risk assessment, problem formulation consists of a 

screening process to identify and characterize the primary contributing aspects to human health 

risk: contaminants, exposure pathways, and potential receptors. In this stage, the research team 

develops a focused understanding of the scope of the assessment, defines the goals and desired 

outcome from the results of the study, and outlines all hypothesized interaction between the 

population, environmental contaminants, exposure, and toxicity, and how these interactions pose 

risks to human health (Health Canada, 2010a).  

 In human health risk assessment, receptors are subpopulations exposed to a contaminant 

of potential concern through one or more exposure pathways. The assessment of exposure is a 

process that should be performed for all potential human receptors for which exposure is 

anticipated (Health Canada, 2010a). In Indigenous communities and particular those in remote 

Northern Canada, country food consumption can be an important route of exposure for some 

contaminants. To effectively characterize risk to First Nations communities from methylmercury 

exposure, receptor characteristics such as age/gender distribution in the community, status in 
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terms of vulnerability to the toxicant, and any unique population characteristics are important 

details to include when assessing risk (Health Canada, 2010a). For example, as the critical health 

effect for methylmercury is its potent neurotoxicity, and in particular the neurocognitive 

implications from in utero and exposure early in the lifespan, pregnant women and women of 

childbearing age are receptors of particular interest (McDowell et al., 2004). 

3.7.2 Exposure/Toxicity assessment of mercury  

In the context of human health risk assessment, exposure assessment involves estimating 

the quantity of each chemical received by human receptors per unit time, to establish the rate or 

extent of exposure. Toxicity assessment involves characterizing the potential health risks 

associated with exposure to a particular contaminant. Unless one aspect of the toxicity 

assessment involves developing toxicity reference values to employ in combination with a 

calculated exposure or dose in the characterization of risk, this stage often involves identifying 

the TRVs for use in this process.  

 Fundamentally, exposure assessment characterizes the nature and size of a population 

exposed to a contaminant, and the magnitude and duration of their exposures (Paustenbach, 

2000). Dietary exposure assessment is an essential tool to begin to quantify the risks associated 

with consuming country foods, and plays an important role in population health assessment 

(Kavlock et al., 1996). There is a perception of elevated health risk from eating country foods 

that is persistent in Canadian Indigenous communities, and a lack of communication and 

education between investigators and Indigenous stakeholders may further shape these beliefs 

(Furgal et al., 2005). Comprehensive exposure assessments are necessary to develop effective 

food consumption advisories without dissuading the population from consuming foods that are 

rich in essential nutrients and have inherent cultural and economic value (Berti et al., 1998).  
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 Assessing human exposure to a toxicant is a process that can be evaluated in two ways: 

internal exposure and external exposure. To regulate external exposure, federal health agencies 

develop and maintain a reference dose (RfD) specific to a particular toxicant, to characterize and 

assess dietary exposure to environmental contaminants and to quantify the chronic effects from 

oral exposure. A contaminant’s RfD is generally understood to be the concentration of a certain 

chemical that can be consumed on a daily basis throughout the lifespan, without risk of adverse 

health consequences, and is also known as the provisional tolerable daily intake (pTDI) (Rice et 

al., 2000). Toxicological Reference Values (TRVs) typically differ between regulatory agencies, 

and are the product of both accumulated scientific evidence and guided policy decisions. The 

U.S. Environmental Protection Agency (USEPA) conducts human health risk assessment for a 

wide range of health effects that stem from exposure harmful environmental contaminants. As 

part of the process of estimating human health risk in the population from contaminant exposure, 

exposure data must be combined with dose-response information (USEPA, 2011). Dose-response 

assessment is often a two-step process which involves 1) Defining the contaminant’s point of 

departure (POD), or the point on a toxicological dose-response curve established through 

experimental or observational data that corresponds to an estimated low effect level or no effect 

level; and 2) extrapolating from the POD to a human exposure level that is not expected to result 

in a significant health risk. These levels are derived based on both experimental data and 

previous literature documenting the chronic and acute exposure of humans to mercury. For 

threshold chemicals, or those contaminants that are considered to exhibit adverse health effects 

only once a certain dose is exceeded, traditionally the No-Observed-Adverse-Effect-Level 

(NOAEL) and Lowest-Observed-Adverse-Effect-Level (LOAEL) approaches have been used to 

determine the POD in human health risk assessment, and represent the threshold dose, these 
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methodologies were identified to have a range of substantial limitations, including their 

dependence on the study sample size, dose selection, and dose intervals (Davis et al., 2011). 

Conceptually superior to the former methodologies, the benchmark dose method (BMD) and the 

lower confidence limit on the BMD (BMDL) were adopted as alternatives to address the 

limitations of the NOAEL approach, as a more quantitative means of deriving regulatory 

exposure levels including RfDs and acceptable daily intakes (ADIs) (Setzer and Kimmel, 2003). 

These established benchmarks represent the degree of exposure to methylmercury that 

corresponds to an effect on the health of the individual. In risk assessment for methylmercury, 

the Benchmark Dose Lower Limit (BMDL) is often used as the basis for the point of departure 

(Davis et al., 2011). 

 A person’s estimated intake of methylmercury from fish products is a measure of their 

daily consumption of fish muscle tissue, the concentration of MeHg in that tissue, and the body 

weight of the individual. This calculation yields the person’s daily dose of mercury, and is also 

known as their Estimated Daily Intake (EDI):  

𝐸𝐷𝐼 (𝑢𝑔/𝑘𝑔 𝑏𝑤/𝑑𝑎𝑦) =
[𝑓𝑖𝑠ℎ 𝑚𝑢𝑠𝑐𝑙𝑒 𝑖𝑛𝑡𝑎𝑘𝑒 (

𝑔
𝑑𝑎𝑦) 𝑋 𝑚𝑒𝑡ℎ𝑦𝑙𝑚𝑒𝑟𝑐𝑢𝑟𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑢𝑔
𝑔 )]

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
 

 An integral part of methylmercury exposure assessment involves quantifying internal 

exposure and using this information in risk assessment to guide possible lifestyle or dietary 

changes that might need to be made. The amount of contaminant that has been absorbed and is 

available within the body for interaction with target organs and other significant receptors is 

known as the internal dose (Paustenbach, 2000). In contrast, the delivered dose is the amount of 

contaminant that, after the internal dose has been metabolized, is transported to a specific tissue, 

organ or fluid of interest (Clewell III, 1995). 
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Health risk assessments and biomonitoring guidance values allow researchers, clinicians 

and public health officials to evaluate individual- and population-level risk to methylmercury 

exposure, and to regulate changes in policy that reflect this risk (Legrand et al., 2010). In 

Canada, initial biomonitoring guidance values that reported on the risks of methylmercury were 

adopted based on recommendations from a study that determined that the lowest blood 

concentration of the toxicant associated with adverse health effects in adults was approximately 

200 µg/L (Berglund, 1971). The derivation of this value was based on findings reported in 

studies examining widespread outbreaks of methylmercury poisoning in Japan and Iraq. 

 The results of this study became the scientific basis by which the World Health 

Organization (WHO) established biomonitoring guidance values for methylmercury, including a 

Tolerable Weekly Intake (TWI) for methylmercury of 3.3 µg/kg/week, which Health Canada 

expressed as a provisional Tolerable Daily Intake (pTDI) of 0.47 µg/kg/day, and 0.2 µg/kg/day 

for women of child-bearing age and children under the age of 12 (Legrand et al., 2010). The 

pTDI for vulnerable risk receptors including pregnant women, women of childbearing age, 

infants, and young children, was adopted in response to two large prospective epidemiological 

studies in the Faroes and Seychelles Islands, which investigated the neurocognitive effects in 

children exposed to chronic low level prenatal methylmercury exposure (Budtz-Jørgensen et al., 

2000; Van Wijngaarden et al., 2006; Legrand et al., 2010). Table 3-1 summarizes Health 

Canada’s derived blood methylmercury guidance values and recommendations for monitoring 

and intervention based on blood level and age-sex category (Legrand et al., 2010). These 

guidelines take into account age, sex, and subjects with increased vulnerability or sensitivity, 

such as pregnant women. 
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Table 3-1. Overview of Health Canada’s blood and hair MeHg guidance values (adapted from 

Legrand et al., 2010). 
Age-Sex Category Blood Guidance 

Levels (μg/L) 

Hair Guidance 

Levels (mg/kg) 

Recommended Follow-up 

Pregnant Women 

Females birth-49 years 

Males ≤ 18 years 

<8 <2.4 
No follow-up required 

Pregnant Women 

Females birth-49 years 

Males ≤ 18 years 8 – 40 2.4 – 12 

Hair/blood test repeated after 6 months 
Provide dietary advice 

Pregnant Women 

Females birth-49 years 

Males ≤ 18 years 

>40 >12 

Repeat hair/blood test immediately 

Review exposure history and provide dietary 
advice 

Females ≥ 50 years 

Males > 18 years 
<20 <6 

Level considered “acceptable” 

No follow-up required 

Females ≥ 50 years 

Males > 18 years 20 – 100 6 – 30 

Level considered “at increasing risk” 

Repeat hair/blood test after 6 months 

Provide dietary advice 

Females any age 

Males any age 

>100 >30 

Level considered “at risk” 
Repeat hair/blood test immediately 

Review exposure history and provide dietary 

advice 
Refer participant to physician or medical 

toxicologist to check basic neurological 

signs/symptoms 

3.7.3 Human Biomonitoring in exposure assessment 

 Human biomonitoring is a valuable study tool that is widely used in human health risk 

assessment to monitor and quantify exposure to chemical contaminants (Knobeloch et al., 2011). 

Human biomonitoring studies are the basis behind deriving and evaluating risk management 

strategies for environmental contaminant exposure (Dong et al., 2015). Biomonitoring is a key 

tool used to quantitatively measure contaminant exposure, and can be used in a number of 

applications: to identify priority pollutants for which further risk management is warranted; to 

determine baseline exposure among a population; to compare levels of exposure between 

subpopulations; and to assess the effectiveness of existing human health risk management 

strategy. Biomonitoring studies provide an efficient and cost-effective means of identifying 

chemical exposure and any trends or changes in exposure. Exposure estimates from human 

biomonitoring allow researchers and clinicians to evaluate individual, occupational and 
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population health risks, and guide public health recommendations that are specific to an 

individual’s age, gender, and level of exposure (Legrand et al., 2010).  

Biomarkers are broadly defined as measurable changes in physiological systems that are 

caused by exposure to an exogenous substance (Metcalf and Orloff, 2004). The matrices used in 

biomonitoring studies contain indicators of current or previous contact with an environmental 

contaminant or its metabolites, and can help to quantify past and present exposure in order to 

effectively characterize risk at an individual and population level. Biomarkers of contaminant 

exposure are selected based on their sensitivity, specificity, biological relevance, practicality, 

availability and cost-effectiveness (Metcalf and Orloff, 2004). Community biomonitoring studies 

often incorporate biomarkers that meet as many of these criteria as possible, and vary depending 

on the chemical or metabolite being tested.  

Several biological matrices are frequently employed in human biomonitoring studies. 

Human hair is a stable, non-invasive matrix that is often selected for use in biomonitoring for its 

ease of collection, low cost, ease of transport and storage, and information about both short- and 

long-term exposure (Angerer et al., 2007; Zhang et al., 2007; Esteban and Castaño, 2009).  

Blood is a matrix often used in biomonitoring studies, and is ideal in that it comes into 

contact with the entire organism, and is in equilibrium with the tissues and organs where 

chemicals are deposited. However, drawing blood is an invasive practice, and this is understood 

to be the primary disadvantage of using blood as a matrix in biomonitoring assessments 

(Bergdahl and Skerfving, 2008). Blood is often considered a more effective indicator for the 

absorbed dose of mercury and therefore of MeHg exposure (Budtz-Jørgensen et al., 2005). In 

studies of prenatal methylmercury exposure and the imprecision of exposure biomarkers, Budtz-

Jørgensen et al., (2005) determined that umbilical cord blood is the best indicator of prenatal 
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MeHg exposure. Blood gives an estimate of exposure over the most recent 1-2 half-lives (with a 

half-life of 50-70 days on average for MeHg).  

Studies have demonstrated possible differences in the toxicokinetics of methylmercury 

between males and females in the blood (Grandjean et al., 1997). Experimental animal studies 

have demonstrated higher overall methylmercury retention in female rats; however, male rats 

demonstrated greater retention in the kidneys than females (Nielsen et al., 1996; Hultman and 

Nielsen, 2001). Epidemiologic studies suggest there may be a difference in the extent of 

developmental deficit influenced by methylmercury between males and females. In a prospective 

cohort study conducted by Grandjean et al., (1997), young males exposed to relatively higher 

prenatal mercury were demonstrated to exhibit poorer cognitive results than the controls, as 

measured through a series of tests. In contrast, no significant difference was reported between the 

two groups of girls on the same tests. 

Human hair is a stable bioindicator of methylmercury exposure with many advantages for 

human biomonitoring (Esteban and Castaño, 2009). As methylmercury is the dominating species 

of mercury in hair, total hair mercury is often used to quantify methylmercury exposure in 

humans (Berglund et al., 2005). Hair is often used in other metals analyses, including 

measurements of cadmium and lead (Esteban and Castaño, 2009). Hair is considered to be an 

effective indicator for occupational and environmental lead exposure (Esteban and Castaño, 

2009). Scalp hair is often touted as the preferred matrix for biomonitoring of chronic 

methylmercury exposure (Clarkson et al., 2003; Legrand et al., 2010). Scalp hair methylmercury 

reflects long-term exposure, and as it is relatively non-invasive to collect scalp hair, this matrix 

serves as an effective alternative to blood mercury analysis. Mercury from the blood enters the 

hair follicles, and exposure over time can be represented in hair strands (Dolbec et al., 2001). In 
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this role, hair serves as an effective indicator of previous blood mercury concentrations, and has 

also been used to estimate fetal and postnatal exposure during pregnancy and lactation 

(Cernichiari et al., 1995; Barbosa et al., 1998; Morrissette et al., 2004). When current exposure 

estimates are needed however, hair nearest to the scalp is best indicator of recent MeHg 

concentrations in the body (Díez, 2009). Approximately 80-95% of total mercury in hair exists as 

organic MeHg (Mergler et al., 2007). There are, however, some notable disadvantages or 

limitations to sampling hair in human biomonitoring for MeHg. For one, maternal-hair Hg is 

kinetically more distant from fetal circulation than cord blood Hg, and for an assessment of fetal 

exposure during gestation, this metric may not be as accurate (NRC, 2000). Furthermore, 

segmental hair analysis is subject to variability in hair growth rates, which make it difficult to 

identify corresponding periods of exposure (NRC, 2000). 

Several studies have also suggested the use of toenails as an indicator of mercury 

exposure (Rees et al., 2007). Toenail mercury concentrations are known to be stable indicators of 

exposure over time, and it has been confirmed that toenail mercury content and fish consumption 

are significantly correlated (Macintosh et al., 1997; Rees et al., 2007). Employing toenails in an 

assessment of mercury exposure has a host of other benefits as well: toenails are relatively 

convenient to collect; the medium has relatively low susceptibility to external contamination; and 

the sample can be used as a long-term biomarker of exposure (Garland et al., 1993). Other non-

invasive matrices commonly used in biomonitoring studies include, breast milk, saliva, 

meconium, and urine. Urine is typically the preferred non-invasive matrix in heavy metals 

biomonitoring studies, however, it is not typically used as a biological indicator to quantify body 

burden of MeHg. While urine is an effective and practical means of monitoring exposure to 
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inorganic mercury, urinary mercury levels may not accurately reflect body burden levels from 

dietary methylmercury exposure (Morton et al., 2004). 

Biomonitoring has been implemented to study population-level exposure to 

methylmercury in human health risk assessment. Guidance values produced by these studies help 

to inform consumption advisories for dietary fish intake in Indigenous communities, especially 

for pregnant women, women of childbearing age and other vulnerable risk receptors including 

infants and young children. Mercury concentrations in blood or scalp hair have been widely 

implemented as biomarkers for methylmercury exposure (Grandjean et al., 1999; Angerer et al., 

2007), and each matrix provides distinct advantages in the human biomonitoring of mercury 

exposure (Mergler et al., 2007). 

3.7.4 Risk characterization and communication 

 Risk characterization is a detailed process that requires input from a range of disciplines, 

and involves dedicated stakeholders and community participants in the decision-making process 

(Paustenbach, 2000). Risk characterization is the product of all components involved in risk 

assessment: identifying and characterizing the hazard posed to a population, and determining the 

nature and toxicity from exposure to a particular contaminant (magnitude, duration, frequency, 

dose) in the population of interest (Renwick et al., 2003). Risk characterization involves 

conveying the nature of a particular risk that is associated with a given hazard, as well as the 

degree of uncertainty associated with that risk. This information is used to inform policy 

decisions and to effectively articulate the risk of exposure to the community (USEPA, 2015). 

The output of a risk assessment – essentially the characterization of risks posed to the population 

– must be conveyed in a way that is usable in risk management, and in a way that facilitates 

recognition and understanding for all stakeholders involved in the study (Renwick et al., 2003). 
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Fundamentally, to quantify and characterize risk, the estimated exposure to a contaminant in the 

population is compared to the corresponding TRV. The subsequent evaluation includes an 

assessment of whether the predicted risks or hazards are acceptable, tolerable, or essentially 

negligible, as well as a quantitative or qualitative assessment of any uncertainty associated with 

the prediction of risk. 

Health Canada considers estimated daily intake values for all threshold contaminants 

against their respective provisional Tolerable Daily Intake values to characterize risk from 

dietary exposure. Hazard quotients, calculated as the ratio of the EDI (exposure) to the pTDI 

(reference dose), and expressed as a percentage (EDI/pTDI x 100%), are often used to identify 

exposure scenarios where the TRV may be exceeded in certain receptors (Health Canada, 2007).  

 

3.8 Risk-benefit assessment and communication 

Contamination of traditional food systems from industrial processes has exacerbated the 

risk of exposure to various organochlorines, heavy metals and radionuclides in Aboriginal 

communities (Furgal et al., 2005). It is essential to consider the critical role that country foods 

have in contributing to a balanced diet, as well as the inherent cultural and spiritual value they 

hold, in order to manage and communicate this risk within First Nations communities (Van 

Oostdam et al., 2005). Effective risk communication plays an integral role in community 

awareness (Donaldson et al., 2010; Driedger et al., 2013). Conveying the contaminant risks, as 

well as the nutritional benefits, in a clear, meaningful and accessible manner is a challenging but 

essential part of addressing contaminants in traditional food systems (Donaldson et al., 2010). 

A study conducted by Ginsberg and Toal, (2009) incorporated a multivariate approach to 

the risk-benefit analysis of methylmercury exposure from fish consumption. On a species-
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specific basis, they constructed dose-response relationships for omega-3 FA and MeHg for 

common endpoints, including cardiovascular disease in adults (represented by CHD mortality or 

first myocardial infarction) and neurodevelopment in 6-month old infants (represented by visual 

recognition memory, or VRM). Their integrated risk-benefit analysis demonstrated risks and 

benefits of seafood consumption by species, by measuring either the predicted change in VRM 

score, or by estimating the percent improvement in relative risk (Ginsberg and Toal, 2009). Their 

study underscored the importance of including species-specific fatty acid data in risk analysis. 

Predatory fish species are often higher in mercury and relatively lower in omega-3 fatty acids 

than other wild-harvested freshwater fish species (Reyes et al., 2017). Risk management 

intervention and food advisories should incorporate healthy dietary strategies that maximize the 

nutritional benefits of these country foods, while minimizing methylmercury exposure.  

Regional representatives, local and territorial governments, and Indigenous groups act to 

ensure that any health-related questions are addressed, and that the risk assessment and 

management process takes into consideration community-specific objectives (Van Oostdam et 

al., 2005). Community leaders bring local knowledge and cultural perspectives that are region-

specific, an integral component of risk management and communication to the local population. 

Community stakeholders and risk management coordinators must always be aware of the 

potential for food consumption advisories and other tools for risk communication to affect 

country food use in communities where these products comprise an essential part of a balanced 

diet (McAuley and Knopper, 2011). Poor risk communication practices can increase fear and 

confusion in Indigenous communities, and prompt significant modifications to dietary behaviour 

and traditional lifestyle (Furgal et al., 2005; McAuley and Knopper, 2011). As the consumption 

of fish confers nutritional and cultural benefits in First Nations communities, but also underlying 
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risks, advisories issued by government agencies may introduce the possibility of a trade off in 

risk (Graham and Wiener, 1997). Consumers who heed the warnings of these advisories may 

successfully reduce their risk of methylmercury exposure – however, they may also incur other 

potentially adverse health outcomes associated with reduced intake of the important nutrients 

(e.g., omega-3 PUFAs, selenium, vitamins, and other essential micronutrients) that fish provide 

in the diet (Cohen et al., 2005). Broader impacts include shifts in cultural practices, as well as 

impacts to the economy and health of these communities as a whole (Furgal et al., 2005).  

 While the net health benefits of traditional food systems, specifically fish, have been 

studied extensively, the risk-benefit process of quantifying the adverse outcomes associated with 

methylmercury exposure and the benefits of fish consumption will need to adopt a more 

comprehensive and multidisciplinary approach to better inform local food consumption 

advisories in the future (McAuley and Knopper, 2011). It is essential to consider the critical role 

that country foods have in contributing to a balanced diet, as well as the inherent cultural and 

spiritual value they hold, in order to effectively communicate risk within First Nations 

communities (Seabert et al., 2014). Maintaining adequate nutritional intakes from country food 

sources while minimizing the risks of methylmercury exposure remains a necessary goal for 

public health legislators (Canada’s Public Policy Forum, 2015). The work described herein 

incorporates results from the contaminant biomonitoring study conducted in communities of the 

subarctic Dehcho region, and functions to characterize community-level methylmercury and 

fatty acid exposure in these First Nations bands. Using biomarkers of mercury exposure and a 

growing dataset containing mercury and fatty acid profiles in wild-harvested freshwater fish 

caught in lakes of the Dehcho region this study constructed a probabilistic dose reconstruction 
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model that will function as a component of future efforts to estimate and characterize the risks 

and benefits of country food use in First Nations communities of the Canadian subarctic.
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4. Contaminant Risks versus Nutrient Value in Wild-Harvested Fish of 
the Dehcho Region, Northwest Territories, Canada 

 
4.1 Introduction 

Fish constitutes a significant dietary source of protein, omega-3 polyunsaturated fatty 

acids, and other essential micronutrients, and is an important resource and staple that contributes 

significantly to subarctic dietary quality (Kuhnlein and Receveur, 2007; Domingo, 2016). Wild-

harvested freshwater fish play a particularly important role in the traditional food systems of 

First Nations communities of the Northwest Territories, Canada (Kuhnlein and Receveur, 1996). 

Traditional food systems contribute to cultural continuity, autonomy, and sovereignty of these 

First Nations communities, and are an important component of Indigenous sociocultural 

practices and identity (Kuhnlein et al., 2006; Fieldhouse and Thompson, 2012). These food 

systems reinforce the strong ties to the land that subarctic First Nations communities possess, 

and provide important alternatives to the more limited and costly range of imported foods 

typically available in remote Northern populations (Van Oostdam et al., 2005; Gagné et al., 

2012). 

The consumption of country foods, which are derived from the local natural environment, 

can be a major route of exposure for environmental contaminants, particularly mercury, in the 

Canadian subarctic (e.g., Donaldson et al., 2010). The presence of environmental contaminants, 

such as mercury, in the Canadian subarctic environment has continued to receive attention over 

the past several decades, and represents an increasingly complex public health concern (Mergler 

et al., 2007). Important information on the safety and sustainability of traditional food systems 

has been generated. The Arctic and subarctic are geographic sinks for mercury; anthropogenic 
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Hg emissions, climate change, and long-range atmospheric and oceanic transportation all 

contribute to greater availability of this global pollutant for microbial methylation of Hg (II) and 

subsequent biomagnification in aquatic trophic systems as methylmercury (Tian et al., 2011). 

Methylmercury, which is particularly well absorbed from the human gastrointestinal tract into 

the bloodstream, is considered the most threatening form of Hg to public health. Dietary 

exposure to elevated levels of methylmercury is associated with an increased risk to a range of 

adverse neurological, cardiovascular and immune health effects in human populations 

(Byczkowski et al., 2005). Furthermore, methylmercury exposure in utero and in early childhood 

poses significant risks to the neurocognitive development of children. Consequently, children, 

pregnant women, and women of childbearing age are potentially sensitive subpopulations for 

adverse health outcomes associated with elevated methylmercury intake (Mahaffey et al., 2011). 

Locally harvested freshwater fish provide nutritional, cultural and socioeconomic benefits 

to subarctic First Nations communities. Fish are excellent sources of long-chain omega-3 

PUFAs, including eicosapentaenoic acid and docosahexaenoic acid, the benefits of which inform 

recommendations to include fish and seafood as part of a balanced diet (Mahaffey et al., 2004; 

Health Canada, 2011). Strong evidence suggests the consumption of fish or fish oils lowers the 

risk of death from coronary heart disease, and several studies have addressed the implications of 

omega-3 PUFAs in mitigating cardiovascular disease risk factors in other Indigenous populations 

(Dewailly et al., 2003). Studies have further clarified the positive cardiovascular benefits 

associated with long chain omega-3 PUFAs. Evidence from clinical trials demonstrated a 

reduction in triglyceride levels from omega-3 PUFA consumption (Eslick et al., 2009), as well as 

lowered systolic and diastolic pressure and lowering of resting heart rate (Geleijnse et al., 2002; 

Mozaffarian et al., 2005).  



 42 

Furthermore, EPA and DHA are critical to healthy neurocognitive and ocular 

development in utero and in childhood (Harris et al., 2009; Bloch and Qawasmi, 2011). For 

example, there are associations between maternal fish and fish oil consumption and increased 

visual acuity in newborns; improved scoring under a battery of assessments designed to test 

neurocognitive development; and a reduced propensity to developing a range of neurological 

disorders including attention deficit disorder, Alzheimer’s disease, and schizophrenia in later 

stages of the lifespan (Uauy et al., 2003; Calon and Cole, 2007; Dunstan et al., 2008; Bloch and 

Qawasmi, 2011). Omega-3 PUFAs have also demonstrated protective effects against various 

inflammatory conditions, including bowel diseases, asthma, and arthritis (Dewailly et al., 2003; 

Bisgaard et al., 2016). Given the magnitude and variety of these benefits of fish consumption, it 

is important to consider the balance between the benefits of fish-derived nutrients when 

characterizing the risks posed by contaminants in these same food fish species.  

 The primary objective of the present study was to characterize mercury and fatty acid 

profiles in fish species harvested in freshwater lakes of the Dehcho region, Northwest Territories, 

Canada. In addition, this research explored the utility of nutrient:contaminant ratios as a means 

for identifying which foods best meet recommended fatty acid intakes while limiting Hg 

exposure. We hypothesized that mercury and fatty acid profiles and ratios would differ by 

species and lake. In addition, we hypothesized that mercury and fatty acid composition would be 

significantly correlated within some species. 

4.2 Methods 

4.2.1 Fish Sample Collection 

In 2013-2015, eight wild-caught freshwater fish species, including Burbot (Lota lota; also 

known as Loche or Mariah), Cisco (Coregonus artedi; also known as Herring), Lake Trout 
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(Salvelinus namaycush), Lake Whitefish (Coregonus clupeaformis), Longnose Sucker 

(Catostomus catostomus), Northern Pike (Esox lucius; known locally as Jackfish), Walleye 

(Sander vitreus; also known as Pickerel) and White Sucker (Catastomus commersoni) were 

harvested from eight lakes in the Dehcho region of the Northwest Territories (including Ekali, 

Trout, Sanguez, Tathlina, McGill, Gargan, Mustard, and Kakisa Lakes). Fork length, wet weight, 

sex, and maturity were determined onsite. The sampling periods (the month of August in each of 

2013, 2014, and 2015) reflected optimal seasonal conditions and represented the time of year 

where locally-caught fish are most frequently harvested and consumed among Dehcho 

communities. Of these samples, 333 (135 samples from 2013, 98 samples from 2014, and 100 

samples from 2015) were selected for the measurement of both mercury and fatty acid levels. As 

is common practice of Indigenous fishers of the Northwest Territories, results from Longnose 

and White Suckers have been pooled together for the purpose of this research to reflect the lack 

of distinction made in subarctic First Nations communities. Sampling, handling and processing 

of fish followed experimental protocols approved by the University of Waterloo Animal Care 

Committee. All procedures on animal tissues (samples were harvested and provided by 

subsistence fishers) were performed in accordance with protocols approved in permit A-13-03. 

The necessary research permit was provided by the Aurora Research Institute (License 16046). 

 

4.2.2 Mercury Analysis 

Sample Preparation 

 10-50mg of fish muscle tissue was weighed, with this variation in weight based primarily 

on fish sample size and concentration of mercury in the sample, based on species. For example, 

10 mg of tissue was prepared and weighed for smaller samples, and 50 mg sampled for those 
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samples that corresponded to species with relatively lower levels of Hg. Subsequently, muscle 

tissue was separated, and samples were freeze dried and pulverized without fish skin prior to 

analysis. 

Mercury Analysis 

Freeze-fried, homogenized fish muscle tissue samples were analyzed for total Hg on a 

Milestone® DMA-80 Direct Mercury Analyzer using methods described in the U.S. 

Environmental Protection Agency method 7473 (USEPA, 2000). Fish tissue samples were 

weighed into sample boats on an analytical balance. The boats were then inserted into the DMA-

80, where the sample was dried and then thermally decomposed in a continuous flow of oxygen 

(O2). The combustion products are carried off in the gas, and then further decomposed in a hot 

catalyst bed. The Hg vapours are trapped in a gold amalgamator tube and desorbed for 

spectrophotometric quantitation at 254 nm. The calibration detection limit was 1 ng/g. Blanks 

(an empty quartz boat), duplicates, and certified reference materials (CRM) were analyzed in 

every batch of 40 samples. At least 5 blanks were analyzed per batch. The mean blank value ± 

standard deviation (S.D.) was 0.02 ± 0.06 ng Hg (n=66) and this corresponded to approximately 

0.05% of average fish Hg concentrations. In each batch, a CRM (either DORM-2 or TORT-3) 

was analyzed at the start of each run and after every 10 samples. The % recovery ± S.D. of HgT 

for DORM-2 and TORT-3 was 4.47 ± 0.032 mg/kg Hg (102.38 ± 5.40%) and 0.292 ± 0.022 

mg/kg Hg (96.27 ± 4.83%), respectively. All values were within the certified range. Duplicates 

were run every 10 samples and % difference among duplicates was 4.3%. Logistical constraints 

imposed by field sampling conditions precluded the precise measurement of sample weight in 

the field. As per previously described methods, to report wet weight Hg concentration in this 

study, the moisture content of fish samples were assumed to be 80% (Swanson and Kidd, 2010). 
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Calculation of Mercury Content in Fish 

 Results for the total Hg were calculated as follows: 

[𝐻𝑔]
𝑢𝑔

𝑔
=

[(𝑃𝑆 −
𝑃𝐵
𝐴 )]

1000
𝑤

 

Where: 

PS = Average peak height or peak area of sample 

PB = Average of peak height or peak area of blank 

A = Slope of the calibration curve in ng/units 

w = weight of freeze dried tissue in grams 

 

4.2.3 Analysis of Fatty Acids in Fish Tissue 

Approximately 10 g of frozen muscle tissue from each fish sample was pulverized in a 

Cryo-Cup Grinder (BioSpec Products, Bartlesville, OK, USA), chilled with liquid nitrogen (N2), 

and stored at -80°C until lipid analysis was conducted, to prevent heat generation (Kitson et al., 

2009). Between 10 and 30 mg of pulverized fish muscle tissue from each sample was 

homogenized with 3 mL of 2:1 chloroform:methanol solution. For fatty acid composition of total 

lipids, ethyl docosatrienoate (22:3n-3 ethyl ester, Nu-Chek Prep Inc., Elysian, MN) was included 

as the internal standard (Folch et al., 1957; Marks et al., 2013). 50 µg/mL of butylated 

hydroxytoluene was incorporated in the extraction reagents to prevent oxidation (Marks et al., 

2013). 500 µg of 0.2 mol NaHPO4 buffer was added, and the sample was inverted 2-3 times 

prior to centrifugation. Each sample was then centrifuged at 1734 rcf for 5 minutes, and the 

organic phase was collected. The organic phase was evaporated under N2 gas and 300 µL of 

hexane and 1000 µL 14% BF3 in methanol was added to the dried extract. Samples were then 
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placed on a heating block at 95°C for 1 hour. Samples were cooled to room temperature, and 

1000 µL each of both ddH2O and hexane were added. Samples were vortexed and centrifuged at 

1734 rcf for 5 minutes. The hexane layer containing fatty acid methyl esters was collected and 

was evaporated again under a stream of nitrogen gas. Samples were reconstituted into 65 µL of 

hexane and stored in GC vials until analysis. 

Total lipid extracts were separated by fast-gas chromatography (Stark and Salem, 2005). 

A Varian 3900 gas chromatograph equipped with a DB-FFAP 15 m x 0.1 i.d. x 0.1 µm film 

thickness, nitroteraphthalic acid-modified polyethylene glycol capillary column was used (J and 

W Scientific from Agilent Technologies, Mississauga, ON) using hydrogen (H2) as the carrier 

gas. The flame ionization detector was set at 300°C with air and N2 make-up gas flow rates of 

300mL/min and 45 mL/min, respectively, with an autoinjector heated to 250°C, with a sampling 

frequency of 50Hz. A split ratio of 200:1 was used. A series of temperature programme rates 

were implemented to resolve all peaks in the fatty acid methyl esters standard. The initial 

temperature was 150°C with a 0.25-minutehold, followed by a 35°C/min ramp to 200°C. An 

8°C/min ramp followed until 245°C was reached, where the temperature was held for 15 

minutes. Peaks were identified by retention time by comparison to retention times of an external 

standard mix (GLC-462, Nu-Check Prep, Elysian, MN, USA). The LOD was 0.151 ng of fatty 

acid per 1 µl solvent (hexane) for all fatty acids. Additionally, the repeatability of the results was 

assessed by analyzing two samples in triplicate and 11 samples in duplicate to determine the 

coefficients of variation within samples. Among duplicates and triplicates, the coefficients of 

variation ranged between 0.2% and 7.6%. 
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4.2.4 Derivation of De Minimus Ratios 

A study published by Tsuchiya et al. (2008) described the use of de minimus ratios as a 

preliminary quantitative approach for the risk-benefit analysis of fish consumption. This 

approach employed a dietary recommended intake (DRI) for DHA of 100 mg/day and the US 

reference dose (RfD) for mercury of 0.1 μg/kg/day. The nationally-established US reference dose 

of 0.1 μg/kg/day represents a threshold of toxicity for mercury, and is a useful measure to gauge 

the potential health effects of this contaminant at other doses. Tsuchiya et al. (2008) used these 

reference values, along with an assumed body weight of 60 kg and a daily fish consumption rate 

of 60 g/day, to establish and define an intake ratio of 17 mg DHA to 1 μg Hg for fish that was de 

minimus: 

1 1
:mrDHA TRV BW

CR CR

   
     
   

 

where DHAmr is the minimum daily recommended intake of DHA (in mg/day); CR is the daily 

consumption rate (in g/day); TRV is the toxicological reference value for mercury for pregnant 

women and women of childbearing age; and BW represents body weight (in kg). The de minimus 

ratio represents the minimum ratio of DHA intake to mercury exposure that a person should 

have from consuming fish, in order to meet the daily recommended intake for DHA while not 

exceeding the TRV for mercury (Tsuchiya et al., 2008). In a previous study, this approach was 

updated to better reflect the regulatory context adopted and promoted in Canada (Reyes et al., 

2016). Herein, the approach was further refined to include more current recommendations for 

DHA intake (200 mg/day) (ISSFAL, 2004; Koletzko et al., 2008; FAO, 2010). Additionally, the 

bodyweight assumption was revised according to that used for the derivation of Health Canada’s 

TRV for mercury (i.e., 65kg). Furthermore, to examine the role of lipid group in risk-benefit 

analysis under de minimus ratios, de minimus reference values for other lipid groups (e.g. 
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EPA+DHA, and total omega-3 FAs) are reported herein (ISSFAL, 2004; Koletzko et al., 2008; 

FAO, 2010). Reference intakes for these other lipid groups, including 250 mg/day for 

EPA+DHA (EFSA, 2010; Williams et al., 2017) and 500 mg/day for total omega-3 PUFAs 

(Kris-Etherton et al., 2007), have been cited as adequate intakes for both the general population 

as well as women of childbearing age. 

4.2.5 Statistical Analysis 

All statistical analyses were conducted using JMP Pro® version 12.2.0 (Sas Institute Inc., 

Cary, NC, USA) and Sigma Plot® version 12.5 (Systat Software Inc., San Jose, CA, USA). 

When appropriate, log10 transformations were used to generate normally distributed data for 

statistical analyses. Species- and lake- specific values for HgT and measures of lipid 

composition, including EPA+DHA, EPA+DHA+DPA (EPA+DHA and omega-3 

docosapentaenoic acid), total omega-3 PUFAs, and total PUFAs, were calculated for fish 

harvested from the Dehcho region, NT. The nonparametric Spearman’s rank order coefficient 

was chosen to measure the strength of association between variables due to the smaller sample 

sizes within some species, and the lognormally-distributed species-specific total mercury and 

omega-3 PUFA levels in fish tissue. Pearson Product-Moment correlation analyses were 

conducted to examine the relationship between fork length with fish tissue levels of total 

mercury, after log-transforming these variables to meet assumptions of normality. For the 

purposes of this research, a subset of fish was analyzed for both fatty acids and Hg, from a larger 

dataset. Paired information for Hg and fatty acids was facilitated through this subset, while the 

larger dataset contains more data for Hg and fork length profiles. 

To determine the presence of any species-specific differences in Hg and omega-3 PUFA 

between lakes, fish Hg concentrations were compared among lakes using a series of one-way 
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analyses of covariance (ANCOVA) models. As fish Hg is often related to body size, Hg 

concentrations were compared among lakes and species with fork length (FL) included as a 

covariate. Differences between lakes for Burbot, Cisco, and Sucker were omitted from this 

analysis as sample sizes for these species precluded any significant findings. Whenever size-

adjusted least-squared means (LSMEANS) were calculated in the ANCOVA analyses, a 

standardized fork length of either 450 mm or 650 mm was used as the covariate level of 

comparison. These fork lengths were within the range of sizes captured in each species; no 

extrapolation was necessary. 

 

4.3 Results 

Fish composition analyses (e.g., levels for total mercury (HgT), EPA+DHA, 

EPA+DHA+DPA, total omega-3 PUFAs, and total PUFAs) were completed for the muscle 

tissue of Burbot, Cisco, Lake Trout, Lake Whitefish, Northern Pike, Sucker, and Walleye.  

4.3.1 Species- and Lake-Based Differences in Mercury and Lipids 

After pooling results across all years and lakes sampled, arithmetic mean HgT 

concentrations within piscivorous fishes (e.g. Northern Pike, Walleye, Burbot and Lake Trout) 

were up to 7.3 times higher than observed in benthivorous and planktivorous fishes (e.g. Cisco, 

Lake Whitefish, and Sucker) (Table 4-1). The unadjusted arithmetic mean for tissue HgT in all 

species fell below the commercial sale standard of 0.5 μg/g wet weight applied by the Canadian 

Food Inspection Agency. However, mercury concentrations in Northern Pike, which was the 

most frequently caught species over the course of the three-year study, were up to six times the 

commercial sale guideline. Consistent with results from previous studies reporting on mercury 

concentrations in fish harvested from Dehcho lakes, Northern Pike demonstrated the highest 
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mean tissue mercury concentrations among species harvested in lakes of the Dehcho (Evans et 

al., 2005; Lockhart et al., 2005). 

Predictably, tissue levels of mercury increased with fish size. After log-transformation, 

strong positive linear relationships (r=0.95, n=14, P<.0001 for Burbot; r=0.81, n=21, P<.0001 for 

Cisco; r=0.70, n=51, P<.0001 for Lake Trout; r=0.72, n=68, P<.0001 for Lake Whitefish; r=0.73, 

n=85, P<.0001 for Northern Pike; r=0.57, n=35, P=0.0003 for Sucker; r=0.78, n=59, P<.0001 for 

Walleye) were demonstrated for HgT and fork length for all species.  

Table 4-1. Total mercury concentration in wild-harvested freshwater fish caught in the Dehcho 

region, Northwest Territories, Canada (2013, 2014, 2015). 

Fish Species N=333 
Mercury (μg/g) 

Range Mean ± SD 

Burbot 14 0.090 - 0.551 0.244 ± 0.130 

Cisco 21 0.034 - 0.194 0.064 ± 0.045 

Lake Trout 51 0.079 - 0.643 0.223 ± 0.121 
Lake Whitefish 68 0.021 - 0.320 0.094 ± 0.061 

Northern Pike 85 0.036 - 3.121 0.469 ± 0.503 

Sucker 35 0.02 - 0.37 0.140 ± 0.08 

Walleye 59 0.036 - 1.428 0.458 ± 0.323 

 

Similar trends were observed between log-transformed fish tissue HgT concentration and 

wet weight. Whether represented as EPA+DHA, EPA+DHA+DPA, total omega-3 PUFAs, or 

total PUFAs, there were substantial differences in fatty acid profiles among fish species (Table 

4-2). For example, EPA+DHA concentrations in Lake Trout were up to 4.5 times higher than 

observed in other piscivorous fish species harvested, including Burbot, Northern Pike, and 

Walleye (Table 4-2). Furthermore, Lake Trout demonstrated total PUFA concentrations that 

were 5.2 times higher than of those observed in Burbot, 3.3-fold higher than in Northern Pike, 

and 3.0-fold higher than in Walleye (Table 4-2). Lake Whitefish, the most commonly consumed 

fish in the Dehcho region (Receveur et al., 1996), had total omega-3 PUFA levels that were up to 

3.6 times higher than the average levels observed in Northern Pike, Burbot and Walleye (Table 

4-2). When examining species-based lipid concentrations in descending order, Lake Trout 
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demonstrated the highest fatty acid levels, followed by Burbot, Cisco, Lake Whitefish, Northern 

Pike, Sucker, and Walleye (Table 4-2). Interestingly, this species order was observed for DHA, 

EPA+DHA, EPA+DHA+DPA, and total omega-3 PUFAs. A strikingly similar pattern was 

observed for total PUFAs; however, for this fatty acid grouping, Sucker had slightly higher 

levels than Lake Whitefish. The consistent ranking order of species is not entirely surprising, 

given the strong correlations between lipid groups that were examined in this analysis. 

Mean HgT concentrations differed significantly between lakes for Lake Whitefish 

(ANCOVA, F=46.38, P<.0001, df=15,84) and Walleye (ANCOVA, F=25.29, P<.0001, 

df=11,58), however, when compared among lakes with an ANCOVA, the interaction between 

lake and fork length was significant. Pairwise comparisons indicated that Lake Whitefish 

harvested from Tathlina Lake and Gargan Lake were significantly higher than those harvested 

from Trout Lake and Kakisa Lake, while Walleye harvested in McGill and Tathlina Lake were 

significantly higher than those harvested in Ekali, Trout, and Kakisa Lake (Tukey’s test, P<0.05). 

Total HgT in Lake Trout did not appear to differ significantly across lakes, after standardization 

to a common size (LSMEANS HgT at 650 mm length, ww; ANCOVA, F=17.14, P=0.33, 

df=3,50). Total HgT concentrations in Northern Pike differed across significantly across lakes, 

after standardization to a common size (LSMEANS HgT at 450 mm length, ww; ANCOVA, 

F=46.38, P<.0001, df=15,84).  

Pairwise comparisons of length-adjusted mean HgT concentrations indicated that 

Northern Pike in Sanguez Lake, McGill Lake, and Ekali Lake had significantly higher HgT 

levels than those found in other lakes, while Northern Pike harvested from Trout Lake and 

Mustard Lake had significantly lower mean HgT relative to other lakes (Tukey’s test, P<0.05). 

Average HgT concentrations fell below the 0.5 µg/g guideline in each lake for Burbot, Cisco, 
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Lake Trout, Lake Whitefish, and Sucker. In contrast, although the overall mean HgT 

concentration in Northern Pike fell under the 0.5 μg/g guideline (Table 4-1), this was not the 

case for Northern Pike in Sanguez Lake (Supplementary Table A1). The arithmetic mean tissue 

mercury concentrations for Walleye exceeded the 0.5 μg/g guideline in Sanguez Lake, McGill 

Lake, and Tathlina Lake (Supplementary Table A1). 

Substantial differences in fatty acid composition were also noted among lakes in some 

species harvested (Supplementary Table A2a, Supplementary Table A2b). For example, total 

PUFAs in Lake Trout from Trout Lake were 3.7-fold higher than from fish harvested in Mustard 

Lake. Additionally, Sucker harvested from Tathlina Lake was demonstrated to have tissue PUFA 

levels up to 2.8-fold higher than in other lakes. Total PUFA levels from Lake Whitefish 

harvested from Sanguez Lake appeared to be up to 3.7 times higher than in other lakes, although 

this was largely attributed to one outlier among the Lake Whitefish samples from Sanguez Lake 

(Supplementary Figure A1d).  
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Figure 4-1. Relationship between mercury and EPA+DHA concentration in Lake Trout caught 

in Mustard Lake and Trout Lake. 
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Table 4-2. Fatty acid profiles of fish harvested in the Dehcho region, Northwest Territories, Canada (2013, 2014, 2015). 

 

 

 

 

 

 

 

 

 

 

Species N=333 

EPA+DHA (mg/100 g) 
EPA+DHA+DPA 

(mg/100g) 

Total omega-3s 

(mg/100g) 
Total PUFAs (mg/100g) N-6/N-3 Ratio 

Range 
Mean ± 

SD 
Range 

Mean ± 

SD 
Range 

Mean ± 

SD 
Range 

Mean ± 

SD 
Range 

Mean ± 

SD 

Burbot 14 57 - 128 94 ± 19 62 - 143 104 ± 22 68 - 149 111 ± 22 109 - 255 177 ± 44 0.45 - 0.80 0.59 ± 0.14 

Cisco 21 145 - 380 235 ± 61 158 - 439 259 ± 71 187 - 693 351 ± 123 252 - 935 458 ± 167 0.24 - 0.41 0.30 ± 0.05 

Lake Trout 51 165 - 2332 424 ± 428 186 - 2813 505 ± 517 193 - 4247 662 ± 788 267 - 5570 916 ± 1036 0.28 - 0.71 0.40 ± 0.10 

Lake Whitefish 68 182 - 1048 288 ± 122 195 - 1223 320 ± 142 212 - 2050 401 ± 248 281 - 3145 573 ± 384 0.22 - 0.66 0.41 ± 0.10 

Northern Pike 85 100 - 707 181 ± 88 108 - 758 197 ± 96 115 - 835 214 ± 107 166 - 1094 291 ± 142 0.20 - 0.61 0.37 ± 0.08 

Sucker 35 87 - 807 194 ± 117 96 - 856 211 ± 126 112 - 909 229 ± 137 162 - 1197 312 ± 182 0.25 - 0.73 0.47 ± 0.11 

Walleye 59 148 - 589 262 ± 89 164 - 723 301 ± 112 170 - 1064 386 ± 195 253 - 1733 581 ± 339 0.21 - 0.62 0.37 ± 0.08 
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Lake-specific differences between fatty acid groupings and total fatty acids in fish tissue 

were also noted (Supplementary Table A4). EPA+DHA in the tissues of Lake Trout harvested 

from Mustard Lake contributed to 22% of all fatty acids, compared to only 16% in Trout Lake, 

despite being 3.2-fold greater in Trout Lake as compared to Mustard Lake. Similarly, EPA+DHA 

levels from White Sucker harvested from Tathlina Lake contributed to 14%, whereas EPA+DHA 

from fish harvested from McGill Lake contributed to 30%, despite levels of EPA+DHA being 

4.1-fold greater in Tathlina Lake.  

4.3.2 Correlations Between Fatty Acids and Mercury 

Significant negative Spearman rank correlations were observed between mercury and 

fatty acid content for predatory species, specifically Burbot, Northern Pike and Walleye 

(Supplementary Table A3). Particularly strong negative relationships were observed between 

HgT and omega-3 PUFA content for Burbot (ρ = -0.670, P=0.0087), Northern Pike (ρ = -0.479, 

P<0.0001), and Walleye (ρ = -0.446, P=0.0004) (Supplementary Table A3). When pooling 

results across lakes, for Cisco, Lake Trout, Lake Whitefish, and Suckers, no meaningful 

relationships were observed between Hg and fatty acid content. Interestingly, Suckers were the 

only species to show a positive, albeit statistically insignificant, association between Hg and all 

fatty acid groupings.  

Stratifying results by lake revealed a series of lake-specific differences in the associations 

between mercury and fatty acid content where the relationship was significant for some but not 

all fatty acid groupings. For example, Walleye harvested from Kakisa Lake demonstrated a 

strong negative relationship between EPA+DHA and Hg, but not between Hg and total PUFAs 

nor Hg and total omega-3 PUFAs (Supplementary Table A3). Similarly, Cisco harvested in 

Kakisa demonstrated strong negative relationships between Hg and total omega-3 PUFAs and 
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Hg and total PUFAs, but not with EPA+DHA or EPA+DHA+DPA. Also, among Lake Whitefish 

from Gargan Lake, a strong negative relationship was observed between Hg and total omega-3 

PUFAs, but not with other fatty acid groupings. In contrast, Sucker from Kakisa Lake 

demonstrated strong negative relationships between Hg and all fatty acid groups. 

The lake-stratified results were particularly interesting for Lake Trout. Specifically, when 

results were pooled across lakes, no relationships were seen between Hg and fatty acid content in 

Lake Trout (ρ = -0.182, P=0.200). However, when further grouped by lake, strong negative 

correlations were observed between Hg and EPA+DHA for Lake Trout from Trout Lake and 

Mustard Lake (Figure 4-1).  

4.3.3 Fatty Acid:Mercury Ratios 

As with fatty acid and HgT content in fish muscle tissue, fatty acid:mercury ratios varied 

by lake and species. Stratifying by species, the overall arithmetic mean DHA:HgT ratios for 

Lake Whitefish and Cisco were up to 8.7-fold higher than in Northern Pike, Walleye and Burbot 

(Supplementary Table A4). Generally, piscivorous species demonstrated low fatty 

acid:mercury ratios. However, as they are particularly rich in several healthy fats, the main 

exception to this trend was Lake Trout. Cisco, Lake Trout, Lake Whitefish, and Sucker exceeded 

the established de minimus ratios for DHA:HgT (15 mg:1 µg) and EPA+DHA:HgT (19 mg:1 µg) 

(Figure 4-2).  
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Figure 4-2. Mean Fatty acid:mercury ratios ± standard error for fish species harvested in 

freshwater lakes of the Mackenzie Valley Region, Northwest Territories, Canada, as compared 

with the de minimus ratio established using Health Canada guidelines for fish tissue Hg. 

However, only Cisco and Lake Whitefish exceeded the de minimus ratio of 38 mg:1 μg 

ratio for total omega-3 PUFA:HgT. Burbot, Northern Pike, and Walleye fell below the de 

minimus ratios for all three fatty acid groupings (Figure 4-2). Stratifying by lake, fatty 

acid:mercury ratios were observed to vary significantly within species depending on where the 

fish were sampled. Lake Trout harvested from Trout Lake demonstrated DHA:HgT ratios that 

were 2.3-fold higher than those sampled in Mustard Lake. Similarly, DHA:HgT ratios for 

Walleye harvested from Trout Lake were demonstrated to be up to 10.6-fold higher than in other 

lakes (Supplementary Table A4). Generally, across all fatty acid groupings, McGill, Sanguez, 
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and Tathlina Lakes were observed to rank consistently in containing fish with the lowest fatty 

acid:mercury ratios, and were most likely to fall below the established de minimus value.  

 

4.4 Discussion 

This study contributed to the consolidation and characterization of mercury and omega-3 

PUFA concentration profiles in wild-harvested freshwater fish species of the lakes in the Dehcho 

region of the Mackenzie Valley in the Northwest Territories. Building off of work conducted by 

Reyes et al., this study provided lake- and species-specific data for HgT and fatty acid profiles in 

fish species (Reyes et al., 2017). Consistent with previous studies, elevated mercury 

concentrations were demonstrated to be common in predatory fish species harvested in lakes of 

the Mackenzie Valley, and fish size was strongly associated with mercury content in fish tissue 

(Reyes et al., 2017). Furthermore, while species- and lake-specific differences in fatty acids 

highlight significant disparities in fatty acid quantity between lakes, further examining the 

relative percent contribution of an important fatty acid grouping (e.g. EPA+DHA) to the total 

fatty acids in fish tissue ultimately reveals differences in fish fat quality. This is important to note 

and future studies might benefit from exploring the factors that contribute to variation in relative 

percent contribution. 

In response to earlier studies highlighting the presence of elevated Hg concentrations in 

the tissues of several fish species harvested in the Dehcho region (Evans et al., 2005; Lockhart et 

al., 2005), the Northwest Territories Department of Health and Social Services (DHSS) released 

a series of fish consumption notices (DHSS, 2016). These consumption notices were created and 

released by the DHSS using the results of previous studies characterizing levels of mercury in 

fish caught in the Northwest Territories. The latest fish consumption notices published for the 
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Dehcho region include advisories for Ekali Lake, Gargan Lake, McGill Lake, Sanguez Lake, 

Tathlina Lake, and Trout Lake, along with several others which were not sampled in the scope of 

this work (DHSS, 2016). These consumption notices were issued to help communities and 

individuals limit their contaminant exposure while still promoting the benefits of country foods.  

Local fish consumption notices stated that predatory fish in the Dehcho are generally safe 

to eat occasionally. However, due to the bioaccumulative nature of mercury, consumers should 

choose smaller fish whenever possible. Consumption notices for Northern Pike (including those 

for Tathlina, Ekali, and Sanguez lakes) stipulated that the occasional consumption of this species 

was not harmful, however the DHSS recommended restrictions of 2 servings/month for pregnant 

or breastfeeding women. Also, people consuming Northern Pike harvested from McGill Lake 

were advised to avoid or limit the consumption of fish >74 cm, while fish between 43 and 74 cm 

could be consumed occasionally, and those <43 cm were safe to consume on a regular basis. 

In subsistence cultures such as the First Nations communities of the Dehcho region in the 

Mackenzie Valley basin, the presence of mercury and other environmental contaminants in 

traditional food systems can potentially pose noteworthy public health risks. That being said, the 

nutrients in fish, including EPA, DHA, and other long-chain PUFAs, yield population health 

benefits that are of particular significance to communities where these nutrients are harder to 

come by due to the limited range of market foods available (Gagné et al., 2012). Northern First 

Nations communities are experiencing a gradual, generational and cultural shift away from 

locally-harvested food sources, concurrently increasing their consumption of energy-dense, less 

nutritious store-bought foods (Seabert et al., 2014). This transitional shift represents a decline in 

diet quality and nutritional status, and along with other lifestyle changes including reduced 

physical activity is a major potential contributor to the growing prevalence of chronic disease 
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including diabetes and CVD (Kuhnlein and Receveur, 1996; Gagné et al., 2012). Care must 

continue to be taken to ensure that consumption notices do not enforce a stigma among subarctic 

First Nations communities against eating traditionally harvested food. In particular, messaging 

must continue to be framed such that risk communication strategies do not lead to a general 

decline in fish consumption among these populations (Oken et al., 2003; Cohen et al., 2005). 

  Public health strategies, consumption notices and interventions that are adopted in 

subarctic First Nations communities must continue to consider the potentially harmful cultural 

and nutritional implications of framing these dietary staples in overly negative contexts. A series 

of quantitative measures have been proposed with the aim of generating a balanced message to 

promote healthy fish consumption and minimize contaminant intake. A study conducted by 

Ginsberg and Toal (2009) incorporated a multivariate approach to the risk-benefit analysis of 

methylmercury exposure from fish consumption. This work involved constructing dose-response 

relationships for omega-3 PUFAs and MeHg for common health outcomes, including 

cardiovascular disease in adults and neurodevelopment in 6-month old infants. Their quantitative 

analysis of both the risks and health benefits of consuming fish and fish oils represents an 

integrated assessment of the net effect of fish consumption on a species basis, and could serve as 

a framework to establish advisories for commercially available and locally harvested fish when 

omega-3 PUFA and MeHg contaminant profiles are available. A similar methodology was used 

in a study conducted by Cohen et al. (2005), which examined the change in relative risk on 

incremental CHD mortality risk, stroke risk, and potential changes in IQ for women of 

childbearing age from dietary modifications to fish consumption. Their work underscored the 

importance of bearing in mind the potential adverse effects of efforts to communicate MeHg 

risks from fish consumption. Specifically, that a target audience may reduce their consumption 
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of highly nutrient-dense foods, when in fact the risks posed by MeHg on their health are 

relatively low (Cohen et al., 2005).   

Seabert et al., (2014) conducted a community-specific cross-sectional analysis of 

contaminant and total PUFA profiles in Northern Boreal First Nations communities, comparing 

consumption patterns to risks and benefits of dietary wild-harvested fish consumption. In 

participants whose diet comprised a relatively greater proportion of country foods, they observed 

higher levels of persistent organic pollutants (POPs) and mercury than in participants who 

consumed these foods less frequently, many participants who frequently consumed country foods 

exceeded recommended intake limits for methylmercury and polychlorinated biphenyls (PCBs). 

However, those consuming more wild-harvested foods had correspondingly higher proportions 

of total PUFAs. Their study adopted an approach to quantifying the risks and benefits of 

consuming country foods by pairing human exposure data with consumption patterns in Northern 

First Nations communities, and revealed the importance of considering the benefits of traditional 

food systems within regional, sociocultural and environmental contexts.  

The de minimus approach used herein provides a preliminary means of establishing 

which species may be the best to eat when considering both the nutritional benefits and 

toxicological risks of food choices. For example, fatty acid:mercury ratios were highest among 

planktivorous species including Cisco, Lake Whitefish, and Sucker – each of which were 

generally higher than the de minimus reference ratios established for each fatty acid grouping 

(Figure 4-2). In contrast, Burbot, Northern Pike and Walleye demonstrated considerably lower 

fatty acid:mercury ratios. Lake Trout was the one piscivorous species which often met or 

exceeded de minimus ratios based on fatty acid content (Figure 4-2). However, stratifying by 

lake revealed significant differences in fatty acid content, mercury levels, and fatty acid:mercury 
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ratios within species, demonstrating that the balance of nutritional benefits and potentials risks 

from mercury can vary considerably from one lake to another (Supplementary Table A4).  

Generally speaking, the results of this de minimus approach are in agreement with current 

consumption notices for fish species in the Northwest Territories (DHSS, 2016). In species that 

demonstrated fatty acid:mercury ratios that typically fell below the relevant established de 

minimus value, consumption notices were often posted for lakes where these species 

demonstrated particularly low fatty acid:mercury values. These notices caution against the 

consumption of fish above a given fork length, and outline a frequency by which the fish can be 

safely consumed. When ranked by fork length, all Lake Trout samples that exceeded the 0.5 μg/g 

standard outlined by Health Canada had a fork length greater than 60 cm. Similarly, mean 

DHA:HgT ratios among Lake Trout harvested in Trout Lake less than 60 cm in length were 

demonstrated to be 3.1-fold higher than in those fish that were greater than 60 cm in length. In 

contrast, in species that consistently demonstrated fatty acid:mercury ratios exceeding the 

relevant de minimus value, the same consumption notices typically outline that these species can 

be consumed at one’s discretion, and that the nutritional benefits of regularly consuming these 

species outweighs the risks posed to human health. 

There are notable limitations to the de minimus approach to consider. For example, the 

ratios reported in this work considers only the independent benefits of DHA, EPA+DHA, or total 

omega-3 PUFAs, without considering the contributions of other nutrients in an integrative 

approach. Similarly, HgT is the only contaminant considered within the scope of this assessment; 

other potential contaminant risks are not characterized. Further, the derivation of de minimus 

ratios assume a uniform fish intake:body weight ratio; the validity of the assumption within this 

population is not yet known. Additionally, dietary lipid recommendations vary widely by 
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regulatory agency; this introduces uncertainty in the de minimus calculations. Furthermore, the 

de minimus approach applied in this study assumed that fish Hg was entirely present as 

methylmercury. Although a generally reasonable presumption (e.g. methylmercury is likely to 

drive mercury risks from fish consumption; fish mercury is commonly 95% methylmercury) 

(Bloom, 1992), fish samples occasionally contain substantial fractions of inorganic mercury as a 

result of internal demethylation and elimination mechanisms (Bloom, 1992). Speciation analyses 

of the mercury in fish tissues would help clarify this source of uncertainty. Finally, this de 

minimus approach adopted a series of toxicological reference values and dietary reference 

intakes that are most applicable to women of child-bearing age, thereby limiting the 

generalizability of this approach to other demographics. In particular, the de minimus ratios 

reported herein may be overly conservative for the general adult population.  

 

4.5 Conclusion 

The inherent sociocultural, spiritual, and nutritional benefits of wild-harvested country 

food consumption must be carefully taken into account when defining the risks associated with 

dietary exposure to mercury, and any public health messaging and interventions that define these 

risks, especially among subarctic indigenous populations, must be predicated upon a more 

holistic assessment. While including several fatty acid groupings within the de minimus approach 

described in this study provides a more nuanced assessment than generated in similar previous 

studies (Reyes et al., 2017), future studies would benefit from a framework that simultaneously 

integrates results from multiple contaminants and nutrients. Furthermore, while de minimus 

values provide a preliminary means of evaluating species- and lake-specific nutrient:contaminant 

ratios, it is important to remember that these ratios are subject to the uncertainty within the 
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nutritional and toxicological reference values used in their derivation. As such, it would be 

inappropriate to treat de minimus ratios as a clearly defined evaluation of net benefit and net risk. 

This issue is compounded by the fact that a particular set of samples can exceed the de minimus 

ratio for one fatty acid group (e.g. EPA+DHA), but not for another (e.g. total omega-3 PUFAs). 

Probabilistic approaches to assessing contaminant and nutrient intake can be a viable and 

effective tool in risk-benefit assessment, to estimate the proportion of a population that may 

exceed an established reference value for contaminant exposure and/or fall below the suggested 

daily intake of one or more nutrients (Hellberg et al., 2012). Several studies have explored the 

utility of exposure assessment models in characterizing contaminant and nutrient intakes from 

the consumption of fish and other seafood (Cohen et al., 2005; Cardoso et al., 2010). By 

simultaneously modeling exposure to both contaminants and nutrients in fish consumed by the 

population, probabilistic dose reconstruction models can allow researchers to characterize 

changes in intakes to both nutrients and contaminants in response to changes in dietary patterns 

(van der Voet et al., 2007). Probabilistic models are better able to account for the variability and 

uncertainty inherent within data than deterministic models, and are useful tools for the 

characterization of the risks and benefits of seafood consumption (van der Voet et al., 2007).  

The Spearman rank correlations presented herein (Supplementary Table S6) are key input 

parameters for the development of probabilistic models that will help identify which traditional 

food choices best help individuals and communities improve nutritional status while limiting 

contaminant exposure among subarctic First Nations communities. As only a subset of lakes 

from which fish are consumed could be sampled for these types of analyses, a general 

understanding of the patterns of fish fatty acid and mercury profiles across species is important. 

For example, the tendency of predatory fish to demonstrate higher mercury content than non-
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piscivorous fish has formed the basis of the General Fish Consumption Guidelines released by 

the Government of the Northwest Territories35. In contrast, the fatty acid composition of Lake 

Trout from Mustard Lake was similar to that observed in other species and lakes while Lake 

Trout from Trout Lake showed significantly different patterns. These observations underscore 

the importance of: i) incorporating lake-based differences into site-specific exposure and risk 

characterisation; and ii) the collection of Lake Trout from additional lakes in order to obtain a 

clearer picture of the most typical fatty acid profile(s) for this species. 

This work provides the largest composite dataset of paired mercury and omega-3 PUFA 

profiles in fish harvested from lakes of the Canadian subarctic. Further, the species considered 

within the scope of this work encompass the majority of locally-caught fish harvested by 

Indigenous fishers in the region, and were identified by community partners to be of significant 

priority. This research, which serves as an up-to-date analysis of fish mercury profiles in lakes of 

the Dehcho, contributes to an improved understanding of increasing Hg levels in particular lakes 

of the Mackenzie Valley. Co-located with a comprehensive biomonitoring study currently 

ongoing in communities of the Dehcho, this work will further inform the development of 

geographically relevant consumption notices to better guide public decision making, and will 

facilitate the assessment of risks and benefits from locally harvested fish consumption. 

Altogether, this research is helping to guide risk communication strategies and promote the 

development of messages that aim to maximise traditional food use, and minimise contaminant 

exposures in First Nations communities of the Dehcho region. 
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5. Probabilistic Modeling of Exposure to Mercury in the Dehcho 
Region of the Mackenzie Valley, Northwest Territories: The 
Contaminants Biomonitoring Study 

 
5.1 Introduction 

Country food consumption contributes significant social, cultural and health benefits to 

First Nations communities of the Canadian subarctic, and promotes sociocultural autonomy, 

sovereignty, and improved food security (Kuhnlein and Receveur, 2007). These country foods 

represent the inherent and intricate relationship of First Nations peoples with the land and 

consequently with the surrounding ecosystems that have historically played an important role in 

the cultural identity, preservation and wellbeing of Northern First Nations communities. Locally 

wild-harvested fish species are widely recognized as healthy food choices in these communities, 

providing an excellent source of protein, long-chain omega-3 polyunsaturated fatty acids 

(PUFAs), and other essential micronutrients (Kuhnlein and Chan, 2000; Kuhnlein et al., 2006; 

Reyes et al., 2016). Omega-3 PUFAs have been demonstrated to contribute to improved fetal 

neurocognitive and retinal development, reduced risk for coronary heart disease and other 

cardioprotective properties, and a role in anti-inflammatory processes. Studies have also 

demonstrated the role of omega-3 PUFA intake in contributing to healthy ageing, while a diet 

deficient in omega-3 PUFA intake is considered to be associated with poor fetal development, 

general cardiovascular health, and an increased risk for the development of Alzheimer’s disease 

(Swanson et al., 2012). 

Despite the range of nutritional benefits conferred through fish consumption, this food 

source can also present potential health risks. Mercury is well-known to have neurotoxic 

properties, and in particular can have significant detrimental neurocognitive impacts during in 
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utero development and in earlier stages of the lifespan. Exposure to mercury as methylmercury 

(MeHg) from fish continues to present a significant public health concern. The majority of 

human exposure to MeHg occurs primarily through fish and seafood consumption (Forsyth et al., 

2004), and at high doses this contaminant is a well-known and widespread neurotoxicant that is 

easily and almost entirely absorbed in the gastrointestinal tract, with the ability to readily cross 

placental and blood-brain barriers (Clarkson, 2002). However, as the portion of total mercury 

present as methylmercury has been determined to vary significantly between species, no fixed 

conversion factor could accurately estimate actual levels of MeHg in fish tissue. For this reason, 

Canadian human health risk assessors conservatively assume that all mercury ingested through 

fish consumption is present as MeHg (Forsyth et al., 2004). 

 In order to protect and mitigate the risks associated with methylmercury exposure, Health 

Canada adopted a series of biomonitoring guidance values and public health recommendations 

that specifically address the risks of mercury as they manifests by age, sex, and level of 

exposure. To identify individuals considered to be at risk, the First Nations and Inuit Health 

Branch of Health Canada established guidance values for methylmercury based on 

recommendations made by the World Health Organization (WHO)’s Joint Expert Committee on 

Food Additives in 1972 (JECFA, 1972). The TWI, which was based on findings from largescale 

incidents of methylmercury exposure in Japan and Iraq, was adopted by Health Canada’s Food 

Directorate and expressed as the provisional Tolerable Daily Intake (pTDI) of 0.47 μg/kg/day (or 

3.29 μg/kg/week) for the general population. Later, in response to findings from two prospective 

epidemiological studies investigating the effects of chronic low level prenatal MeHg exposure 

conducted in the Seychelles and Faroe Islands, Health Canada further developed and refined a 

pTDI of 0.20 μg/kg/day for pregnant women, women of childbearing age, and infants and young 
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children, in order to reflect the unique susceptibility in these sensitive subgroups of the 

population. 

The Omega-3 Index is an indicator proposed by Harris and von Schacky (2004) to fulfill 

the criteria for a novel cardiovascular risk factor, and is a tool used to quantify population-level 

cardioprotective benefits of omega-3 PUFA consumption through blood levels of EPA+DHA 

(Harris and Von Schacky, 2004; von Schacky, 2014). Because red blood cell membranes (RBCs) 

reflect cardiac membrane omega-3 PUFA content, it was proposed that the content of EPA and 

DHA in RBC membranes (which are expressed as a percent of total fatty acids) be considered a 

new risk factor for death from CHD (Harris and Von Schacky, 2004). By compiling a summary 

of clinical and laboratory evidence from studies examining the relationship between measures for 

blood omega-3 PUFAs and risk for death from coronary heart disease (CHD), the Omega-3 

Index was proposed as a validated, modifiable risk factor for death from CHD, and served as a 

measure in other work to gauge the cardioprotective benefits of omega-3 PUFAs across 

populations (Stark et al., 2016b). 

Human biomonitoring investigations are key tools implemented as a quantitative measure 

to provide baseline data on environmental exposure to chemicals or contaminants. At the 

national level, the Canadian Health Measures Survey is the most comprehensive health measures 

survey conducted in Canada, and includes a detailed human biomonitoring component to 

characterize profiles of exposure among the Canadian population to environmental chemicals 

through urine and blood analyses. Depending on the contaminant of interest, and given the 

option to assess these profiles of exposure through less invasive tissue, human biomonitoring 

studies also employ the use other media, including human hair, to gauge exposure. Hair is 
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commonly used as an indicator to profile mercury exposure due to its non-invasive nature, and 

can be segmented to characterize temporal exposure (Grandjean et al., 1999). 

While the CHMS characterizes the health of the Canadian general population, it does not 

include First Nations peoples living on-reserve. Furthermore, for subpopulations wherein fish 

and marine species are consumed in relatively higher quantities, and specifically among 

demographics where these foods are part of traditional food systems, it is important to highlight 

how these dietary patterns may disproportionately influence mercury intake among remote 

Indigenous communities. In an effort to generate nationally-representative results and baseline 

data characterizing human exposure to environmental contaminants for First Nations living on-

reserve, the First Nation Biomonitoring Initiative (FNBI) was designed as a survey to 

complement the results of the CHMS. In 2011, after the pilot year of the study, the First Nation 

Biomonitoring Initiative (FNBI) found blood mercury levels in First Nations to be, on a national 

average, similar to those reported from the general population through the CHMS. However, 

while the FNBI pioneered the first biomonitoring survey to represent focused research and 

priority to understanding contaminants exposure in First Nations communities on a national 

scale, the scope of this survey included only the 10 provinces, and not the Northern Canadian 

territories. The First Nations Food, Nutrition, and Environment Study has characterized 

provincial-level baseline data on the composition, quality and profiles of exposure to 

environmental contaminants through the diets of First Nations peoples, with a specific focus on 

country foods (Chan et al., 2014). However, there is a distinct need to identify and characterize 

contaminant exposure among subarctic First Nations populations, for whom the role of country 

foods in contributing to this exposure is uncertain (Receveur et al., 1998). 
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In response to studies investigating elevated mercury exposure in fish species native to 

lakes of the Dehcho region in the Mackenzie Valley, Northwest Territories, the Government of 

the Northwest Territories Department of Health and Social Services developed and released a 

series of fish consumption notices to advise consumers of the risks and benefits associated with 

consuming certain species of locally harvested fish in different quantities (DHSS, 2016). As fish 

consumption confers both benefits and risks, any risk management or communication could 

introduce the possibility of a trade-off wherein consumers of traditionally harvested fish incur 

potentially adverse health consequences associated with low omega-3 PUFA intake in order to 

lower their exposure to MeHg (Cohen et al., 2005; Shimshack and Ward, 2010). As 

demonstrated by Cohen et al. (2005), individuals who reduce their fish consumption in response 

to national recommendations can demonstrate a negative net health impact. The balance between 

risk and benefit, and the potential pitfalls of lowering fish consumption in response to published 

dietary recommendations, are of particular importance in subarctic First Nations populations, 

where country foods contribute inherently to cultural and spiritual identity and sovereignty, and 

where food security is a more pressing concern in remote indigenous communities than in other 

parts of the country. Furthermore, diet is a key contributing factor to many health outcomes, 

including diabetes, obesity, kidney disease, and cardiovascular disease, that have been found to 

be significantly more prevalent among First Nations peoples than in the general population 

(Dyck et al., 2010; Ashton et al., 2011; Tjepkema et al., 2012). Lower consumption of country 

foods has been associated with an increased risk of obesity (Kuhnlein et al., 2004), and the 

regular consumption of these foods is thought to beneficially influence cardiovascular disease 

risk factors (Dewailly et al., 2001). On a national scale, First Nations communities are 

experiencing a profound dietary transition shifting away from the use of country foods towards 
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imported market foods, which are often of lower nutritional quality. As country foods are often 

lower in saturated fats, simple carbohydrates, sodium, and sugars than market-based alternatives, 

dietary quality is significantly higher when locally-harvested country foods are regularly 

incorporated (Chan et al., 2014). 

Effective risk communication is predicated upon informed risk benefit assessment, 

whereby risks and benefits are quantified simultaneously. Probabilistic exposure assessment can 

be an effective tool to jointly characterize the risks and benefits of fish and seafood consumption 

and identify patterns of exposure through the diet. Probabilistic exposure models allow for the 

estimation of the probability of a specific target population that is at risk of either exceeding or 

not meeting pre-established guidance values for contaminant exposure and nutrient intake, 

respectively. Probabilistic estimates of exposure address elements of variability within a given 

population, and allow decision-makers to identify and attempt to minimize both qualitative and 

quantitative uncertainty within the model.  

This study utilized a retrospective probabilistic dose reconstruction model to 

simultaneously estimate mercury and omega-3 PUFA intake in First Nations communities of the 

Dehcho region of the Mackenzie Valley, Northwest Territories, by pairing nutrient and 

contaminant data from locally-harvested country foods with results from a multi-year 

contaminants biomonitoring project conducted in communities of the Dehcho. The objectives of 

this study were to: i) characterize and quantify sources of exposure to mercury and omega-3 

PUFAs from country food consumption, and identify key contributing drivers of exposure from 

the diet; ii) assess the human health risk of methylmercury exposure within participating 

communities of the Dehcho through a probabilistic model; and iii) gauge the utility and accuracy 
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of the model at estimating population-level profiles of risk and cardioprotective benefit using 

biomarkers for omega-3 PUFAs in blood plasma and Hg in hair. 

 

5.2 Methods  

5.2.1 Participant Recruitment 

The study design for the contaminants biomonitoring study has previously been described 

(Ratelle et al., 2017). Sample and data collection for the contaminants biomonitoring study was 

conducted in each of: January 2016 and November 2016 – February 2017, with a third and final 

sampling expedition planned for November 2017 – March 2018. While the contaminants 

biomonitoring study described herein is being run in both the Dehcho and Sáhtu regions, the 

current paper contains within its scope only participating communities sampled in the Dehcho 

within Years 1 and 2 of this research, so as to align with fish composition analyses described in 

Chapter 4. Local leaders, school officials, and hired local research coordinators helped to 

communicate the details of the study to residents of Jean Marie River, K’atl’odeeche First 

Nation, West Point, Fort Providence, and Ka’a’gee Tu First Nation, and informational 

documents were distributed to members of the community. Participant recruitment for each 

community was conducted several days prior to the commencement of the study. Within 

relatively small communities where the population size fell below 100 people (e.g. Jean Marie 

River, West Point, Ka’a’gee Tu), all community members were invited to participate. In contrast, 

in larger communities (e.g. K’atl’odeeche and Fort Providence), a random selection of 

households was selected and all community members within these households were invited to 

participate. Posters, radio broadcasts, personal invitations and phone calls to residents were 

among several means used to recruit community members. Among the larger communities, as 
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household demographics and resident details were not readily available, the average number of 

residents per household based on the total community population was used to estimate and assign 

an arbitrary number of households required to reach an expected participant ratio of 10%, and the 

equivalent of 40% of the population in each community was contacted. These participation rates 

were gauged and applied using the participation rates observed in the pilot community. All 

members of the community aged 6 years and older were eligible to participate, regardless of sex, 

family or parity status, or other characteristics.  

Prior to participation, individuals were required to read through and sign a series of 

informed consent forms. Participants were given a thorough description of the study and its 

component parts, while it was emphasized that each participant was provided the choice to take 

part only in the project components with which they felt comfortable or interested. For any 

participant under 18 years of age, it was necessary to explain the project both to the minor and to 

their legal parent/guardian. The minor participant was required to provide their expressed verbal 

and written consent, while the parent/guardian was required to provide written consent for the 

minor. A translated copy of all recruitment and informational components were provided if 

required. 

Ethics approval was received from the University of Waterloo (UW-ORE 20950) for the 

contaminant biomonitoring study in the Northwest Territories Mackenzie Valley. Furthermore, 

to satisfy all territorial ethics requirements, ethics approval was obtained from the Stanton 

Territorial Health Authority as well as research licenses from the Aurora Research Institute 

(Aurora Research Institute License 15775). 
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5.2.2 Dietary Assessment 

Country food consumption in participants of the contaminants biomonitoring study over 

the preceding 12 months was quantified using a Food Frequency Questionnaire (FFQ) 

administered with face-to-face assistance, which has been described and implemented in past 

research (Jamieson et al., 2012; Labonté et al., 2012; Laird et al., 2013). Such FFQs are among 

the most commonly applied dietary assessment tools used to determine nutrient and contaminant 

intake among populations (Ferreira-Sae et al., 2009), and is particularly useful for research in 

Northern Indigenous Canadian populations (Pakseresht and Sharma, 2010). 

 The FFQ captured data pertaining only to participants’ consumption of locally harvested 

country foods, and did not include self-reports of market food intake. All food selections offered 

in the FFQ had corresponding pictures of each species to ensure that country foods consumed 

were being accurately documented. These foods were further broken down, with information 

gathered on the parts of each food consumed and the methods of preparation used for each, as 

these factors may influence nutrient and contaminant exposure (Ouédraogo and Amyot, 2011; 

Neff et al., 2014). The FFQ questionnaire employed in participating communities of the Dehcho 

was based on similar tools used by Drs. Harriet Kuhnlein and Olivier Receveur for the Variance 

in Food Use in Dene/Métis Communities study, as well as other sources (Receveur et al., 1996; 

Hanning et al., 2009). Upon selecting a specific species, participants were prompted to outline 

the number of times per week that they typically consumed that particular food. A portion size 

document with images detailing a range of portion sizes was implemented in several 

communities where the biomonitoring study was conducted. After outlining the participants’ 

typical portion size, this information was paired with FFQ data to evaluate weekly consumption 

frequency on a species-specific basis. 
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5.2.3 Collection of Hair 

 After obtaining informed consent from all participating individuals, trained research 

personnel cut out several hair strands from the occipital region of the scalp, as closely as possible 

to the root of the hair using sterilized stainless steel scissors. Hair strands were fastened to a 

sheet of paper with hair root directions (scalp and distal) clearly marked. For individuals with 

short hair, trimmings were taken from locations evenly distributed across the occipital region of 

the scalp, making sure to cut the hair as close to the scalp as possible. Hair samples were 

promptly sealed into polyethylene bag for later analysis, and collection and handling of samples 

were in accordance with previously established procedures (Chan et al., 2011). 

5.2.4 Analysis of Total Mercury in Hair 

 Hair samples were weighed and introduced into the sample boat without any previous 

treatment. The sample was then wrapped in tinfoil, to minimize the risk of disturbance during 

analysis, and was introduced into the Direct Mercury Analyzer (DMA-80, Milestone®, Italy), 

where it was initially dried and then thermally decomposed in a continuous flow of oxygen. 

Combustion products were carried off and further decomposed in a hot catalyst bed. The 

detection limit was 0.005 ng of mercury. As part of quality assurance procedures, the standard 

reference material IAEA-086 (human hair, International Atomic Energy Agency, Austria) was 

analyzed after every tenth sample, and analysis continued only when the level of mercury in the 

reference sample was deemed acceptable. The analysis of HgT in hair followed procedures 

outlined by the U.S. Environmental Protection Agency (U.S. EPA) method 7473 (USEPA, 

2000). 
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5.2.5 Collection of Blood 

 For participants who consented to providing a blood sample, a registered nurse hired 

through regional health authorities drew blood from the median antecubital vein of the anterior 

forearm with a 21G or 23G collection set (BD Eclipse™, Becton Dickinson, Rutherford, NJ). 

Blood samples were collected in metal-free plastic lavender 6 mL-vacutainer tubes containing 

K2EDTA (BD Vacutainer™, Becton Dickinson, Rutherford, NJ) for plasma analysis. Once 

collected, tubes of blood containing EDTA were centrifuged for 15 minutes at 3000 rpm in a 

portable centrifuge (VWR®, Mississauga, ON), separated in 1.2 mL polypropylene vials 

(Thermo Scientific™ Nalgene™, Waltham, MA) with disposable graduated transfer 

polyethylene pipettes (Fisherbrand™, Ottawa, ON), and stored below 4C. Plasma vials pre-

loaded with dibutylhydroxytoluene (BHT) were sent for fatty acid analysis to the laboratory of 

Dr. Ken Stark, Department of Kinesiology, University of Waterloo.  

5.2.6 Analysis of Fatty Acids in Blood 

Blood fatty acid profiling techniques closely followed procedures outlined in previous 

studies (Stark et al., 2016a). Total lipid extracts were prepared using a modified Folch protocol 

(Folch et al., 1957). In short, lipids in 50 μL aliquots of blood plasma were extracted using 3 mL 

of 2:1 chloroform-methanol (v/v) containing an internal standard (C22:3n-3 methyl ester). 

Samples were extracted by being vortexed vigorously for 1 min, adding 500 μL of 0.2 M 

NaHPO4 buffer in ddH2O (pH = 4.4), inverting twice and then centrifuging at 1734 rcf for 5 min 

to induce phase separation. The organic phase was collected, and an additional 2 mL of 

chloroform was added to the aqueous portion to facilitate a second lipid extraction. The second 

organic collection was added to the first and total lipid extracts were dried under a steady stream 

of liquid nitrogen (N2). Fatty acid transesterification and FAME identification using fast-gas 
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chromatography of lipid extracts from plasma samples followed the same procedure as for fish 

samples outlined above. 

5.2.7 Probabilistic Modeling of Exposure to Mercury and Omega-3 Fatty Acids 

To characterize mercury and omega-3 fatty acid exposure from country foods consumed 

in the Dehcho region, a retrospective probabilistic dose reconstruction model was developed 

using Crystal Ball risk modeling software (version 11.1.2.4, Oracle® Crystal Ball, Fusion 

Edition, Oracle, USA). Probability distributions were fitted for all input variables. After 

performing a batch-fit analysis within Crystal Ball, continuous lognormal probability 

distributions were fitted to the Hg concentration profiles (in g/g) for the seven species 

considered in the model. Similarly, lognormal distributions were fitted for fatty acid sub groups 

including DHA, EPA+DHA, total omega-3 PUFAs, and total PUFAs (in mg/g) using fatty acid 

profiles generated for the muscle tissue for each species. 

Probability distributions for intake rate were modeled using species-specific consumption 

data generated from the FFQ, which represented the consumption frequency of the 7 different 

species considered in the model. As part of the survey, participants were asked to estimate their 

typical portion size using graphics that depicted a range of sizes of cooked fish. Across the study, 

median portion size was calculated to be 112.5 g/serving. This serving size was then used to 

extrapolate mean, minimum and maximum weekly estimated portions, which were used within 

the model to define probability distributions for fish intake rate. To account for non-consumers 

of the species of fish examined within this model, lognormally-modeled probability distributions 

for intake rate were paired with Bernoulli distributions generated in Crystal Ball. These 

distributions, which were based on the proportion of consumers among the total number of 

respondents in the FFQ, represented the probability of being a consumer for each species of fish 
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considered in the model. A probability distribution for body weight was also fitted using weight 

measurement data collected across the five participating Dehcho communities during the 

biomonitoring study. Minimum and maximum values for this distribution were assigned using 5th 

and 95th percentile truncation points, respectively. 

Crystal Ball risk analysis software affords the opportunity to assign unique distributions 

to each input variable defined in the model. By characterizing the shape of each distribution 

using profiles of mercury and omega-3 PUFAs, as well as intake data and population 

characteristics from the contaminants biomonitoring study, it is possible to specify the relative 

probability that the model will generate values within the distribution. Probabilistic risk analysis 

addresses many of the deficiencies associated with single-point, deterministic models of 

exposure (Bogen et al., 2009). The Monte Carlo random sampling method is a viable approach 

used within probabilistic exposure assessments to address common deficiencies in the process of 

risk assessment and characterization, specifically overly conservative estimates of exposure 

(Burmaster and von Stackelberg, 1991; Paustenbach, 2000). Values were sampled at random 

from the assigned distribution curves in a series of 10,000 iterations using a two-dimensional 

Monte Carlo analysis. Sensitivity analyses were conducted to identify main drivers of the 

variance in the forecasts of interest, and potential key areas of uncertainty for which additional 

information may be needed to reduce uncertainty. Non-parametric Spearman’s rank correlation 

coefficients characterize the association between input variables in the model. This included 

defining the relationship between mercury and fatty acid subgroups, as well as between fatty 

acids subgroups. 
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5.2.8 Forecast Variables 

The forecast variables of interest outlined in this model included Total MeHg intake from 

each species (Eq. 5-1); total DHA intake from each species (Eq. 5-2); total EPA+DHA intake 

from each species (Eq. 5-3); total omega-3 PUFA intake (Eq. 5-4); total PUFA intake (Eq. 5-5); 

and total intake rate (g/week) (Eq. 5-6). Probability distributions were fitted for all forecast 

variables in the model, and Anderson Darling’s goodness of fit test was used to assess the fit of 

these distributions. The forecast for total weekly methylmercury intake was standardized by 

bodyweight to facilitate comparison Health Canada’s toxicological reference values (TRV) for 

this contaminant. In contrast, as Dietary Reference Intakes for the fatty acid subgroups included 

in this analysis are not standardized by bodyweight, all corresponding forecasts were calculated 

as mg per day. The mathematical equations used to compute these values are detailed below: 

𝑀𝑒𝐻𝑔 𝐼𝑛𝑡𝑎𝑘𝑒 (𝑢𝑔/𝑘𝑔/𝑤𝑘)  =
[[𝑀𝑒𝐻𝑔] (𝑢𝑔/𝑔) 𝑋 𝑓𝑜𝑜𝑑 (𝑔/𝑤𝑘)]

𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
  (Eq. 5-1) 

𝐷𝐻𝐴 𝐼𝑛𝑡𝑎𝑘𝑒 (𝑚𝑔/𝑤𝑘) =  𝐹𝑖𝑠ℎ (𝑔/𝑤𝑘) 𝑋 [𝐷𝐻𝐴](𝑚𝑔/𝑔)   (Eq. 5-2) 

𝐸𝑃𝐴 + 𝐷𝐻𝐴 𝐼𝑛𝑡𝑎𝑘𝑒 (𝑚𝑔/𝑤𝑘) =  𝐹𝑖𝑠ℎ (𝑔/𝑤𝑘)𝑋 [𝐸𝑃𝐴 + 𝐷𝐻𝐴](𝑚𝑔/𝑔) (Eq. 5-3) 

𝑂𝑚𝑒𝑔𝑎 − 3 𝑃𝑈𝐹𝐴 𝐼𝑛𝑡𝑎𝑘𝑒(𝑚𝑔/𝑤𝑘) =  𝐹𝑖𝑠ℎ (𝑔/𝑤𝑘) 𝑋 [𝑂𝑚𝑒𝑔𝑎 − 3 𝑃𝑈𝐹𝐴𝑠](𝑚𝑔/𝑔)

 (Eq. 5-4) 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑈𝐹𝐴 𝐼𝑛𝑡𝑎𝑘𝑒 (𝑚𝑔/𝑤𝑘) =  𝐹𝑖𝑠ℎ (𝑔/𝑤𝑘) 𝑋 [𝑇𝑜𝑡𝑎𝑙 𝑃𝑈𝐹𝐴𝑠](𝑚𝑔/𝑔) (Eq. 5-5) 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑡𝑎𝑘𝑒 =  𝛴 𝐹𝑖𝑠ℎ 𝑖𝑛𝑡𝑎𝑘𝑒(𝑔/𝑤𝑘)  (Eq. 5-6) 

The model’s performance and ability to effectively and accurately predict exposure 

among participating Dehcho communities was assessed by comparing forecasted estimates of 

exposure to total mercury and fatty acids generated in the model output to exposure profiles for 

hair mercury and fatty acid concentrations in blood from the human biomonitoring component of 

the contaminants biomonitoring study. Trials were sorted by weekly fatty acid consumption of 
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DHA, EPA+DHA, and omega-3 PUFAs, in order to determine the proportion that met dietary 

reference intakes (DRIs) for these subgroups (1,400 mg/week, 1,750 mg/week, and 3500 

mg/week, respectively). The fatty acid estimates were then compared with biomarkers for 

omega-3 PUFA exposure from the results of the contaminants biomonitoring study, specifically 

the relative percentage of total fatty acids present as EPA+DHA in blood plasma. The Omega-3 

Index for Dehcho participants of the contaminant biomonitoring study was computed and 

compared with patterns of fatty acid intake from the output of the probabilistic model, 

specifically the proportion of trials that met the relevant DRIs for fatty acid subgroups, where 

applicable. 

Similarly, trials were sorted by total Hg intake, to determine and compare the proportion 

of trials that exceeded the pTWI for mercury with the proportion of participants from the 

contaminants biomonitoring study whose hair mercury profile exceeded Health Canada’s 

recommended guidance value of 6 mg/kg (Legrand et al., 2010).  

 

5.3 Results 

5.3.1 Locally harvested fish consumption 

As shown in Table 5-1, estimated intake rate varied by species. Forecasted estimates for 

mean consumption rate demonstrated that Lake Whitefish was the most frequently consumed 

fish in the Dehcho region, with a mean intake rate of 155 g/week. Predatory species, including 

Northern Pike (78 g/week), Walleye (55 g/week), and Lake Trout (51 g/week), followed as 

contributors to weekly fish consumption (Table 5-1). Comparatively, Sucker, Burbot, and Cisco 

contributed only 11% to the mean weekly intake of 379 g (Table 5-1).  
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Table 5-1. Estimated fish intake rate in g/week among 10,000 simulated trials from the output of 

the Crystal Ball model, and reported fish intake from the results of the FFQ (n=140). Reported 

fish intake reflects a median portion size of 112.5 g/serving of fish. 
Intake Rate 

(g/week) 
AM (SD) GM 

Percentile 

5th 50th 75th 90th 95th 

Estimated fish intake (g/week) 

Lake Whitefish 155 (144) 130 19 120 210 340 450 

Northern Pike 78 (94) 100 0 54 120 210 270 

Walleye 54 (84) 98 0 0 88 170 230 
Lake Trout 51 (86) 69 0 10 71 150 220 

Sucker 22 (45) 85 0 0 0 97 130 

Burbot 14 (46) 75 0 0 0 48 100 

Cisco 3 (22) 120 0 0 0 0 0 

Total IR 379 (220) 320 130 340 500 670 800 

Reported fish intake (g/week) 

Lake Whitefish 184 (182) 125 0 56    
Northern Pike 136 (109) 106 0 56 170 170 200 

Walleye 126 (102) 99 0 0 56 170 170 

Lake Trout 105 (115) 79 0 56 56 170 170 
Sucker 102 (56) 88 0 0 0 56 170 

Burbot 104 (95) 82 0 0 0 56 56 

Cisco 141 (56) 128 0 0 0 0 0 

Total IR 416 (374) 283 0 230 560 890 1,100 

 

Measures of central tendency for forecasted weekly intake appear similar to those 

reported from the FFQ, however some discrepancies can be noted (Table 5-1). These 

discrepancies are due to the parameters used to derive the probability distributions for intake 

within the Crystal Ball model. Mean, minimum and maximum values for intake were selected 

and used to shape distributions on a species basis within the model. In contrast, the results from 

the FFQ shown in Table 5-1 depict more measures of central tendency and distribution than were 

used to define input variables for intake rate within the model. 

The high mean estimated consumption rate of Lake Whitefish generated from the output 

of the model reflects the significant proportion of consumers of this species among the 

population. Results from the FFQ data indicated that 91% of the Dehcho population surveyed 

were consumers of Lake Whitefish muscle. Following Lake Whitefish, predatory fish including 

Northern Pike (60%), Lake Trout (51%), and Walleye (44%) were among the fish species 

consumed by the greatest proportion of the population within the Dehcho (Table 5-2). 
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Table 5-2. Consumption rates of wild-harvested fish species in the Dehcho population, in 

portions/week. 

Species 
% 

Consuminga 

Mean portions/wk 

(SD)b GMb Percentileb 

10th 50th 75th 90th 95th 

Burbot 14 0.93 (0.85) 0.73 0.50 0.50 1.50 1.50 1.63 

Cisco 03 1.25 (0.50) 1.14 0.80 1.50 1.50 1.50 1.50 

Lake Trout 51 0.93 (1.03) 0.70 0.50 0.50 1.00 1.50 2.75 

Lake Whitefish 91 1.6 (1.6) 1.11 0.50 1.50 1.50 4.00 5.75 
Northern Pike 60 1.21 (0.97) 0.94 0.50 1.00 1.50 1.50 4.00 

Sucker 23 0.91 (0.50) 0.78 0.50 0.50 1.50 1.50 1.50 

Walleye 44 1.12 (0.91) 0.88 0.50 0.50 1.00 1.50 2.75 
a The percentage listed only includes those participants who reported both consuming the fish 

species listed above, and gave a specific frequency of the food consumption (days/week). Those 

who listed themselves as consumers but who did not include further details were omitted. 
b Represents mean intake among only consumers of the fish species (those who did not report 

consumption of the particular species are not represented in this value). 

 

5.3.2 Population methylmercury exposure 

Methylmercury exposure among the general population of the Dehcho region was 

modeled and estimated using MeHg exposure distributions created using Crystal Ball and 

simulated by Monte Carlo analysis using FFQ data collected during the biomonitoring study. 

These exposure distributions were compared to Health Canada’s outlined pTWI for 

methylmercury of 3.29 μg/kg/week (Table 5-3).  

Table 5-3. Primary contributors to MeHg exposure for the general population in the Dehcho 

region. 

Fish 
Mean Dose 

(g/g/wk) 

Mean 

Concentration 

(g/g) 

Mean 

Consumption 

Rate (g/wk) 

% Consumers 

within the 

population 

All trial values (n=10,000) 

Northern Pike 0.51 0.46 78 60 
Walleye 0.35 0.45 55 44 

Lake Whitefish 0.21 0.09 155 91 

Lake Trout 0.17 0.23 51 51 
Burbot 0.05 0.24 14 14 

Sucker 0.05 0.14 22 24 

Cisco 0.00 0.07 3.7 3 

Total of All Fish 1.33 - 379 - 

≥95th Percentile of MeHg Exposure (n=506) 

Northern Pike 3.00 1.01 189 88 

Walleye 1.51 0.60 135 66 

Lake Whitefish 0.33 0.10 179 92 
Lake Trout 0.42 0.24 94 58 

Burbot 0.10 0.25 22 17 

Sucker 0.06 0.14 27 28 
Cisco 0.00 0.07 2 2 

Total of All Fish 5.42 - 621 - 
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 This work demonstrated that average MeHg exposure among trial values fell below the 

established pTWI. However, the 95th percentile value for exposure estimates to MeHg exceeded 

this TRV of 3.29 μg/kg/week, with as many as 7% of trial values exceeded the pTWI overall 

(Figure 5-1). Of trial values that exceeded the pTWI for MeHg, 34% exceeded the Dietary 

Reference Intake for EPA+DHA of 250 mg/day, while 66% fell below the DRI. Among fish 

species incorporated within the scope of the model, Northern Pike (0.52 g/g/wk) and Walleye 

(0.35 g/g/wk) were the two primary contributors to weekly intake for MeHg (Table 5-3). While 

fish tissue mercury in the predatory species Lake Trout was demonstrated to be significantly 

greater than in Lake Whitefish, mean weekly MeHg intake from Lake Whitefish consumption 

(0.21 g/g/wk) was 1.24-fold greater than from Lake Trout consumption (0.17 g/g/wk). 

Combined, of the seven species considered in the model, predatory fish species including 

Northern Pike, Walleye, and Lake Trout contributed to 77% of the mean weekly MeHg intake 

among participating Dehcho communities (Table 5-3). 

 
Figure 5-1. Modeling and estimating the simultaneous intake of EPA+DHA and MeHg among 

the Dehcho population. The vertical dashed line indicates the provisional Tolerable Weekly 

Intake (pTWI) for methylmercury of 3.29 g/kg/week, while the horizontal dotted line 

corresponds to the Dietary Recommended Intake (DRI) for EPA+DHA of 1,750 mg/week. 
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Mean Hazard Quotient for MeHg exposure was calculated for the general population 

(0.41), and for the 95th percentile value for intake (1.10). For the purposes of human health risk 

assessment, an established HQ ≤ 1.0 is deemed to represent an acceptable or negligible risk. 

However, in terms of estimating risk according to the outlined quantitative level of conservatism 

(e.g. the 95th percentile value for exposure), Health Canada proposes that the 95th percentile dose 

estimate should have an HQ ≤ 1.0 (Health Canada, 2010a). The Hazard Quotient for those trials 

among the 95th percentile for exposure was observed to exceed 1.0 (0.41 ± 0.40) (Table 5-4), 

and 7% of iterations exceeded the pTWI for methylmercury (Figure 5-2). However, according to 

the principles of a tiered risk assessment framework, before it is possible to ascertain whether 

current methylmercury exposure profiles pose a public health risk, it is important to revisit and 

evaluate the assumptions used to estimate population-level risk of exposure to consider whether 

these assumptions were overly conservative. 

 

Figure 5-2. Estimated methylmercury (MeHg) intake among 10,000 simulated trials. The dashed 

line indicated Health Canada’s pTWI for methylmercury of 3.29 g/kg/week (based on the pTDI 

of 0.47 g/kg/day. 
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Table 5-4. Probabilistic estimates for fatty acid intake and methylmercury exposure among the general population in the Dehcho 

(N=10,000). 

Forecast Variable Mean (SD) GM 
Percentile %>TRV 

Hazard 

Quotientb %>DRI 

10th 50th 75th 90th 95th    

Total MeHg Dose (µg kg-1 wk-1) 1.33 (1.30) 0.88 0.23 0.97 1.70 2.82 3.74 7.1 0.4; 1.1 - 

Total DHA Intake (mg wk-1) 792 (597) 621 241 654 1014 1480 1861 - - 12 

Total EPA+DHA Intake (mg wk-1) 1101 (823) 864 332 905 1414 2085 2594 - - 16 
Total omega-3 PUFA intake (mg wk-1) 1542 (1298) 1168 427 1210 1953 2997 3834 - - 6.7 

Total PUFA intake (mg wk-1) 2174 (1834) 1640 592 1707 2759 4257 5417 - - - 
a Based on Health Canada’s provisional Tolerable Weekly Intake of 3.29 μg/kg/week. 
b Hazard Quotient: Mean; 95th Percentile 
c Based on Dietary Reference Intakes for DHA (1,400 mg/week), EPA+DHA (1,750 mg/week), and omega-3 PUFAs (3,500 

mg/week). 
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Further, human biomarker data can provide useful insight to compare and gauge the 

model’s preliminary ability to characterize MeHg exposure among Dehcho participants, and 

clarify whether these assumptions may be illustrating conservative estimates of exposure.  

Compared to hair profiles for Hg exposure from the contaminants biomonitoring study, 

the model’s predictions for methylmercury intake appeared overly conservative. In contrast to 

the model’s predicted estimates for dietary methylmercury exposure, for which 7% of trials were 

demonstrated to exceed the pTDI for MeHg intake, the vast majority of participants (i.e., 99.5%) 

had hair mercury results that fell below Health Canada’s recommended hair guidance value of 6 

mg/kg. Mean hair mercury was 0.74 mg/kg, with a geometric mean of 0.38 mg/kg (Table 5-5).  

Table 5-5. Hair mercury (in mg/kg) among participants of the contaminants biomonitoring study 

in the Dehcho region of the Mackenzie Valley, Northwest Territories (N=212). 

 

5.3.3 Omega-3 PUFA intake 

The nutritional content of the seven fish species considered in the model was reported in 

detail in Chapter 4, however model estimates for fatty acid profiles, and for weekly intake of 

DHA, EPA+DHA, omega-3 PUFAs, and total PUFAs can be found in Table 5-6. Among the 

species considered in the probabilistic model, Lake Whitefish was a predominant contributor to 

mean weekly intake for all fatty acid subgroups. Alone, this species contributed to 41% of DHA 

intake, 45% of EPA+DHA intake, 46% of omega-3 PUFA intake, and 47% of total PUFA intake 

(Table 5-6). Interestingly, Lake Trout was also a major contributor to total weekly intake across 

fatty acid subgroups, contributing to 25% for each of total DHA, omega-3 PUFA, and total 

PUFA intake, and 24% for EPA+DHA intake. While proportionately the respective contribution 

 AM (SD) Geo. Mean 
Percentile 

5th 50th  75th  90th  95th  

Hair mercury (mg/kg) 0.74 (1.03) 0.38 0.06 0.44 0.87 1.71 2.20 
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of each species to the total intake for each fatty acid subgroup varied, the order in which these 

species fell in terms of increasing contribution remained consistent across all subgroups.  

Table 5-6. Primary contributors to fatty acid exposure based on results provided by participants 

from five Dehcho communities. 

Fish 

DHA EPA+DHA Total omega-3s Total PUFAs 

Mean 

Dose 

(mg/wk) 

Mean 

Conc. 

(mg/g) 

Mean 

Dose 

(mg/wk) 

Mean 

Conc. 

(mg/g) 

Mean 

Dose 

(mg/wk) 

Mean 

Conc. 

(mg/g) 

Mean 

Dose 

(mg/wk) 

Mean 

Conc. 

(mg/g) 

Lake Whitefish 322 2.09 491 3.18 714 4.63 1019 6.61 

Lake Trout 196 3.83 259 5.06 389 7.61 534 10.40 

Northern Pike 125 1.61 155 1.61 183 2.35 251 3.23 
Walleye 94 1.73 114 1.99 138 2.52 190 3.47 

Sucker 38 1.71 61 2.70 90 4.02 138 6.18 

Burbot 10 0.70 13 0.94 16 1.11 25 1.78 

Cisco 6 1.69 9 2.39 13 3.58 18 4.73 

Total 792  1101  1542  2174  

 

Forecasted mean and 50th percentile weekly intakes for all fatty acid subgroups 

(including DHA, EPA+DHA, and total omega-3 PUFAs) fell below the corresponding Dietary 

Recommended Intakes (Table 5-4). However, for weekly DHA intake, 12% of trials exceeded 

the DRI of 1,400 mg/week, while 16% of trial values exceeded the DRI for EPA+DHA of 1,750 

mg/week, and 7% met the DRI for omega-3 PUFAs of 3,500 mg/week. (Table 5-4).  

Modeling estimates for the intake of fatty acids using the probabilistic Monte Carlo 

technique provide a relevant preliminary means of characterizing and estimating the proportion 

of the population who meet established Dietary Reference Intakes for these subgroups. However, 

comparing this proportion to the results from the blood plasma fatty acid analysis from the 

biomonitoring study presents a complex issue, as studies have demonstrated that the association 

between these measures is subject to significant interindividual variability (Donahue et al., 

2009). Despite this, there is evidence in the literature that the FFQ provides an accurate estimate 

for mean fatty acid intake, and would facilitate individuals and groups to be categorized as either 

meeting or not meeting Dietary Reference Intakes (MacNaughton et al., 2007; Patterson et al., 

2012). Within the scope of this analysis, we incorporated results from the plasma fatty acid 
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profiles collected in the biomonitoring study to determine the Omega-3 Index for participants of 

the contaminants biomonitoring study in the Dehcho. 

The results of blood omega-3 fatty acid profiles for EPA+DHA from the Dehcho are 

presented in Table 5-7. The groupings outlined in the Omega-3 Index are categorized according 

to risk of death from coronary heart disease as a function of the relative weight percentage values 

for EPA+DHA in blood. Overall, respondents from the Dehcho demonstrated a relatively low 

Omega-3 Index (1.92%; GM 1.81% - Table 5-7), falling within the category associated with 

“very low” cardioprotective benefits from blood levels of EPA+DHA. 91% of participants from 

the Dehcho fell within the category associated with very low cardioprotective benefit, while 

6.7% of participants demonstrated levels associated with low cardioprotective benefit and 2.5% 

associated with moderate benefit (Table 5-7). No respondents demonstrated levels of EPA+DHA 

associated with high cardioprotective benefit.  

5.3.4 Sensitivity analysis  

The results of the sensitivity analyses conducted demonstrated that the proportion of the 

population consuming Northern Pike and Walleye were the largest contributors (22% and 21%, 

respectively) to the variance for total methylmercury intake and were the most sensitive inputs 

within the distribution for total mercury exposure, each with correlation coefficients of 0.40 

(Supplementary Table B5). For fatty acid intake, the intake rate of Lake Whitefish contributed 

to the most variance for all input variables for all fatty acid subgroups by a significant margin, 

with correlation coefficients for DHA, EPA+DHA, total omega-3 PUFAs, and total PUFAs of 

0.46, 0.49, 0.47, and 0.47, respectively. Following Lake Whitefish, the proportion of the 

population consuming Lake Trout contributed to a significant proportion of total variance among 

forecasts for all fatty acid subgroups (Supplementary Tables B1-B4).  
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Table 5-7. Weighted relative percentage of EPA+DHA in total plasma fatty acids (known as the Omega-3 Index) among participants 

of the Contaminants Biomonitoring Study in the Mackenzie Valley Northwest Territories (n=120). 
Blood plasma fatty acid 

composition 
AM (SD) GM 

Percentile % Participants by categorya 

5th 50th 75th 90th 95th Very Low Low Moderate High 

[EPA+DHA] (μg/100 μL) 7.74 (3.10) 7.16 3.53 7.20 9.08 11.8 14.3 - - - - 

Omega-3 Index 1.92 (0.72) 1.81 1.04 1.76 2.09 2.78 3.37 91 6.7 2.5 0 
a The Omega-3 Index, as a function of the relative percentage of EPA+DHA in total blood plasma fatty acids, is subdivided into four 

categories: [≤2.9 (very low), >2.9–4.0 (low), >4.0–5.2 (moderate), and >5.2 (high)]. 

 

Table 5-8. Global Omega-3 Indices for plasma total fatty acids, as compared with results from the five participating Dehcho 

communities of the contaminants biomonitoring study in the Northwest Territories Mackenzie Valley. The Omega-3 Index represents 

the relative percentage of EPA+DHA in plasma total fatty acids. 

Region EPA+DHA 
Author (Year)a 

Min. Value Max. Value 

Dehcho 1.92 - 

China 3.39 – 3.89 Féart (2008) Astorg (2009) 

Canada 1.54 – 2.42 Metherel (2009) Metherel (2012) 

Spain 2.39 – 4.58 Carrero (2004) Amiano (2001) 
Finland 1.42 – 6.19 Rissanen (2003) Suominen-Taipal (2010) 

United Kingdom 1.71 – 4.03 Rosell (2005) Sanders (2006) 

Japan 3.60 – 12.20 Hirai (2000) Yamada (2000) 
Norway 1.01 – 9.00 Brox (2001) Grønn (1991) 

S. Korea 6.80 – 7.60 Sekikawa (2012) Nogi (2007) 

United States 1.30 – 4.40 Surette (2004) Motoyama (2009) 
a Values for the Omega-3 Indices in this table are sourced from studies compiled in Stark et al., (2016b). 
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Input variables that considered Lake Whitefish (specifically, intake rate, the proportion of 

consumers among the population, and the concentration of fatty acids in fish tissue) were ranked 

consistently among the primary contributors to variance and factors of highest sensitivity for all 

fatty acid subgroups. For all other species, intake rate contributed to at most 5% of variance 

among fatty acid subgroups, with corresponding correlation coefficients of at most 0.22 (Lake 

Trout intake for the variance of DHA intake) (Supplementary Table B1-B4). 

Assumptions within the model corresponding to input variables that characterized the 

proportion of the population consuming a given fish species dominated in terms of their 

contribution to variance in MeHg intake, and specifically the proportion predatory fish species 

consumers. The input variable corresponding to MeHg concentration in Northern Pike, and body 

weight among the general population, were also among contributors to the variance in MeHg 

intake (Supplementary Table B5).  

 

5.4 Discussion 

From the results of the hair mercury analysis, it was observed that participating First 

Nations peoples of the Dehcho generally fell well within Health Canada’s exposure guidelines 

for mercury, with only a small fraction of the population demonstrating levels that approached or 

fell slightly above the guideline for hair mercury for the general population.  

Based on stable physiological conditions and experimental evidence characterizing 

methylmercury biokinetics, the toxicokinetics of methylmercury in any given individual can be 

summarized under steady state ratios that represent the concentration in one biomarker relative to 

another biomarker. For the purposes of this study, a steady state ratio of 250 g/g in hair per 

mg/L in blood was assumed for mercury intake in order to compare the results of this study with 
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provincial- and national-level biomonitoring studies in both the general population and in other 

First Nations populations. This ratio is frequently cited in the literature (Bartell et al., 2000; 

NRC, 2000; Legrand et al., 2010). Using the Hg hair-to-blood conversion ratio of 250, derived 

for the conversion of hair Hg levels to those in whole blood by the Joint Food and Agriculture 

Organization of the UN (FAO) and the World Health Organization Expert Committee on Food 

Additives (WHO, 2004), total Hg exposure from this study of Dehcho participants was compared 

to results from Cycle 1 of the Canadian Health Measures Survey, the First Nations 

Biomonitoring Initiative, and results from the First Nations Food, Nutrition, and Environment 

Studies in British Columbia, Alberta, Manitoba, and Ontario (Health Canada, 2010b; Chan et al., 

2011; Chan et al., 2012; AFN, 2013; Chan et al., 2014; Chan et al., 2016). Mercury exposure 

profiles from the results of the biomonitoring study indicated that hair Hg values among Dehcho 

participants were similar to converted Hg values from the FNBI, however the mean and 

geometric mean values from this study were higher than observed in the CHMS (Table 5-9). 

Importantly, however, the FNBI, CHMS, and FNFNES from Manitoba and British Columbia 

reported exclusively on weighted values, while this study reports raw or unweighted data. 

Weighted data are adjusted to ensure that all subgroups of the population are not under- or over-

represented in the respondent group and that survey findings can be generalized to the survey 

population. In contrast, unweighted data consider all respondents surveyed, and is representative 

only of the participants in the study. Furthermore, this study examined respondents aged 6 and 

above, while the study population in the majority of the biomonitoring surveys in Table 5-9, 

except for the CHMS, reported results for an adult population. Importantly however, despite 

demonstrating comparatively higher hair Hg levels than other survey reports, profiles of hair Hg 
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exposure among the Dehcho population generally fell below Health Canada’s guidance value of 

6 mg/kg.  

Table 5-9. Hair total mercury (in mg/kg) among participants of the Dehcho who consented to 

hair collection, compared to results from the pilot year of the First Nations Biomonitoring 

Initiative, results from the 2004 Inuit Health Survey, Cycle I of the Canadian Health Measures 

Survey, and the First Nations Food, Nutrition and Environment Study. 
Study Age N Mean (95% CI) GM (95% CI) 

This Study 6 + 212 0.74 (0.61 – 0.88) 0.38 (0.30 – 0.47) 
FNBIa 20 + 473 0.62* (0.30 – 0.94) 0.24* (0.13 – 0.44) 

IHSab 18 – 74 917 4.32* (4.02 – 4.62) 2.57* (2.41 – 2.75) 

CHMSa 6 – 79 5319 - 0.17* (0.14 – 0.22) 

FNFNES AB 19 + 369 0.19* 0.08* (<LOD – 0.11) 
FNFNES ON 19 + 744 0.41* 0.19* (0.16 – 0.23) 

FNFNES MB 19 + 236 0.33* (0.09 – 0.57) 0.13* (0.08 – 0.22) 

FNFNES BC 19 + 487 0.59* (0.36 – 0.83) 0.36* (0.25 – 0.53) 
a Values for exposure use the established hair-to-blood conversion factor of 250 proposed by the 

WHO’s JECFA. 
b Values for exposure reflect a conversion factor of 4.99 nmol/L blood mercury to µg/L blood 

mercury (WHO, 1995). 
* Weighted averages are reported, where the data have been adjusted to be generalizable to the 

target population. 
 

While the Omega-3 Index originally examined EPA+DHA content in RBC membranes, 

the viability and utility of this method was tested through the use of other biomarkers from 

similar studies, including EPA+DHA in whole blood (Albert et al., 2002) and plasma 

phospholipids (Lemaitre et al., 2003). The study suggested a series of target values that outlined 

the level of cardioprotection conferred through fatty acid intake as a function of the relative 

percent of EPA+DHA in total fatty acids in the blood. Specifically, values for the relative 

percent of EPA+DHA in total FAs less than or equal to 4% are among the lowest grouping for 

what might be considered cardioprotective, and values greater than or equal to 8% were among 

desirable target values for the Omega-3 Index (Harris and Von Schacky, 2004). Stark et al., 

(2016) further adapted this approach in an extensive global survey, where studies reporting blood 

omega-3 PUFA levels of EPA+DHA were systematically identified, and the results of which, 

based on the geographic region or study population, were assigned into a series of four discrete 
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ranges corresponding to the relative weighted percentage of EPA+DHA in RBC equivalents. For 

plasma total fatty acids, equivalent ranges for these EPA+DHA weight percentage values [≤2.9 

(very low), >2.9–4.0 (low), >4.0–5.2 (moderate), >5.2 (high)] served to identify countries or 

regions potentially at an increased risk of chronic disease due in part to EPA+DHA status, and 

were calculated according to equations described in previous studies (Stark et al., 2016b). 

Despite Dehcho participants demonstrating a mean Omega-3 Index associated with low 

cardioprotective benefits, other Canadian studies characterizing this metric among the general 

population have reported similar findings. Stark et al., (2016) compiled all studies examining 

fatty acid compositions of plasma lipids in the Canadian general population. Interestingly, and 

similarly to the findings described herein, studies examining the Canadian general population 

demonstrated Omega-3 Indices that fell within the lowest category associated with the 

cardioprotective effects of EPA+DHA (1.54 – 2.42). Regions exhibiting levels associated with 

high cardioprotective benefit included Japan, South Korea, as well as Denmark, Norway, and 

regions with Indigenous populations or populations not adapted to Western dietary patterns 

(Table 5-8) (Stark et al., 2016b). Comparatively, levels of EPA+DHA in total fatty acids 

associated were associated with moderate cardioprotective benefit in a Cree population in 

Northern Canada. Findings from the blood fatty acid analysis indicate that the Omega-3 Index 

for the Dehcho population falls in the same category to that of the Canadian general population 

and of many other populations worldwide, with other Canadian studies demonstrating Omega-3 

Indices associated with very low cardioprotective benefit (Stark et al., 2016b). However, the 

cardioprotective benefits of omega-3 PUFA consumption are of particular significance to First 

Nations and other Indigenous people of Canada. The burden of cardiovascular disease among 

Indigenous peoples in Canada has been increasingly recognized in recent decades, with studies 
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demonstrating age-standardized cardiovascular disease mortality rate to be 30% higher in First 

Nations men and 76% higher in First Nations women than non-Indigenous cohort members 

(Tjepkema et al., 2012). As such, promoting the increased dietary intake of traditionally 

harvested country foods is a significant health priority in First Nations populations, where food 

insecurity remains a complex a multi-faceted issue (Public Policy Forum, 2015).  

 Based on the findings from this study and the output from the model, 34% of total weekly 

fish intake, and 67% of methylmercury intake is attributable to two predatory fish species 

frequently consumed in the Dehcho, Northern Pike and Walleye (Table 5-1). These two species 

are well documented in previous studies and in this thesis to have elevated mercury 

concentration profiles, and specifically among lakes of the Dehcho, due primarily to their trophic 

status as predatory, piscivorous fish species (Evans et al., 2005; Reyes et al., 2016). 

Comparatively, among those trial values that exceeded the 95th percentile value for weekly 

MeHg intake, Northern Pike and Walleye contributed in combination to 50% of total weekly fish 

intake, and 83% of total weekly MeHg intake (Table 5-3). In contrast, other piscivorous species, 

including Burbot and Lake Trout, contributed to only 2% and 8% of total weekly MeHg intake, 

respectively (Table 5-3). This corresponds directly with the results of the sensitivity analysis, 

where it was determined that the primary drivers of MeHg exposure among the population were 

the proportion of the population consuming specifically Northern Pike and Walleye. These 

results support current initiatives underway by the GNWT Department of Health and Social 

Services aiming to promote the health benefits of fish consumption while advising that limiting 

the intake of larger predatory fish (e.g., Walleye and Northern Pike), may help to lower people’s 

exposure to mercury. 
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There are many factors to be considered in the development of dietary advisories that 

guide public consumption of country foods in order to effectively mitigate any potential health 

risks associated with contaminant exposure. For remote subarctic communities of the Dehcho, 

country foods contribute to improved food security and impart significant sociocultural and 

nutritional benefits that must inherently weigh into the balance of risks and benefits when these 

dietary notices are communicated. Most importantly, any public health messaging or 

interventions warning consumers of the risks associated with country food consumption should 

be easily understood, communicated in a manner that is culturally appropriate and relevant to the 

sociocultural practices of Dehcho communities, and include specific alternatives that can 

continue to promote nutritional adequacy while limiting exposure to contaminants.  

There are several limitations to consider within the scope of this study, that combined 

have the potential to introduce a degree of variability and uncertainty in the results from both the 

human biomonitoring of mercury exposure and fatty acid nutrition within the population of the 

Dehcho. Notably, despite being a viable, culturally relevant measure for characterizing patterns 

of dietary country food consumption patterns, the Food Frequency Questionnaire employed to 

estimate country food intake can be subject to bias in the participant’s ability to recall and 

attempt to characterize their consumption of fish on a weekly basis, based on dietary patterns 

over the previous year. Furthermore, there is a significant degree of variability in seasonal fish 

consumption patterns, which might further influence reported intake. However, measures were 

taken in several communities to account for this variability by surveying participants to estimate 

and quantify the effects of seasonality on intake.  

Moreover, the contaminants biomonitoring study was implemented to characterize the 

risks and benefits of country food consumption. In this sense, recruitment may be skewed to 
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underrepresent those who are not frequent consumers of country foods among the population, 

and participants would arguably be more likely to be consumers of country foods, as community 

members who are not consumers of country foods may feel the study does not pertain to them. 

However, the more likely issue is that survey responses pertaining to patterns of country food 

consumption are biased according to perceptions amongst study respondents about the nature of 

their diet and what they should be eating. In either event, it is possible that FFQ data illustrate 

inflated patterns of dietary country food consumption among participants of the Dehcho. This 

would result in potentially overstated exposure estimates from the output of the dose 

reconstruction model. Furthermore, instead of using a ratio of 250:1 to compare the results from 

the hair mercury analysis of this study to national benchmarks (e.g., results of the FNBI and 

CHMS), a better approach would involve the analysis of blood mercury profiles among 

participants. The 250 hair-to-blood conversion factor applied to compare results of the 

biomonitoring study to national studies (e.g., CHMS and FNBI) using hair Hg is a method 

commonly used in risk and exposure assessment to facilitate the conversion of MeHg hair 

sample results to circulating MeHg blood levels. This ratio corresponds to the average of values 

for individuals (140-370) reported in available published studies, which included vulnerable 

populations (Grandjean et al., 1999; Weihe et al., 2002; WHO, 2004). While this method has 

been reported to provide an accurate reflection of converted hair-to-blood Hg ratios (Berglund et 

al., 2005; Johnsson et al., 2005), other studies have noted considerable limitations to the use of 

this factor as an indicator of either blood or hair Hg levels (Budtz-Jorgensen et al., 2004; 

Tsuchiya et al., 2012). Notably, on an individual level, quantified hair-to-blood ratios have been 

demonstrated to exhibit significant variability, and any use of this ratio to establish individual 

risk may not be an accurate representation of unique physiological and pharmacokinetic 



 97 

characteristics (Liberda et al., 2014). Applying the 250:1 hair:blood ratio to compare the results 

of the biomonitoring study with the CHMS and FNBI introduces uncertainty, and future studies 

examining contaminant profiles in the Dehcho population will benefit from pairing blood Hg 

measurements as a part of a broader, more exhaustive biomonitoring program. While these data 

are available from the contaminants biomonitoring study described herein, they were excluded 

from the scope of this thesis project due to limited sample size. While many participants chose to 

give samples of hair, fewer blood samples were collected during the biomonitoring study. An 

analysis of blood mercury and fatty acids will be conducted after subsequent sampling years 

have provided a more robust profiles for participants of the Dehcho region.  

Further, this study presents a preliminary summary of unweighted mercury exposure 

profiles among respondents of the Dehcho. While possible that reported Hg profiles may be truly 

representative of community exposure, the findings may be influenced by the demographic 

distribution of the study population, and weighting the data would permit inferences from 

participants included in the sample to the Dehcho population as a whole. In future work, 

controlling for age and sex, as well as by smoking status and body weight, will also facilitate 

more meaningful comparisons to provincial- and national-level metals biomonitoring studies, .  

To model body weight among participants of the contaminants biomonitoring study in the 

Dehcho, upper and lower truncation bounds at the 5th and 95th percentiles were applied to body 

weight data in order to closely approximate ranges typically recommended for use in human 

health risk assessment. In doing so, the truncation of the body weight distribution among Dehcho 

participants may have precipitated a more constricted distribution around measures of central 

tendency. Future studies would benefit by pursuing an improved understanding of how 

truncating body weight distributions can influence the estimation of dose and risk. Body weight 
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data would facilitate the assessment of risk by modeling exposure profiles among young 

children, women of childbearing age and pregnant women separately from the general 

population according to body weight data specific to these demographics, and would increase the 

utility, accuracy and significance of the model’s output.  

Probabilistic exposure modeling is a systematic and comprehensive approach to evaluate 

the risks to human health from drivers of exposure to environmental contaminants, but inherent 

in these models are sources of both uncertainty and variability that can influence the model’s 

ability to accurately estimate true profiles of exposure. Mercury and fatty acid exposure 

uncertainty from country food consumption in the Dehcho could arise from an incomplete 

analysis of common methods of food preparation that shape how these foods are consumed in the 

region. While details pertaining to food preparation methods were collected during the FFQ, 

mercury and fatty acid analyses of fish samples were performed exclusively on frozen tissue. 

Studies have examined the effects of cooking method on the bioaccessibility of mercury and 

fatty acids within the tissues of fish (Ouédraogo and Amyot, 2011; Costa et al., 2015). A more 

complete characterization of exposure to fatty acids and mercury from wild-harvested fish 

species of the Dehcho could include analyses in tissue mercury and fatty acids under a series of 

different cooking preparation methods. Further, the model’s estimates for nutrient and 

contaminant exposure are based on aggregate data for both country food consumption patterns, 

and mercury and omega-3 PUFA profiles on a species-basis across the Dehcho. This approach 

does not account for lake-based differences in mercury and omega-3 PUFA profiles among fish 

species. To further improve the model’s accuracy and relevance, the model design could 

incorporate lake-specific contaminant and nutrient information, as well as personal or 

community-specific consumption patterns that outline the lakes from which frequently-
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consumed food products are often harvested. The design of the Food Frequency Questionnaire 

included questions probing these details, and together with lake-specific nutrient and 

contaminant data would facilitate the inclusion of this element in future modelling efforts. 

Regional approaches to risk-benefit communication would provide messaging based around 

results that are more representative on a community-specific basis.  

 

5.5 Conclusion  

This study represents the first attempt to model and estimate mercury and fatty exposure 

profiles among communities of the Dehcho region in the Mackenzie Valley of the Northwest 

Territories in a comprehensive risk-benefit assessment of dietary country food use. While this 

study presents the use of mercury and fatty acid profiles to characterize these risks and benefits, 

this work presents only a subcomponent of what will in the future represent a balanced approach 

to manage and communicate the risks posed to subarctic First Nations populations from country 

food consumption. By comparison to the results of the contaminants biomonitoring study, the 

output from the probabilistic model described herein appear to illustrate an overly conservative 

estimate of risk to mercury exposure from country foods. As the most likely reason for this, the 

input parameters included within this model represent only a subset of total exposure to mercury 

and omega-3 PUFA intake. A Total Diet Assessment would be facilitated through a more 

complete model that included contaminant and nutrient profiles as well as the dietary 

consumption patterns for both country foods and market foods. This approach would provide 

greater insight into a broader range of sources of contaminant exposure and nutrient intake, and 

would provide more context into the relative contribution of country foods to contaminant 

exposure through the diet. However, the model’s output demonstrated similarities in estimates 
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for fatty acid profiles of exposure, in that First Nations participants of the Dehcho generally fall 

within levels that are considered low in terms of benefiting from the cardioprotective effects 

conferred through fatty acid intake. Future work would benefit from incorporating lake-based 

differences in mercury and fatty acids, along with consumer preferences in terms of from what 

lakes these fish are most commonly sourced, in order to more accurately characterize profiles of 

contaminant exposure.  
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6. Thesis Conclusions 

This thesis project measured mercury and fatty acids in wild-harvested freshwater fish 

species, explored quantitative methods of risk-benefit analysis and communication, and profiled 

mercury and fatty acids in participating First Nations people of the Dehcho region in the 

Mackenzie Valley of the Northwest Territories. The results of this study demonstrate that, in 

comparison to estimated dietary methylmercury intake from the output of the Monte Carlo-based 

probabilistic dose reconstruction model, the vast majority of Dehcho participants of the 

contaminants biomonitoring study are at low risk for exceeding methylmercury dietary guidance 

values, and generally profiles of exposure fell well within hair mercury guidance values outlined 

by Health Canada (Health Canada, 2010). Furthermore, participating members of the Dehcho 

First Nation demonstrated relatively low levels of EPA+DHA as a relative percentage of total 

blood plasma fatty acids, an indicator of very low cardioprotective effects associated with the 

consumption of these essential micronutrients. 

Future studies in probabilistic dietary risk assessment in First Nations communities of the 

Dehcho will need to incorporate a component to the model that characterizes risk not only within 

the general population, but in demographics most vulnerable to the risks associated with mercury 

exposure, including young children, women of childbearing age, and pregnant women. The 

majority of regional and federal fish consumption advisories are designed specifically to tailor 

messaging towards these subpopulations. Future studies that build upon this work with a larger 

dataset should explore and characterize estimates of exposure in a model unique to pregnant 

women, women of childbearing age and young children, and use the corresponding guidance 

values to quantify this risk. An essential component of risk characterization from methylmercury 

exposure is to quantify risk in potentially susceptible groups where certain subgroups of the 
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population are particularly vulnerable to its adverse human health effects. The model may be a 

conservative estimate for exposure within the general population, but in order to effectively 

characterize risk in vulnerable subgroups, exposure to MeHg should be modeled accordingly. 

This would include building in relevant body weight data and dietary patterns from FFQ data 

from these subgroups, and using reference values that correspond to these demographics.  

Additionally, incorporating bioavailability factors into the exposure assessment process 

by modeling country food intake would serve to provide increasingly accurate and realistic 

estimates of exposure and risk. Standard models of human health risk assessment incorporate an 

adjustment factor to account for the amount of methylmercury estimated to reach systemic 

circulation, often assuming conservatively 95% to 100% of ingested MeHg is bioavailable 

(Bradley et al., 2017). This may result in a certain degree of inaccuracy in estimating MeHg 

exposure, and would influence the quantitative assessment of risks and benefits associated with 

country food consumption. As there are currently no established validation methods for mercury 

bioavailability studies, it would prove difficult to incorporate these elements within the design of 

a probabilistic model to predict mercury exposure unless this limitation is addressed. Future 

research focusing on validating these measures through detailed epidemiologic study and further 

biomarker analyses would facilitate our understanding of Hg bioavailability and assimilation, 

and may lead to more nuanced assessments of methylmercury risks from the consumption of fish 

and other country foods (Bradley et al., 2017). 

The findings from this study serve to reinforce the importance of wild-harvested fish and 

other country foods in the diet of subarctic First Nations communities of the Dehcho. Taken in 

combination, the studies presented in this thesis serve as the first of their kind in the Dehcho 

region to propose the development of a probabilistic dose reconstruction model where input 
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parameters that shape the model are defined by contaminant and fatty acid profiles in locally-

harvested country foods, and paired with extensive dietary consumption patterns from surveys 

conducted in participating communities. Made possible through the co-located environmental 

and human health monitoring supported by the Northern Contaminants Program in the Dehcho 

region, this research represents a unique opportunity to pair human biomarker data with fish 

nutrient and contaminant profiles. Pairing these data facilitates future study to more accurately 

estimate mercury and omega-3 PUFA exposure using consumption habits characterized by 

patterns of both intake frequency and geographic preferences for the harvesting of country foods.  

The results of this study reflect the information provided by respondents of participating 

First Nations communities of the Dehcho, and serve as an important preliminary component of 

an extensive multidisciplinary project to characterize the risks and benefits of country food 

consumption in subarctic indigenous communities. Participants from Dehcho communities have 

been generally at low risk for exceeding guidance values for mercury exposure. Future work 

should continue to build on further understanding the perception of risk associated with country 

food consumption in communities of the Dehcho, and gauging what sources of information are 

most effective in communicating the risks and benefits of country foods. Broadly, this work will 

empower subarctic Canadian First Nations peoples to make informed dietary choices that 

promote the consumption of country foods, and support future of risk-benefit communication 

strategies and health promotion initiatives that will serve to inform public health messaging 

around the safe consumption of these Northern dietary staples. 
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Appendix A: Supplementary Tables and Figures 

Supplementary Table A1. Total mercury in wild-harvested freshwater fish caught in the Dehcho region, Northwest Territories, 

Canada (2013, 2014, 2015). 
Fish 

Species 
Lake N=333 

Mercury (μg/g) 

Range Mean ± SD 

Burbot 

Mustard Lake 5 0.090 - 0.134 0.112 ± 0.019 

Trout Lake 9 0.228 - 0.551 0.317 ± 0.101 

Total 14 0.090 - 0.551 0.244 ± 0.130 

Cisco 

Ekali Lake 5 0.067 - 0.194 0.116 ± 0.061 

Gargan Lake 1 0.080 0.080 

Kakisa Lake 8 0.037 - 0.048 0.043 ± 0.004 
Sanguez Lake 1 0.127 0.127 

Trout Lake 6 0.034 - 0.041 0.038 ± 0.003 

Total 21 0.034 - 0.194 0.064 ± 0.045 

Lake 

Trout 

Mustard Lake 39 0.079 - 0.511 0.187 ± 0.081 

Trout Lake 12 0.209 - 0.643 0.341 ± 0.155 

Total 51 0.079 - 0.643 0.223 ± 0.121 

Lake 

Whitefish 

Ekali Lake 11 0.056 - 0.128 0.084 ± 0.025 

Gargan Lake 16 0.050 - 0.250 0.128 ± 0.059 

Kakisa Lake 10 0.021 - 0.083 0.044 ± 0.023 

McGill Lake 9 0.090 - 0.320 0.168 ± 0.077 
Sanguez Lake 3 0.088 - 0.150 0.129 ± 0.036 

Tathlina Lake 9 0.040 - 0.130 0.083 ± 0.027 

Trout Lake 10 0.025 - 0.057 0.037 ± 0.009 

Total 68 0.021 - 0.320 0.095 ± 0.061 

Northern 

Pike 

Ekali Lake 17 0.129 - 1.100 0.433 ± 0.286 

Gargan Lake 15 0.160 - 1.240 0.412 ± 0.319 
Kakisa Lake 10 0.036 - 0.906 0.295 ± 0.266 

McGill Lake 8 0.120 - 1.430 0.485 ± 0.422 

Mustard Lake 5 0.081 - 0.260 0.156 ± 0.071 
Sanguez Lake 10 0.295 - 3.121 1.343 ± 0.824 

Tathlina Lake 10 0.100 - 0.990 0.374 ± 0.313 

Trout Lake 10 0.073 - 0.286 0.153 ± 0.085 

Total 85 0.036 - 3.121 0.469 ± 0.503 

Walleye 

Ekali Lake 17 0.097 - 0.457 0.278 ± 0.099 

Kakisa Lake 8 0.109 - 0.667 0.282 ± 0.198 

McGill Lake 7 0.510 - 1.160 0.877 ± 0.246 
Sanguez Lake 7 0.402 - 1.428 0.724 ± 0.355 
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Tathlina Lake 9 0.320 - 0.990 0.623 ± 0.240 
Trout Lake 11 0.036 - 0.848 0.293 ± 0.310 

Total 59 0.036 - 1.428 0.458 ± 0.323 

Sucker1 

Kakisa Lake 14 0.02 - 0.16 0.09 ± 0.04 

McGill Lake 8 0.12 - 0.37 0.21 ± 0.1 

Mustard Lake 1 0.15 0.15 

Tathlina Lake 6 0.11 - 0.29 0.21 ± 0.06 

Trout Lake 6 0.09 - 0.13 0.1 ± 0.01 

Total 35 0.02 - 0.37 0.140 ± 0.08 

Longnose 

Sucker 

Kakisa Lake 7 0.022 - 0.156 0.080 ± 0.043 

McGill Lake 4 0.120 - 0.370 0.253 ± 0.126 
Mustard Lake 1 0.147 0.147 

Tathlina Lake 1 0.190 0.190 

Trout Lake 6 0.086 - 0.127 0.100 ± 0.015 

Total 19 0.022 - 0.370 0.132 ± 0.090 

White 

Sucker 

Kakisa Lake 7 0.037 - 0.147 0.105 ± 0.037 

McGill Lake 4 0.130 - 0.190 0.165 ± 0.025 

Tathlina Lake 5 0.110 - 0.290 0.216 ± 0.067 

Total 16 0.037 - 0.290 0.155 ± 0.066 
1 Combining Longnose and White Sucker data sets. 
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Supplementary Table A2a. Species- and lake-specific fatty acid profiles for EPA+DHA, EPA+DHA+DPA, total omega-3s, and total 

PUFAs, of fish harvested in the Dehcho region, Northwest Territories, Canada (N=333). 

Fish 

Species 
Lake N 

EPA+DHA (mg/100g) 
EPA+DHA+DPA 

(mg/100g) 
Omega-3s (mg/100g) PUFAs (mg/100g) 

Range 
Mean ± 

SD 
Range 

Mean ± 
SD 

Range 
Mean ± 

SD 
Range 

Mean ± 
SD 

Burbot 

Mustard  5 98 - 128 109 ± 13 109 - 143 123 ± 15 115 - 149 129 ± 16 207 - 255 226 ± 22 

Trout  9 57 - 110 86 ± 16 62 - 119 93 ± 18 68 - 126 100 ± 18 109 - 185 150 ± 24 

Total 14 57 - 128 94 ± 19 62 - 143 104 ± 22 68 - 149 111 ± 22 109 - 255 177 ± 44 

Cisco 

Ekali  5 145 - 279 192 ± 51 158 - 311 211 ± 58 187 - 500 294 ± 126 252 - 683 400 ± 177 

Gargan  1 316 316 344 344 459 459 621 621 

Kakisa  8 166 - 380 242 ± 64 182 - 439 269 ± 77 213 - 693 352 ± 148 271 - 935 460 ± 205 
Sanguez  1 215 215 238 238 368 368 491 491 

Trout  6 205 - 344 252 ± 60 225 - 383 277 ± 68 296 - 541 375 ± 104 371 - 691 472 ± 134 

Total 21 145 - 380 235 ± 61 158 - 439 259 ± 71 187 - 693 351 ± 123 252 - 935 458 ± 167 

Lake 

Trout 

Mustard  39 174 - 606 278 ± 91 186 - 738 328 ± 123 193 - 994 394 ± 199 267 - 1522 561 ± 313 

Trout  12 165 - 2332 898 ± 694 191 - 2813 1080 ± 833 215 - 4247 
1530 ± 

1267 
311 - 5570 

2069 ± 

1626 

Total 51 165 - 2332 424 ± 428 186 - 2813 505 ± 517 193 - 4247 662 ± 788 267 - 5570 916 ± 1036 

Lake 

Whitefish 

Ekali  11 187 - 544 279 ± 102 200 - 612 308 ± 119 223 - 887 393 ± 193 297 - 1354 569 ± 309 

Gargan  16 195 - 378 278 ± 52 214 - 418 308 ± 59 236 - 517 366 ± 85 327 - 816 535 ± 141 
Kakisa  10 205 - 476 321 ± 89 223 - 553 360 ± 106 269 - 774 468 ± 174 355 - 1095 654 ± 265 

McGill  9 187 - 368 240 ± 56 207 - 407 268 ± 62 228 - 471 311 ± 80 304 - 653 454 ± 134 

Sanguez  3 262 - 1048 628 ± 395 288 - 1223 711 ± 474 333 - 2050 1093 ± 875 459 - 3145 
1595 ± 

1390 
Tathlina  9 225 - 316 268 ± 30 240 - 342 293 ± 33 255 - 408 352 ± 48 349 - 566 493 ± 75 

Trout  10 182 - 349 240 ± 49 195 - 398 263 ± 61 212 - 555 315 ± 112 281 - 859 428 ± 186 

Total 68 182 - 1048 288 ± 122 195 - 1223 320 ± 142 212 - 2050 401 ± 248 281 - 3145 573 ± 384 

Northern 

Pike 

Ekali  17 120 - 592 176 ± 109 125 - 643 189 ± 118 135 - 696 204 ± 128 184 - 944 278 ± 173 

Gargan  15 100 - 477 175 ± 86 108 - 515 191 ± 93 115 - 538 200 ± 97 182 - 722 279 ± 126 

Kakisa  10 138 - 215 187 ± 23 150 - 255 210 ± 29 159 - 291 229 ± 38 223 - 387 304 ± 51 
McGill  8 117 - 219 174 ± 38 127 - 246 190 ± 44 136 - 284 209 ± 53 180 - 367 276 ± 66 

Mustard  5 196 - 237 217 ± 17 214 - 257 236 ± 18 224 - 270 247 ± 18 308 - 423 361 ± 43 

Sanguez  10 113 - 707 192 ± 182 120 - 758 205 ± 195 131 - 835 227 ± 215 176 - 1094 305 ± 279 

Tathlina  10 104 - 198 145 ± 26 112 - 222 158 ± 31 117 - 267 169 ± 41 166 - 419 239 ± 71 
Trout  10 166 - 293 205 ± 40 180 - 325 223 ± 47 200 - 432 256 ± 75 250 - 565 329 ± 103 

Total 85 100 - 707 181 ± 88 108 - 758 197 ± 96 115 - 835 214 ± 107 166 - 1094 291 ± 142 

Walleye 

Ekali  17 132 - 807 231 ± 182 138 - 856 248 ± 196 150 - 909 273 ± 215 200 - 1197 371 ± 287 
Kakisa  8 150 - 192 169 ± 17 168 - 215 189 ± 18 179 - 229 202 ± 20 236 - 312 275 ± 25 

McGill  7 132 - 223 160 ± 30 149 - 248 176 ± 34 161 - 308 195 ± 51 221 - 420 269 ± 68 

Sanguez  7 87 - 613 206 ± 181 96 - 651 221 ± 191 112 - 695 240 ± 202 162 - 916 323 ± 263 
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Tathlina  9 121 - 225 162 ± 31 132 - 253 178 ± 36 140 - 285 192 ± 43 209 - 449 284 ± 70 
Trout  11 124 - 238 196 ± 32 135 - 254 210 ± 34 148 - 273 228 ± 36 200 - 357 290 ± 43 

Total 59 87 - 807 194 ± 117 96 - 856 211 ± 126 112 - 909 229 ± 137 162 - 1197 312 ± 182 

Sucker1 

Kakisa  14 175 - 340 245 ± 46 195 - 394 278 ± 55 221 - 510 333 ± 84 297 - 767 474 ± 136 

McGill  8 148 - 291 198 ± 47 164 - 325 221 ± 54 170 - 364 236 ± 66 253 - 505 340 ± 87 

Mustard  1 348 348 394 394 447 447 622 622 

Tathlina  6 245 - 589 373 ± 132 275 - 723 439 ± 172 338 - 1064 604 ± 293 507 - 1733 963 ± 512 

Trout  6 160 - 372 263 ± 69 175 - 447 307 ± 88 204 - 734 480 ± 187 297 - 1230 766 ± 344 

Total 35 148 - 589 262 ± 89 164 - 723 301 ± 112 170 - 1064 386 ± 195 253 - 1733 581 ± 339 

Longnose 

Sucker 

 

Kakisa  7 175 - 316 243 ± 46 195 - 369 275 ± 55 237 - 485 335 ± 84 297 - 696 470 ± 138 

McGill  4 148 - 291 203 ± 62 164 - 325 226 ± 69 170 - 364 241 ± 85 264 - 505 345 ± 108 
Mustard  1 348 348 394 394 447 447 622 622 

Tathlina  1 305 305 338 338 367 367 507 507 

Trout  6 160 - 372 263 ± 69 175 - 447 307 ± 88 204 - 734 480 ± 187 297 - 1230 766 ± 344 

Total 19 148 - 372 250 ± 62 164 - 447 284 ± 76 170 - 734 369 ± 148 264 - 1230 547 ± 262 

White 

Sucker 

Kakisa  7 178 - 340 247 ± 50 200 - 394 281 ± 60 221 - 510 331 ± 92 313 - 767 477 ± 146 

McGill  4 151 - 238 193 ± 36 166 - 270 216 ± 43 172 - 301 231 ± 53 253 - 436 334 ± 77 

Tathlina  5 245 - 589 386 ± 143 275 - 723 459 ± 184 338 - 1064 652 ± 301 515 - 1733 1055 ± 515 

Total 16 151 - 589 277 ± 114 166 - 723 320 ± 144 172 - 1064 406 ± 243 253 - 1733 622 ± 418 
1 Combining Longnose and White Sucker data sets. 

 

Supplementary Table A2b. Species- and lake-specific fatty acid profiles for N-6/N-3 ratios of fish harvested in the Dehcho region, 

Northwest Territories, Canada (N=333). 

Fish 

Species 
Lake N 

N-6/N-3 Ratio 

Range 
Mean ± 

SD 

Burbot 

Mustard  5 0.65 - 0.8 0.75 ± 0.06 
Trout  9 0.45 - 0.6 0.50 ± 0.04 

Total 14 0.45 - 0.80 0.59 ± 0.14 

Cisco 

Ekali  5 0.30 - 0.41 0.36 ± 0.04 
Gargan  1 0.35 0.35 

Kakisa  8 0.24 - 0.35 0.3 ± 0.03 

Sanguez  1 0.34 0.34 

Trout  6 0.25 - 0.28 0.26 ± 0.01 

Total 21 0.24 - 0.41 0.30 ± 0.05 

Lake 

Trout 

Mustard  39 0.28 - 0.61 0.4 ± 0.08 

Trout  12 0.29 - 0.71 0.42 ± 0.14 

Total 51 0.28 - 0.71 0.40 ± 0.10 

Lake 

Whitefish 

Ekali  11 0.31 - 0.54 0.42 ± 0.08 

Gargan  16 0.31 - 0.64 0.46 ± 0.09 
Kakisa  10 0.28 - 0.57 0.38 ± 0.09 
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McGill  9 0.29 - 0.66 0.45 ± 0.13 
Sanguez  3 0.32 - 0.53 0.41 ± 0.11 

Tathlina  9 0.24 - 0.53 0.40 ± 0.09 

Trout  10 0.22 - 0.55 0.34 ± 0.09 

Total 68 0.22 - 0.66 0.41 ± 0.10 

Northern 

Pike 

Ekali  17 0.3 - 0.49 0.37 ± 0.05 

Gargan  15 0.32 - 0.58 0.41 ± 0.07 

Kakisa  10 0.2 - 0.4 0.33 ± 0.06 
McGill  8 0.25 - 0.43 0.33 ± 0.06 

Mustard  5 0.36 - 0.61 0.46 ± 0.12 

Sanguez  10 0.27 - 0.44 0.36 ± 0.05 
Tathlina  10 0.29 - 0.57 0.4 ± 0.08 

Trout  10 0.2 - 0.36 0.28 ± 0.05 

Total 85 0.20 - 0.61 0.37 ± 0.08 

Walleye 

Ekali  17 0.30 - 0.48 0.37 ± 0.05 

Kakisa  8 0.31 - 0.44 0.36 ± 0.04 

McGill  7 0.36 - 0.42 0.38 ± 0.02 

Sanguez  7 0.32 - 0.44 0.36 ± 0.05 
Tathlina  9 0.36 - 0.62 0.48 ± 0.08 

Trout  11 0.21 - 0.35 0.27 ± 0.05 

Total 59 0.21 - 0.62 0.37 ± 0.08 

Sucker1 

Kakisa  14 0.25 - 0.53 0.41 ± 0.08 

McGill  8 0.39 - 0.55 0.44 ± 0.05 

Mustard  1 0.39 0.39 

Tathlina  6 0.38 - 0.68 0.56 ± 0.11 

Trout  6 0.46 - 0.73 0.56 ± 0.11 

Total 35 0.25 - 0.73 0.47 ± 0.11 

Longnose 

Sucker 

 

Kakisa  7 0.25 - 0.53 0.39 ± 0.1 

McGill  4 0.39 - 0.55 0.45 ± 0.07 

Mustard  1 0.39 0.39 

Tathlina  1 0.38 0.38 
Trout  6 0.46 - 0.73 0.56 ± 0.11 

Total 19 0.25 - 0.73 0.46 ± 0.12 

White 

Sucker 

Kakisa  7 0.39 - 0.5 0.43 ± 0.04 

McGill  4 0.40 - 0.47 0.44 ± 0.03 

Tathlina  5 0.51 - 0.68 0.6 ± 0.08 

Total 16 0.39 - 0.68 0.49 ± 0.09 
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Supplementary Table A3. Species- and lake-specific fatty acid profile for total omega-3 fatty acids of fish harvested in the Dehcho 

region, Northwest Territories, Canada (N=333). 

Fish Species Lake N 
Total fatty acids (mg/100g) 

Range Mean ± SD 

Burbot 

Mustard Lake 5 374 - 489 416 ± 47 
Trout Lake 9 236 - 372 311 ± 42 

Total 14 236 - 489 348 ± 67 

Cisco 

Ekali Lake 5 535 - 1649 1022 ± 454 
Gargan Lake 1 1180 1180 

Kakisa Lake 8 510 - 2400 1022 ± 588 

Sanguez Lake 1 1107 1107 

Trout Lake 6 806 - 1528 1043 ± 299 

Total 21 510 - 2400 1039 ± 431 

Lake Trout 

Mustard Lake 39 420 - 4203 1261 ± 921 

Trout Lake 12 700 - 13872 5650 ± 4041 

Total 51 420 - 13872 2294 ± 2788 

Lake Whitefish 

Ekali Lake 11 653 - 3816 1664 ± 1042 

Gargan Lake 16 705 - 2622 1412 ± 585 
Kakisa Lake 10 591 - 3752 2002 ± 1161 

McGill Lake 9 496 - 2119 1280 ± 655 

Sanguez Lake 3 1260 - 8727 4272 ± 3937 
Tathlina Lake 9 635 - 1787 1225 ± 356 

Trout Lake 10 612 - 2717 1059 ± 713 

Total 68 496 - 8727 1572 ± 1202 

Northern Pike 

Ekali Lake 17 388 - 2150 589 ± 406 
Gargan Lake 15 332 - 1156 462 ± 198 

Kakisa Lake 10 378 - 768 536 ± 126 

McGill Lake 8 317 - 656 486 ± 129 
Mustard Lake 5 544 - 760 622 ± 86 

Sanguez Lake 10 353 - 2205 632 ± 558 

Tathlina Lake 10 286 - 986 450 ± 200 
Trout Lake 10 449 - 1240 652 ± 267 

Total 85 286 - 2205 549 ± 304 

Walleye 

Ekali Lake 17 408 - 2325 802 ± 588 

Kakisa Lake 8 452 - 601 529 ± 56 
McGill Lake 7 412 - 987 541 ± 199 

Sanguez Lake 7 429 - 2030 834 ± 582 

Tathlina Lake 9 430 - 1151 609 ± 219 
Trout Lake 11 440 - 732 579 ± 84 

Total 59 408 - 2325 667 ± 398 

Sucker1 Kakisa Lake 14 601 - 1969 1129 ± 465 
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McGill Lake 8 444 - 1013 659 ± 216 

Mustard Lake 1 1445 1445 

Tathlina Lake 6 1169 - 5004 2685 ± 1621 

Trout Lake 6 685 - 4085 2474 ± 1332 

Total 35 444 - 5004 1528 ± 1174 

Longnose 

Sucker 

 

Kakisa Lake 7 616 - 1969 1140 ± 513 

McGill Lake 4 491 - 1013 651 ± 243 

Mustard Lake 1 1445 1445 
Tathlina Lake 1 1235 1235 

Trout Lake 6 685 - 4085 2474 ± 1332 

Total 19 491 - 4085 1479 ± 1059 

White Sucker 

Kakisa Lake 7 601 - 1948 1119 ± 453 

McGill Lake 4 444 - 971 666 ± 222 

Tathlina Lake 5 1169 - 5004 2975 ± 1629 

Total 16 444 - 5004 1586 ± 1331 
1 Combining Longnose and White Sucker data sets. 

 

Supplementary Table A4. Full fatty acid profiles for fish species harvested in the Dehcho region, Northwest Territories, Canada 

(2013, 2014, 2015). Values are presented as mean ± standard deviation, in mg/100g. 

Fatty Acid 
Burbot 

(n=14) 

Cisco 

(n=21) 

Lake Trout 

(n=51) 

Lake 

Whitefish 

(n=68) 

Northern 

Pike (n=85) 

Walleye 

(n=59) 

Sucker1 

(n=35) 

Longnose 

Sucker 

(n=19) 

White 

Sucker 

(n=16) 

C 10:0 0.06 ± 0.05 0.23 ± 0.29 0.36 ± 0.46 0.25 ± 0.24 0.23 ± 0.29 0.3 ± 0.5 0.17 ± 0.13 0.11 ± 0.08 0.24 ± 0.14 

C 12:0 0.27 ± 0.14 1.5 ± 1.09 1.94 ± 2.79 4.21 ± 6.85 0.71 ± 0.85 0.82 ± 1.15 1.97 ± 3.11 1.69 ± 2.03 2.3 ± 4.1 

C 14:0 2.63 ± 0.72 40.8 ± 32.7 57.5 ± 83.1 32 ± 40.4 6.71 ± 6.02 8.76 ± 7.42 37.8 ± 52.5 45.3 ± 61.7 28.8 ± 38.8 

C 16:0 82.5 ± 11.8 217 ± 82.7 387 ± 461 310 ± 202 113 ± 73 155 ± 94.3 259 ± 166 267 ± 171 251 ± 165 

C 17:0 1.91 ± 0.26 10.1 ± 6.43 14.2 ± 19.9 11.8 ± 18 2.52 ± 1.77 3.91 ± 2.84 8.85 ± 6.65 8.51 ± 6.38 9.25 ± 7.16 

C 18:0 29.9 ± 3.34 69.7 ± 36.5 115 ± 126 78.1 ± 49 49.3 ± 54.5 66.4 ± 76.6 68.5 ± 28.8 71.1 ± 30.6 65.4 ± 27.1 

C 20:0 0.54 ± 0.18 2.89 ± 1.59 3.9 ± 5.71 3.39 ± 3.41 1.18 ± 1.29 2.02 ± 2.53 3.33 ± 2.49 3.16 ± 2.26 3.53 ± 2.79 

C 22:0 0.31 ± 0.16 1.81 ± 1.24 1.51 ± 2.44 2.16 ± 2.19 0.57 ± 0.69 1.19 ± 1.62 1.49 ± 0.52 1.33 ± 0.46 1.68 ± 0.54 

C 24:0 0.29 ± 0.14 1.05 ± 0.77 0.9 ± 0.96 1.09 ± 0.62 0.8 ± 0.6 0.99 ± 1.03 0.95 ± 0.35 0.79 ± 0.3 1.14 ± 0.3 

Total SFAs 118 ± 14.5 346 ± 144 582 ± 696 443 ± 310 175 ± 132 239 ± 175 382 ± 255 399 ± 270 363 ± 243 

C 12:1 0.07 ± 0.09 0.61 ± 0.61 1.08 ± 0.99 0.86 ± 0.89 0.21 ± 0.34 0.18 ± 0.24 0.83 ± 0.78 0.82 ± 0.76 0.84 ± 0.83 

C 14:1 0.1 ± 0.15 1.65 ± 1.82 2.86 ± 3.66 1.65 ± 2.13 0.33 ± 0.52 0.4 ± 0.63 2.49 ± 3.6 2.36 ± 3.11 2.64 ± 4.21 

C 16:1 5.6 ± 3.11 69.1 ± 53.9 213 ± 284 161 ± 157 14.1 ± 17.2 22.1 ± 21.2 261 ± 303 256 ± 300 267 ± 316 

C 18:1n-7 13.4 ± 6.1 53.4 ± 31.6 122 ± 164 93.4 ± 82.9 14.4 ± 10.1 21.9 ± 15.1 111 ± 96.1 102 ± 81.9 121 ± 112 

C 18:1n-9 27.7 ± 6.86 101 ± 52.3 424 ± 609 276 ± 280 48 ± 30.2 61.1 ± 48.9 178 ± 186 160 ± 143 198 ± 231 

C 20:1n-9 1.14 ± 0.4 3.56 ± 2.11 20 ± 26.7 14.2 ± 16.4 1.26 ± 0.97 1.97 ± 2.19 8.09 ± 7.88 8.76 ± 7.59 7.31 ± 8.39 

C 22:1n-9 0.52 ± 0.27 2.24 ± 1.23 3.59 ± 4.13 3.47 ± 2.97 0.95 ± 0.72 1.37 ± 1.15 1.74 ± 0.87 1.49 ± 0.57 2.05 ± 1.08 

C 24:1n-9 4.4 ± 1.71 4.57 ± 1.76 9.46 ± 10.2 5.59 ± 4.23 3.52 ± 1.85 6.79 ± 4.59 1.79 ± 0.59 1.98 ± 0.68 1.56 ± 0.38 
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Total MUFAs 52.9 ± 17.8 236 ± 140 796 ± 1089 556 ± 534 82.8 ± 56.4 116 ± 88 564 ± 592 533 ± 533 601 ± 672 

C 18:2n-6 4.88 ± 1.46 35.9 ± 20.8 83.4 ± 107 55.5 ± 67.3 14.7 ± 9.33 13.2 ± 10.4 77.6 ± 89 84.6 ± 99.9 69.2 ± 76.5 

C 18:3n-6 0.6 ± 0.28 2.99 ± 2.11 4.62 ± 5.4 4.98 ± 5.04 0.95 ± 0.95 1.26 ± 1.12 6.91 ± 10.9 4.74 ± 5.38 9.49 ± 14.9 

C 20:2n-6 1.45 ± 0.89 3.52 ± 2.19 15.6 ± 19.5 8.4 ± 11.4 2.56 ± 1.88 2.06 ± 2.17 5.95 ± 4.97 5.28 ± 3.28 6.75 ± 6.47 

C 20:3n-6 0.94 ± 0.25 2.9 ± 1.27 11.1 ± 11.8 5.09 ± 3.73 1.35 ± 0.98 1.55 ± 1.24 7.21 ± 5.89 7.29 ± 5.78 7.12 ± 6.21 

C 20:4n-6 44.1 ± 16.8 39 ± 14 85.3 ± 54 71 ± 34 41.6 ± 19.9 44.9 ± 23.6 81.1 ± 48.3 63.6 ± 18.5 102 ± 63.4 

C 22:2n-6 0.34 ± 0.12 1.26 ± 0.89 2.76 ± 4.59 1.87 ± 2.14 0.96 ± 0.89 1.06 ± 1.08 0.87 ± 0.61 0.86 ± 0.69 0.88 ± 0.51 

C 22:4n-6 1.9 ± 1.14 4.31 ± 2.25 19.1 ± 20 8.77 ± 7.6 2.41 ± 1.58 3.65 ± 2.82 5.44 ± 4.94 3.6 ± 1.91 7.62 ± 6.45 

C 22:5n-6 11.9 ± 4.6 17.8 ± 6.99 32.3 ± 40.8 16.2 ± 15.5 12.1 ± 8.78 15 ± 11.9 10.3 ± 6.12 8.48 ± 3.23 12.4 ± 7.97 

Total N-6s 66.2 ± 24.6 108 ± 46 254 ± 256 172 ± 139 76.7 ± 37.6 82.6 ± 47.2 195 ± 147 178 ± 119 215 ± 176 

C 18:3n-3 2.63 ± 0.77 46.5 ± 30 76.8 ± 124 47.6 ± 53.4 8.51 ± 7.85 8.78 ± 7.92 56.8 ± 63.4 61.1 ± 69.1 51.7 ± 57.9 

C 18:4n-3 1.08 ± 0.3 25.1 ± 19.1 25.5 ± 42.4 18.1 ± 34.1 3.15 ± 3.81 3.66 ± 2.94 15.1 ± 26.2 9.36 ± 9.65 22 ± 36.7 

C 20:3n-3 0.92 ± 0.14 4.63 ± 2.52 12.8 ± 25.5 5.78 ± 7.32 1.6 ± 1.41 1.94 ± 2.03 4.68 ± 3.19 4.81 ± 2.89 4.53 ± 3.6 

C 20:4n-3 2.26 ± 0.51 15 ± 8.79 41.2 ± 82.2 9.77 ± 16.1 3.61 ± 3.61 4.31 ± 5.55 8.8 ± 8.13 9.6 ± 8.47 7.85 ± 7.86 

C 20:5n-3 24.6 ± 7.37 68.5 ± 27.4 110 ± 101 93.4 ± 54.8 35.3 ± 16.4 36.7 ± 20.1 93 ± 61.2 78.8 ± 35.2 110 ± 80.2 

C 22:5n-3 9.37 ± 3.61 24 ± 10.4 81 ± 91.9 31.6 ± 22.2 15.9 ± 8.67 16.5 ± 11.2 38.6 ± 23.7 34.5 ± 15.4 43.4 ± 30.8 

C 22:6n-3 69.8 ± 12.3 167 ± 40.6 314 ± 333 195 ± 72.6 146 ± 73.6 157 ± 99 169 ± 38.8 171 ± 41.9 167 ± 36.1 

Total omega-3 

PUFAs 
111 ± 22 351 ± 123 662 ± 788 401 ± 248 214 ± 107 229 ± 137 386 ± 195 369 ± 148 406 ± 243 

Total PUFAs 177 ± 44.2 458 ± 167 916 ± 1036 573 ± 384 291 ± 142 312 ± 182 581 ± 339 547 ± 262 622 ± 418 

Total HUFAs 166 ± 41.6 344 ± 99.6 713 ± 762 437 ± 218 260 ± 126 283 ± 166 419 ± 180 382 ± 103 463 ± 238 

EPA+DHA 94.4 ± 18.5 235 ± 61.3 424 ± 428 288 ± 122 181 ± 88.3 194 ± 117 262 ± 89.4 250 ± 62.5 277 ± 114 

EPA+DHA+DPA 104 ± 21.6 259 ± 70.6 505 ± 517 320 ± 142 197 ± 96 211 ± 126 301 ± 112 284 ± 75.7 320 ± 144 

N-6/N-3 Ratio 0.59 ± 0.14 0.3 ± 0.05 0.4 ± 0.1 0.41 ± 0.1 0.37 ± 0.08 0.37 ± 0.08 0.47 ± 0.11 0.46 ± 0.12 0.49 ± 0.09 

Total Fatty 

Acids 
348 ± 66.8 1039 ± 431 2294 ± 2788 1572 ± 1202 549 ± 304 667 ± 398 1528 ± 1174 1479 ± 1059 1586 ± 1331 

1 Combining Longnose and White Sucker data sets. 
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Supplementary Table A5. Spearman rank coefficients for mercury vs. total omega-3 FAs, mercury vs. total polyunsaturated fatty 

acids, and mercury vs. EPA+DHA, by species, by lake for fish harvested from lakes of the Dehcho region, Northwest Territories, 

Canada (N=333). 

Fish Species Lake N Hg vs. EPA+DHA 
Hg vs. 

EPA+DHA+DPA 
Hg vs. n-3 FAs Hg vs. PUFAs 

Burbot 

Mustard Lake 5 -0.300 -0.300 -0.600 -0.500 
Trout Lake 9 -0.350 -0.350 -0.317 -0.317 

Total 14 -0.618* -0.666* -0.670* -0.798* 

Cisco 

Ekali Lake 5 -0.200 -0.100 -0.300 -0.300 
Gargan Lake 1 N/A N/A N/A N/A 

Kakisa Lake 8 -0.548 -0.548 -0.714* -0.714* 

Sanguez Lake 1 N/A N/A N/A N/A 

Trout Lake 6 0.600 0.600 0.543 0.543 

Total 21 -0.334 -0.325 -0.278 -0.200 

Lake Trout 

Mustard Lake 39 -0.513* -0.596** -0.631** -0.615** 

Trout Lake 12 -0.951** -0.951** -0.937** -0.951** 

Total 51 -0.182 -0.226 -0.241 -0.212 

Lake Whitefish 

Ekali Lake 11 0.118 0.209 0.209 0.209 

Gargan Lake 16 -0.436 -0.407 -0.501* -0.372 
Kakisa Lake 10 0.079 0.079 0.006 0.006 

McGill Lake 9 -0.151 -0.034 -0.067 -0.067 

Sanguez Lake 3 -0.500 -0.500 -0.500 -0.500 

Tathlina Lake 9 -0.167 -0.234 -0.042 -0.084 
Trout Lake 10 -0.103 -0.357 -0.333 -0.152 

Total 68 -0.110 -0.060 -0.058 0.033 

Northern Pike 

Ekali Lake 17 -0.314 -0.316 -0.243 -0.363 
Gargan Lake 15 -0.593* -0.636* -0.602* -0.525* 

Kakisa Lake 10 -0.442 -0.467 -0.467 -0.224 

McGill Lake 8 -0.738* -0.809* -0.738* -0.833* 
Mustard Lake 5 0.100 0.100 0.100 0.600 

Sanguez Lake 10 -0.188 -0.236 -0.309 -0.236 

Tathlina Lake 10 0.018 0.018 -0.055 -0.018 
Trout Lake 10 -0.067 -0.067 -0.067 -0.067 

Total 85 -0.506** -0.521** -0.479** -0.439** 

Walleye 

Ekali Lake 17 -0.380 -0.382 -0.400 -0.353 

Kakisa Lake 8 -0.786* -0.691 -0.643 -0.429 
McGill Lake 7 0.143 -0.071 0.071 0.107 

Sanguez Lake 7 -0.286 -0.464 -0.500 -0.500 

Tathlina Lake 9 -0.450 -0.467 -0.467 -0.500 
Trout Lake 11 -0.482 -0.436 -0.436 -0.527 

Total 59 -0.480** -0.452* -0.446* -0.397* 
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Sucker1 

Kakisa Lake 14 0.697* 0.736* 0.776* 0.714* 
McGill Lake 8 0.122 0.122 0.122 0.268 

Mustard Lake 1 N/A N/A N/A N/A 

Tathlina Lake 6 0.493 0.493 0.638 0.580 
Trout Lake 6 -0.086 -0.143 -0.429 -0.314 

Total 35 0.275 0.276 0.134 0.164 

Longnose Sucker 

Kakisa Lake 7 0.714 0.750 0.750 0.714 

McGill Lake 4 -0.200 -0.200 -0.200 -0.200 
Mustard Lake 1 N/A N/A N/A N/A 

Tathlina Lake 1 N/A N/A N/A N/A 

Trout Lake 6 -0.086 -0.143 -0.429 -0.314 

Total 19 0.147 0.147 -0.086 -0.023 

White Sucker 

Kakisa Lake 7 0.821* 0.821* 0.893* 0.893* 

McGill Lake 4 0.316 0.316 0.316 0.316 
Tathlina Lake 5 0.359 0.359 0.359 0.359 

Total 16 0.561* 0.561* 0.543* 0.541* 
1 Combining Longnose and White Sucker data sets. 

* - Statistically Significant where p<.05. 
** - Statistically significant where p<.001. 
 

Supplementary Table A6. Fatty acid:mercury ratios (mean ± standard deviation in mg:µg) for fish species harvested in freshwater 

lakes of the Dehcho region, Northwest Territories, Canada.  

Fish Species Lake N=333 
DHA:Hg EPA+DHA:Hg 

EPA+DHA+DPA:

Hg 
Total n-3s:Hg Total PUFAs:Hg 

15.38 19.23 - 38.46 - 

Burbot 

Mustard Lake 5 7.04 ± 1.73 10 ± 2.51 11.26 ± 2.89 11.89 ± 3.09 20.76 ± 5.2 
Trout Lake 9 2.26 ± 0.71 2.97 ± 0.94 3.21 ± 1.02 3.45 ± 1.08 5.13 ± 1.57 

Overall 14 3.97 ± 2.62 5.48 ± 3.83 6.08 ± 4.38 6.46 ± 4.62 10.71 ± 8.38 

Cisco 

Ekali Lake 5 15.22 ± 8.36 21.22 ± 12 23.31 ± 13.33 33.14 ± 22.66 45.18 ± 31.36 
Gargan Lake 1 30.97 39.56 42.96 57.36 77.65 

Kakisa Lake 8 39.14 ± 10.61 57.78 ± 18.77 64.27 ± 22.37 84.79 ± 41.18 110.94 ± 56.85 

Sanguez Lake 1 11.04 16.89 18.69 28.93 38.63 
Trout Lake 6 49.05 ± 9.4 67.17 ± 14.8 73.6 ± 16.7 99.73 ± 25.84 125.51 ± 33.26 

Overall 21 34.55 ± 16.39 48.94 ± 24.2 54.00 ± 27.24 72.80 ± 40.49 94.42 ± 52.72 

Lake Trout 

Mustard Lake 39 12.67 ± 7.95 18.34 ± 12.93 21.8 ± 16.2 26.75 ± 23.12 38.17 ± 34.28 

Trout Lake 12 29.15 ± 26.94 37.55 ± 34.99 45.11 ± 42.01 64.55 ± 63.1 86.46 ± 81.88 

Overall 51 16.54 ± 16.05 22.86 ± 21.55 27.29 ± 26.22 35.64 ± 39.3 49.54 ± 52.88 

Lake Whitefish 

Ekali Lake 11 25.1 ± 10.03 35.37 ± 16.27 38.94 ± 18.36 49.52 ± 28.29 71.27 ± 44.04 

Gargan Lake 16 19.91 ± 12.05 28.37 ± 17.07 31.31 ± 18.74 37.41 ± 23.41 54.29 ± 34.05 
Kakisa Lake 10 57.67 ± 26.36 90.82 ± 47.33 101.78 ± 54.29 132.66 ± 81.75 184.47 ± 118.55 

McGill Lake 9 11.46 ± 7.25 17.58 ± 10.34 19.58 ± 11.37 22.66 ± 13.18 32.85 ± 18.51 
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Sanguez Lake 3 33.98 ± 19.05 51.08 ± 29.22 57.33 ± 33.52 87.3 ± 59.13 125.37 ± 90.66 
Tathlina Lake 9 25.58 ± 13.48 36.35 ± 16.54 39.78 ± 18.16 47.44 ± 21.06 66.93 ± 30.64 

Trout Lake 10 44.89 ± 9.89 67.71 ± 20.24 74.45 ± 23.89 89.14 ± 36.41 120.97 ± 58.34 

Overall 68 30.23 ± 20.44 45.10 ± 33.4 49.97 ± 37.73 62.56 ± 52.78 87.96 ± 75.44 

Northern Pike 

Ekali Lake 17 4.69 ± 3.1 5.85 ± 3.9 6.27 ± 4.15 6.73 ± 4.42 9.23 ± 6.04 

Gargan Lake 15 5.27 ± 3.46 6.5 ± 4.25 7.08 ± 4.64 7.4 ± 4.83 10.22 ± 6.46 

Kakisa Lake 10 11.32 ± 13.29 14.5 ± 16.49 16.3 ± 18.33 17.75 ± 19.87 23.05 ± 25.25 

McGill Lake 8 5.31 ± 4.41 6.9 ± 6.13 7.63 ± 6.89 8.45 ± 7.83 11.2 ± 10.43 
Mustard Lake 5 13.16 ± 6.47 16.45 ± 7.83 17.91 ± 8.57 18.73 ± 8.88 26.68 ± 11.26 

Sanguez Lake 10 1.89 ± 2.23 2.25 ± 2.64 2.4 ± 2.82 2.65 ± 3.1 3.52 ± 4.00 

Tathlina Lake 10 5.18 ± 3.72 6.50 ± 4.80 7.12 ± 5.29 7.49 ± 5.51 10.48 ± 7.79 
Trout Lake 10 13.55 ± 6.4 17.08 ± 8.09 18.52 ± 8.71 20.88 ± 9.37 26.56 ± 11.64 

Overall 85 6.90 ± 6.91 8.68 ± 8.69 9.49 ± 9.59 10.29 ± 10.44 13.75 ± 13.44 

Walleye 

Ekali Lake 17 8.27 ± 8.5 10.03 ± 10.12 10.73 ± 10.76 11.71 ± 11.51 15.88 ± 15.2 
Kakisa Lake 8 7.39 ± 4.87 9.21 ± 6.07 10.26 ± 6.72 10.96 ± 7.18 14.81 ± 9.57 

McGill Lake 7 1.5 ± 0.43 1.94 ± 0.58 2.14 ± 0.66 2.37 ± 0.8 3.27 ± 1.10 

Sanguez Lake 7 3.36 ± 4.37 3.94 ± 5.05 4.23 ± 5.35 4.58 ± 5.69 6.14 ± 7.45 

Tathlina Lake 9 2.47 ± 1.34 3.16 ± 1.9 3.47 ± 2.12 3.76 ± 2.40 5.59 ± 3.73 
Trout Lake 11 15.94 ± 14.83 20.54 ± 20.02 21.98 ± 21.42 23.75 ± 22.9 30.58 ± 30.04 

Overall 59 7.31 ± 9.32 9.15 ± 12.04 9.87 ± 12.87 10.68 ± 13.8 14.26 ± 17.99 

Sucker1 

 

Kakisa Lake 14 21.86 ± 13.26 32.57 ± 19.12 36.91 ± 22.05 43.39 ± 24.27 61.5 ± 35.93 

McGill Lake 8 8.12 ± 2.52 10.69 ± 3.45 11.94 ± 3.91 12.72 ± 4.19 18.27 ± 5.93 

Mustard Lake 1 17.51 23.69 26.88 30.50 42.37 

Tathlina Lake 6 10.27 ± 2.86 18.32 ± 5.82 21.42 ± 7.15 28.85 ± 11.18 45.71 ± 19.8 

Trout Lake 6 15.96 ± 3.45 26.72 ± 8.23 31.22 ± 10.52 49.34 ± 22.41 78.97 ± 40.99 

Total 35 15.6 ± 10.29 23.87 ± 15.36 27.28 ± 17.75 34.54 ± 22.59 51.36 ± 35.33 

Longnose 

Sucker 

 

Kakisa Lake 7 26.73 ± 16.62 39.05 ± 24.36 44.22 ± 28.35 52.56 ± 30.74 73.99 ± 46.5 
McGill Lake 4 7.47 ± 3.51 9.64 ± 4.65 10.76 ± 5.24 11.38 ± 5.42 16.23 ± 7.42 

Mustard Lake 1 17.51 23.69 26.88 30.50 42.37 

Tathlina Lake 1 12.75 16.06 17.77 19.32 26.69 

Trout Lake 6 15.96 ± 3.45 26.72 ± 8.23 31.22 ± 10.52 49.34 ± 22.41 78.97 ± 40.99 

Overall 19 18.05 ± 12.43 26.94 ± 18.73 30.77 ± 21.75 39.96 ± 27.58 59.25 ± 43.55 

White Sucker 

Kakisa Lake 7 16.99 ± 7.03 26.08 ± 10.03 29.59 ± 11.15 34.23 ± 11.65 49.01 ± 16.49 

McGill Lake 4 8.77 ± 1.2 11.75 ± 1.79 13.12 ± 2.12 14.06 ± 2.62 20.31 ± 3.97 

Tathlina Lake 5 9.77 ± 2.9 18.77 ± 6.39 22.15 ± 7.74 30.75 ± 11.36 49.52 ± 19.53 

Overall 16 12.68 ± 6.15 20.21 ± 9.36 23.15 ± 10.64 28.10 ± 12.75 41.99 ± 19.52 
1 Combining Longnose and White Sucker data sets. 
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Supplementary Figure A1. EPA+DHA vs. Total Mercury (HgT) concentrations from the muscle tissue samples of fish species 

harvested across lakes in the Dehcho during 2013, 2014, and 2015. 
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Appendix B – Supplementary Tables 
 

Supplementary Table B1. Primary contributors to the 

variance of total DHA intake (g d-1). 

Input Variable 
Contribution to  

Variance (%) 

Rank 

Correlation 

LKWH_IR 24% 0.47 
LKTR_% Consuming 14% 0.36 

LKWH_% Consuming 6.2% 0.24 

WALL_% Consuming 5.8% 0.23 

LKTR_IR 5.4% 0.22 
NRPK_% Consuming 5.3% 0.22 

* LKWH_[DHA] 3.6% 0.18 

* LKWH_[EPA+DHA] 2.6% 0.15 
NRPK_IR 2.5% 0.15 

* LKTR_[DHA] 2.2% 0.14 

* indicates correlated assumptions (Crystal Ball outlines that therefore 
sensitivity data may be misleading) 

 

Supplementary Table B2. Primary contributors to the 

variance of total EPA+DHA intake (g d-1). 

Input Variable 
Contribution to 

Variance (%) 

Rank 

Correlation 

LKWH_IR 26% 0.50 

LKTR_% Consuming 12% 0.34 

LKWH_% Consuming 6.8% 0.26 
LKTR_IR 4.9% 0.22 

WALL_% Consuming 4.3% 0.20 

NRPK_% Consuming 3.9% 0.19 
* LKWH_[EPA+DHA] 3.8% 0.19 

* LKWH_[DHA] 3.7% 0.19 

* LKWH_[EPA+DHA+DPA] 3.6% 0.19 
* LKWH_[N-3] 3.3% 0.18 

* indicates correlated assumptions (Crystal Ball outlines that therefore 

sensitivity data may be misleading) 

 

Supplementary Table B3. Primary contributors to the 

variance of total omega-3 intake (g d-1). 

Input Variable 
Contribution to 

Variance (%) 

Rank 

Correlation 

LKWH_IR 22% 0.48 
LKTR_% Consuming 11% 0.35 

LKWH_% Consuming 6.3% 0.26 

* LKWH_[N-3] 6.0% 0.25 

* LKWH_[EPA+DHA+DPA] 5.8% 0.25 
* LKWH_[EPA+DHA] 5.7% 0.25 

* LKWH_[PUFAs] 5.5% 0.24 

* LKWH_[DHA] 4.6% 0.22 
LKTR_IR 4.1% 0.21 

WALL_% Consuming 2.9% 0.17 

* indicates correlated assumptions (Crystal Ball outlines that therefore 
sensitivity data may be misleading) 

 

Supplementary Table B4. Primary contributors to the 

variance of total PUFA intake (g d-1). 

* indicates correlated assumptions (Crystal Ball outlines that therefore 

sensitivity data may be misleading 

 

  

Input Variable 
Contribution to 

Variance (%) 
Rank Correlation 

LKWH_IR 21% 0.48 

LKTR_% Consuming 11% 0.34 

* LKWH_[PUFAs] 6.7% 0.27 
* LKWH_[N-3] 6.6% 0.27 

* LKWH_[EPA+DHA+DPA] 6.3% 0.26 

LKWH_% Consuming 6.3% 0.26 

* LKWH_[EPA+DHA] 6.0% 0.25 
* LKWH_[DHA] 4.4% 0.22 

LKTR_IR 4.0% 0.21 

SUCK_% Consuming 3.0% 0.18 



 139 

Supplementary Table B5. Primary contributors to the variance of methylmercury intake (g kg-

1 d-1). 
Input Variable Contribution to  

Variance (%) 

Rank  

Corr. 

NRPK_% Consuming 22% 0.40 

WALL_% Consuming 21% 0.40 
* NRPK_[HgT] 7.4% 0.24 

General Population BW 5.9% -0.21 

LKTR_% Consuming 5.2% 0.20 

NRPK_IR 5.1% 0.20 
LKWH_IR 3.8% 0.17 

WALL_IR 3.3% 0.16 

LKTR_IR 2.7% 0.14 
* WALL_[HgT] 2.5% 0.14 

* Indicates correlated assumptions (Crystal Ball outlines that therefore sensitivity data may be misleading)  
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