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Abstract 

The unique climatic conditions and isolated geographies of Arctic communities present 

distinct challenges for municipal wastewater treatment. Most communities depend on natural 

wetlands to provide passive treatment of wastewater; however, increased pressure on these 

systems from prolonged use, climate change, and intensifying human activity has resulted in the 

recent development of northern-specific standards for wastewater. These standards, among 

other objectives, aim to maintain healthy fish populations and diverse aquatic ecosystems, while 

calling for community consultation, integration of traditional knowledge, and adherence to 

federal and territorial regulations. A passive wastewater treatment system near Baker Lake, NU, 

served as a case study to address knowledge gaps regarding ecosystem function and trace metal 

dynamics in abiotic and biotic ecosystem compartments subject to wastewater inputs. 

Additionally, this research explored a method for time-resolved analysis of contaminant histories, 

which is particularly valuable in environments lacking baseline data or where regular monitoring 

is challenging, including in the Arctic.  

Between the summers of 2019 and 2021, a series of lakes that represented wastewater-

affected and reference systems were sampled for water, sediment, and fish. Water from 

wastewater-affected lakes had elevated concentrations of metals (e.g., Mn, Fe, Cu) and increased 

primary productivity (as inferred from chlorophyll-a concentrations), with persistent 

hypereutrophic conditions; extremely low dissolved oxygen levels were recorded in the lake 

closest to wastewater influent. Although sediment analysis near wastewater sources indicated 

higher levels of Cu and Zn, overall sediment chemistry was similar across all sites. The influence 

of wastewater on the trophic ecology of Burbot (Lota lota) was minimal, whereas Arctic grayling 



 
  

iv 

(Thymallus arcticus) had more enriched (i.e., less negative) δ13C at wastewater-affected sites, 

suggesting altered energy pathways in lakes that receive nutrients from wastewater. Analyses of 

metals in muscle tissue revealed lower, although not significant, concentrations of 

methylmercury – the toxic, biomagnifying form of mercury - in fish from wastewater-affected 

sites compared to those from reference sites. These lower concentrations of methylmercury in 

fish muscle tissue occurred despite higher concentrations in abiotic media, potentially because 

of somatic growth dilution, but more research is necessary. Analyses of trace metals in otoliths 

revealed distinct multi-element otolith signatures (i.e., Zn, Mn, Cu, Fe, and Pb) between 

wastewater-affected and reference lakes, and significantly greater concentrations of Fe in a lake 

receiving wastewater across two reconstructed periods of growth. Together, findings from this 

research not only fill knowledge gaps regarding the influence of municipal wastewater on cold, 

oligotrophic freshwater systems in the subarctic, but also highlight the potential uses and 

limitations of otoliths as markers of wastewater exposures. 
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Chapter 1 
General Introduction 

 
1.1 Treatment of municipal wastewater in the Canadian Arctic 

People in communities of the Canadian Arctic have a unique connection to the land 

because they rely directly on it for wild-harvested foods and drinking water. In the 1950s, colonial 

policies in Canada resulted in Inuit - Indigenous inhabitants of what is now called the Canadian 

Arctic - changing from a semi-nomadic lifestyle to a lifestyle based in permanent human 

settlements. Human settlements imposed new requirements on local environments beyond 

subsistence, including receipt of year-round human waste. Waste management is a challenge for 

communities globally, and this is especially true in the Arctic, where extreme climates, remote 

locations, and minimal infrastructure limit the efficiency and efficacy of wastewater treatment 

(Lam and Livingston, 2011).  

In response to persistent and widespread problems emerging from undertreated human 

wastewater in Canadian waterbodies, the Canadian government established the “Wastewater 

Systems Effluent Regulations” (WSER) under the Fisheries Act in 2012 (SOR/2012-139) (ECCC, 

2015). The regulations were created to protect fish and fish habitat, and to prevent pollution. At 

the time of WESR implementation, the Northwest Territories, Nunavut, and communities north 

of the 54th parallel in Quebec or Newfoundland and Labrador were exempt from meeting the 

minimum effluent quality standards due to the unique, and often extreme, conditions and 

challenges in northern environments (ECCC, 2015; Johnson, 2008). Municipal wastewater 

systems in exempt regions fall under the jurisdiction of provincial or territorial regulatory bodies. 
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For instance, wastewater projects in Nunavut are currently regulated by the Nunavut Waters and 

Nunavut Surface Rights Tribunal Act and are enforced by the Nunavut Water Board. 

It is crucial to acknowledge the unique challenges of implementing efficient infrastructure 

in Northern communities, including the presence of permafrost, severe temperatures, costs of 

construction, and lack of trained personnel. This acknowledgment ensures that limited resources 

are not wasted on regulations that are tailored to more southerly regions and infeasible in the 

north. In Nunavut, the WSER exemption prompted discussions among territorial officials, Inuit 

organizations, community members, and researchers. They collectively agreed that 

understanding the current wastewater treatment systems in the Canadian Arctic is crucial before 

developing plans for future approaches (Johnson, 2008; Lam and Livingston, 2011). 

During the last decade, studies on wastewater treatment in the North have centered on 

design and function (Schmidt et al., 2016; Yates et al., 2020, 2012), microbial risks (Daley et al., 

2022; Gromala et al., 2021; Hayward et al., 2018), contaminants of concern (Chaves-Barquero et 

al., 2016; Stroski et al., 2020), and public health implications (Daley et al., 2018; Health Canada, 

2010). With a deeper understanding of the operational constraints of wastewater treatment in 

the Arctic, a National Standard of Canada (CSA W203:19) was developed for the Planning, design, 

operation, and maintenance of wastewater treatment in northern communities using lagoon and 

wetland systems. This standard deems passive systems to be the most appropriate method for 

treatment of wastewater in Arctic environments. 

Passive treatment in the Arctic dates back to 1969, following the introduction of 

guidelines for wastewater lagoons, also known as stabilization ponds (Dawson and Grainge, 

1969). Lagoons are designed to hold community wastewater for an entire year. In winter, 
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wastewater accumulates, and heavy solids settle to the bottom. Treatment occurs from spring 

thaw to autumn freeze-up, typically spanning a period of three to four months (Hayward et al., 

2014). During this ice-free period, engineered lagoons discharge water at scheduled intervals. In 

contrast, natural lagoons use existing tundra depressions, reinforced with gravel berms, to 

manage wastewater release (Yates, 2012). Natural lagoons are intended to gradually release 

water, but problems such as breaches in the containment berms or capacity overflows can lead 

to accidental releases. These incidents reduce the time wastewater stays in the lagoon, 

potentially undermining the effectiveness of the treatment process (Balch et al., 2018).  

Wetlands naturally treat wastewater through a combination of physical, chemical, and 

biological processes. As wastewater flows through a tundra wetland, suspended solids settle, and 

microbes break down organic materials and nutrients (Chouinard et al., 2014). Additionally, 

plants take up nutrients, particularly nitrogen and phosphorus, and provide habitat for microbial 

communities that degrade contaminants (Vymazal, 2007; Yates et al., 2012). Furthermore, water 

quality is improved through filtration, ultraviolet irradiation, chemical precipitation, and 

volatilization processes that occur within the tundra wetlands (Balch et al., 2018). A study 

conducted across four communities in Nunavut revealed that wetlands effectively reduced both 

carbonaceous biochemical oxygen demand (CBOD5) and total suspended solids (TSS) by as much 

as 80% (Ragush et al., 2015). In a separate investigation in the same region, pharmaceutical 

concentrations were found to be at low levels, posing minimal risk to aquatic organisms (Stroski 

et al., 2020). However, the presence of per- and polyfluorinated alkyl substances raise concerns 

and signal the need for ongoing monitoring (Muir et al., 2019). 
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The effectiveness of passive wastewater treatment in wetlands depends on the relative 

rate of input and assimilation. For treatment to be successful, the rate of contamination should 

not surpass the rate of removal. While many Arctic wastewater wetlands have been operational 

for 30 to 40 years (Yates, 2012), research shows that newer and deeper systems are more 

effective, largely attributed to less resuspension of solids (Ragush et al., 2015). As such, Northern 

community members have raised concerns about the efficiency and capacity of existing 

wastewater systems. These concerns are heightened due to the introduction of new standards 

for Northern lagoon wastewater systems (CSA W203:19), increasing populations, and the 

emergence of new contaminants (Johnson, 2008; Yates et al., 2020). Ultimately, residents in the 

North seek to understand and reduce the effects of municipal wastewater discharge on aquatic 

ecosystems and public health. 

1.2 Downstream effects of wastewater on water quality and biota 

 Performance, and subsequent effluent quality from passive wastewater treatment 

systems in the Arctic, vary seasonally and are affected by loading and removal rates of primary 

constituents of interest, including nitrogen, phosphorus, and suspended solids (Hayward et al., 

2014; Yates et al., 2012). Wastewater contains a variety of contaminants including bacteria, 

viruses, heavy metals, and micropollutants such as pharmaceuticals, which often adhere to 

particulate matter. Previous studies, such as those conducted by Balch et al. (2018) and Hayward 

et al. (2014), have documented that the quality of effluent in tundra wetlands is at its lowest 

during the spring freshet when turbidity is often highest. Spring freshet often also results in 

decreased residence time, which reduces the efficiency of removing and transforming 

contaminants and excess nutrients from wastewater (Stroski et al., 2020; Yates et al., 2012). In 
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short, physical properties of the wastewater and water flow vary seasonally, and thus so too does 

the efficacy of wetland treatment processes.  

 Other variables that impact performance of wastewater tundra wetlands include 

temperature of both water and soil, the diversity of plant and microbial communities, wetland 

surface area, and oxygen availability. Huang et al., (2021) found that biological processing and 

nutrient removal in Arctic wastewater lagoons was higher at warmer temperatures, likely due to 

elevated bacterial activity. Similarly, the treatment performance of lagoon-tundra systems 

reaches its peak at the end of open-water season, when plants exhibit the greatest capacity for 

nutrient assimilation and contaminant removal (Yates et al., 2012). In wetland soils where oxygen 

supply, or redox potential, is limited, microbial communities adapt by utilizing alternative 

electron acceptors, a shift that profoundly affects their composition and size. This adaptation is 

critical for processes like nutrient cycling and metal transformation, influencing the toxicity and 

bioavailability of various substances in the ecosystem. 

Anoxia, a common occurrence in tundra wastewater wetlands, can begin during the ice-

on season and persist even after ice break-up. A detailed study of a natural tundra wastewater 

wetland in Coral Harbour, Nunavut, reported anoxic conditions until mid-summer, which 

adversely affected treatment performance (Hayward et al., 2014). Low dissolved oxygen 

concentrations have significant impacts on local biota. In Iqaluit, Nunavut, for example, benthic 

invertebrate communities were found to be depauperate up to 580 m from the effluent source 

(Krumhansl et al., 2015). Similar negative effects of wastewater-induced anoxia on biota have 

been documented in southern Canada (Chambers et al., 1997; Tetreault et al., 2013). Beyond the 

direct effect of anoxia, wastewater can further impair diversity, density, and composition of biota 
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through chronic exposure to contaminants, eutrophication, and habitat disturbances, such as 

changes in turbidity and temperature (Chambers et al., 1997).  

1.3 Monitoring Arctic freshwater ecosystems 

Arctic freshwater ecosystems, including rivers, ponds, wetlands, lakes, and streams, are 

integral to the nutrition, economy, and cultural practices of Inuit (Hughson, 2010). The subarctic 

Barrenlands, spanning mainland Nunavut and eastern portions of the Northwest Territories, are 

defined by dynamic networks of interconnected lakes and streams, known as chain-lake systems. 

These systems foster diverse ecosystems and influence regional hydrology, making them 

particularly sensitive to change in climate and land use (Heino et al., 2020). Comprehensive 

monitoring and management strategies are essential to effectively steward these ecosystems. 

In Canada, various frameworks are used to monitor, assess, and protect ecosystem 

health. One such framework is the Canadian Environmental Effects Monitoring (EEM) program. 

Established as a robust and effects-based regulatory framework, the EEM has been instrumental 

in establishing monitoring criteria across multiple trophic levels (Gibbons and Munkittrick, 1994; 

McMaster et al., 2006; Ribey et al., 2002). Central to the EEM approach is the identification of 

significant impacts of environmental stressors through measurable biological effects in 

organisms. This framework, which effectively combines physical, chemical, and biological data, is 

applicable to a range of different ecosystems (Munkittrick et al., 2010). The Canadian EEM 

program exemplifies how targeted, multi-faceted approaches, such as choosing locally important 

species, can substantially contribute to our understanding and preservation of ecosystem health. 

Generally, EEM programs focus on comparing fish and benthic invertebrates (i.e., 

representative of fish habitat) between receiving environments and references areas. The 
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selection of organisms for monitoring within the Environmental Effects Monitoring (EEM) 

framework is guided by the specific objectives and attributes of each study (Kilgour et al., 2007). 

Benthic invertebrates are particularly valued as indicators due to their limited mobility and 

relatively short life cycles. These characteristics enable them to provide rapid and localized 

reflections of environmental changes, offering timely insights into the health of aquatic 

ecosystems (Kilgour et al., 2007). Conversely, fish serve as comprehensive sentinels of ecological 

health, integrating and accumulating data from both abiotic elements, such as water quality and 

sediment conditions, and biotic factors, including the health of invertebrate populations (Kilgour 

et al., 2005; Munkittrick et al., 2010, 2002). This integration makes fish exceptionally effective at 

signaling broader ecological shifts and disturbances. 

A fundamental aspect of many environmental monitoring frameworks, including the EEM, 

is choice of sentinel species. A sentinel species is an organism that is particularly sensitive to 

environmental changes, making it a reliable indicator of the overall health of an ecosystem. 

Monitoring sentinel species, rather than relying solely on abiotic factors, such as water quality, 

help detect subtle yet significant ecological shifts, especially in response to pollutants or other 

anthropogenic pressures. Munkittrick et al. (2002) elucidate the advantages of choosing a species 

with a known home range or strong site fidelity. This approach minimizes variability within a site, 

leading to a monitoring protocol that is both robust and sensitive, with reduced natural bias. 

Anthropogenic perturbations, such as those from industrial or municipal wastewater, 

impact biological endpoints that reflect energy use and storage, including age, growth, and liver 

or gonad size. Increased food availability from eutrophication can also affect population age 

structures, via increased rates of reproduction and survival rates, and faster growth rates 
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(Munkittrick, 1992). Conversely, stressors that limit food availability may reduce energy use and 

storage. The complex interactions of multiple stressors, as well as the unique physiology and 

ecology of a sentinel species, result in varying effects for biological endpoints (Fuzzen et al., 

2016). Within the EEM program, warning-level effects are identified by specific ecological 

thresholds, such as a greater than 25% difference in fish age, growth, and liver or gonad size 

between impacted and reference sites (Munkittrick et al., 2009). Additionally, Kilgour et al. (2007) 

state that a change exceeding 10% in fish condition factor, the ratio of body weight-to-length, is 

a significant indicator of ecological change. These criteria for warning-level effects in sentinel 

species within the EEM framework provide a basis for hypotheses development in this study of a 

wastewater wetland near Baker Lake, Nunavut, Canada. 

1.3.1. Arctic grayling 

Arctic grayling (Thymallus arcticus), or Sulukpaugaq in Inuktitut, is a widely distributed 

large-bodied fish species that is present in many circumpolar regions, including the Canadian 

subarctic and low Arctic. Highly valued by both subsistence and recreation fishers (Kitikmeot Inuit 

Association, 2006; Scott and Crossman, 1973), Arctic grayling have plastic life histories (Reed, 

1964; Scott and Crossman, 1973) but are sensitive to environmental change, namely increased 

water temperature (Stewart et al., 2007a) and turbidity (Birtwell, 1984). As visual predators, 

turbidity influences feeding efficiency and diet, and contributes to Arctic grayling feeding 

opportunistically at intermediate trophic levels (Stewart et al., 2007b). Juveniles (< 150 mm FL) 

feed primarily on aquatic macroinvertebrates and are prey to larger grayling and top piscivores, 

such as Lake trout (Salvelinus namaycush) and Burbot (Lota lota) (Stewart et al., 2007b). The diet 

of adult Arctic grayling expands to include terrestrial insects and small-bodied fish as they 
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increase in size and age, yet adults remain prey for larger fish (Stewart et al., 2007b). The 

importance of Arctic grayling to subsistence and recreational fisheries, their sensitivity to 

anthropogenic change, and their generalist diet make them useful sentinel species (e.g., Laske et 

al., 2018; Reynolds et al., 1989). 

1.3.2. Burbot 

Burbot (Lota lota), Tiktaalik in Inuktitut, sometimes referred to as ling cod, have a 

circumpolar distribution and occupy top trophic levels in many Arctic lakes (Cott et al., 2011) 

Primarily residing in benthic habitats, Burbot experience ontogenetic dietary shifts from 

macroinvertebrates to fish as they grow and mature (Amundsen et al., 2003). Once diet is 

primarily comprised of fish, prey size is dependent on body size (Amundsen et al., 2003). Despite 

some overlap with prey used by Arctic grayling early in life, Burbot occupy distinct trophic niches 

from Arctic grayling at most life stages. Thus, Burbot may be helpful as a secondary large-bodied 

sentinel species (Munkittrick et al., 2002).  

1.4 Local context 

The Hamlet of Baker Lake, or Qamani’tuaq (“where the river widens” in Inuktitut), is in 

the Kivalliq region of Nunavut, approximately 40 km northwest of the Kazan River, and 280 km 

inland from the western shore of Hudson Bay (Tariuq). In addition to the Kazan, the Thelon River 

is a major water source to Baker Lake, entering the lake immediately west of the Hamlet. The 

waterbody of Baker Lake drains through Chesterfield Inlet (Igluligaarjuk) into Hudson Bay. 

Before the onset of European colonization, the Kazan River and surrounding drainage 

basin supported one of the few Inuit groups in the Canadian Arctic that lived inland (Kigjugalik 

Webster, 2001). Inuit peoples of the Barrenlands migrated with caribou herds, and supplemented 
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their diet with fish, berries, small mammals, and birds (Kigjugalik Webster, 2001). Complex 

circumstances in the early 20th century including famine, fur trade, and colonialist ideals resulted 

in the permanent settlement of nine different cultural groups on the northwest shore of Baker 

Lake (Kigjugalik Webster, 2001)1. Today, Baker Lake remains the only inland community in 

Nunavut. Over time, permanent settlement has imposed unprecedented challenges to Inuit who 

once lived semi-nomadic lifestyles (Daley et al., 2015). Waste management is one of these 

challenges.  

In Baker Lake, sewage collected from private dwellings and municipal buildings is trucked 

to a dumpsite north of town, where it is deposited into an un-engineered (i.e., natural) holding 

cell that receives approximately 7.67 x 107 L of sewage per year (Stroski et al., 2020). The holding 

cell acts as a facultative pond in which solid waste settles to the bottom, and wastewater flows 

through a wetland floodplain down to Lagoon Lake, the first of three lakes in a passive wetland 

treatment system. A wetland connects Lagoon Lake to Finger Lake, which flows via a stream to 

Airplane Lake. With a slope of approximately 1-2%, the entire chain lake system is estimated to 

be 3.3 km in length, and 14-80 m in width. The community landfill is located on the south shore 

of Finger Lake and is a secondary source of contamination to Finger and Airplane lakes. In contrast 

to the generally clear waters observed on tundra landscape, Airplane Lake is turbid and visually 

green. Locals have altered their land use in response to the visual changes in Airplane Lake by 

ceasing all recreational and subsistence fishing activities for fear of contamination (P. Tapatai, 

                                                       
1 According to Baker Lake elders the cultural groups of inland Inuit that settled on the northwest shore of Baker 
Lake include: Iluiliqmiut, Kihlirnirmiut, Hanningayuqmiut, Ukkuhiksalingmiut, Qairnirmiut, Hauniqturmiut, 
Akilinirmiut, Harvaqtuurmiut, and Paarlirmiut  (Kigjugalik Webster, 2001). 
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pers. comm., Aug. 2019). Final discharge of effluent from the wastewater wetland occurs via a 

creek that connects Airplane Lake to Baker Lake. 

The Lagoon-Finger-Airplane Lake wetland treatment area is situated 1 km north of the 

hamlet, within an 18 km2 watershed, and has serviced municipal wastewater since at least 1980. 

In 2007, the Hamlet of Baker Lake hired private consultants to ensure the wastewater wetland 

effectively treated sewage and solid wastes. Consultants determined the holding cell was 

inadequate, with a retention time of only three days (Nunami Stantec, 2011). As a result, 

upgrades implemented in 2010 transformed the wetland into an "augmented natural wetland" 

(see Yates et al., 2020) by strengthening the holding cell walls, constructing an additional holding 

cell, and improving attenuation. Berms, comprised of coarse gravel and sand, were placed 

between the holding cells and Lagoon Lake as well as between Lagoon Lake and Finger Lake 

(Nunami Stantec, 2011). The Hamlet relies on the system improvements implemented in 2010 to 

protect downstream ecosystems and human health; however, berm failure is common during 

spring freshet2. All publicly available water quality reports since 1994 have been summarized 

(Table S1.1) and indicate that exceedances of CCME guidelines are more common in June 

(freshet) than in July or August.  

1.5 Study rationale 

The lagoon-tundra wastewater treatment wetland adjacent to the hamlet of Baker Lake 

is part of a larger watershed that drains into the waterbody of Baker Lake, which is also the 

municipal water source for the Hamlet. Given that Baker Lake is a vital source of water for the 

                                                       
2 Indicated by Water License Reports to the Nunavut Water Board (i.e., 2015, 2017), the Baker Lake Waste Disposal 
Foreman (P. Narkyagik, pers. comm., July. 2019), and personal field observations (i.e., 2018, 2019, 2021). 
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community, upgrades to the current wastewater treatment system have been requested by the 

community. Accordingly, Agnico Eagle Mines, which operates the Meadowbank Gold Mine 

located approximately 70 km north of town and employs many people in the community, has 

partnered with researchers, the Kivalliq Inuit Association, the Department of Fisheries and 

Oceans, and the Baker Lake Hunters and Trappers Organization to understand the current 

function and ecological state of the wetland treatment system surrounding Baker Lake.  

Foundational research completed during the last decade has indicated that passive 

wastewater treatment is appropriate for Arctic regions; however, many of these studies did not 

address impacts on human and environmental health (Daley et al., 2018). Recent research has 

shown that systems engineered to regulate flow and allow a full season of passive treatment, 

combined with effective risk communication to communities, can mitigate risks to human health 

(Daley et al., 2022, 2019). While recent research has begun to assess and address the effect of 

municipal wastewater on Arctic marine ecosystems (Back et al., 2021; Schaefer et al., 2022), the 

impact of wastewater on freshwater ecosystems has received limited research attention and 

remains a priority research area.  

1.6 Study Objectives 

 The overall objective of this study is to improve the biological and ecotoxicological 

understanding of freshwater lagoon-tundra wastewater wetlands in the Canadian Arctic, using a 

case study of one system located near the Hamlet of Baker Lake, NU. The research conducted 

addresses community concerns regarding the efficacy of passive wastewater treatment via 

wetlands in the Baker Lake area and fills knowledge gaps regarding effects on fish. Responding 

to a common problem faced by researchers and communities alike in the Canadian Arctic with 
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respect to lack of pre-impact or longer-term baseline data, research was also conducted to assess 

whether otolith microchemistry can be used to reconstruct time-resolved concentrations of 

metals in fish from contaminated wastewaters.  

To improve our understanding of freshwater lagoon-tundra wastewater wetlands in the 

Canadian Arctic, I: 1) characterized chemistry of abiotic and biotic ecosystem compartments 

along the wastewater flow path; 2) compared biological endpoints and metal concentrations of 

fish from wastewater-affected and reference systems; and 3) investigated metabolically inert fish 

otoliths as a tool for reconstructing past metal exposure. I hypothesized that 1) all ecosystem 

compartments from the wastewater-impacted lakes would have elevated trace metal 

concentrations relative to reference lakes; 2) nutrient concentrations and chlorophyll-a 

concentrations in water, and indicators of energy storage in fish (e.g., condition and lipid 

content), would be higher in wastewater-impacted lakes relative to reference lakes; and, 3) metal 

concentrations in areas of the otolith that represent recent growth would be higher in 

wastewater-impacted lakes relative to reference lakes, and would be correlated with 

concentrations of metals in soft fish tissue. 
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Chapter 2 
Metal Dynamics in a Natural Lagoon-Tundra Wastewater Wetland: 

Insights from Baker Lake, Nunavut, Canada 
 
2.1 Introduction 

As the first inhabitants of the now Canadian Arctic, Inuit – meaning “the people” in 

Inuktitut – have always been deeply connected with their ancestral land (Hughson, 2010). Many 

Inuit rely on the land for food and water, making them acutely aware of, and vulnerable to, 

ecosystem degradation. The practice of harvesting traditional, or “country”, foods is not only vital 

for nutrition, but also central to many cultural and spiritual traditions (Hughson, 2010). 

Accordingly, this practice is a key aspect of land use autonomy for the Inuit (Robin et al., 2021). 

Country food in Northern Canada includes foods harvested by hunting and fishing (e.g., caribou, 

Arctic char), as well as foods gathered from the land (e.g., berries, eggs) (Hughson, 2010; Newell 

et al., 2020). While the importance of country food highlights the deep connection Indigenous 

northerners share with their land, this relationship is increasingly challenged by changes in 

lifestyle and land use.  

In the 1950s, government policies resulted in Inuit transitioning from semi-nomadic 

lifestyles to permanent settlements, which has resulted in more concentrated pressures on local 

environments, not only for subsistence foods and water, but also for wastewater management. 

In Arctic communities, wastewater is passively treated through natural or constructed wetlands 

via biogeochemical processes and dilution (Yates et al., 2012). Prolonged exposure to wastewater 

has caused noticeable ecological changes in these wetlands, such as greening and increased 
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vegetation. Residents of Arctic communities have expressed concerns about the potential long-

term effects of wastewater on environmental and human health (Daley et al., 2015). 

Observations of increased productivity in wastewater wetlands are indicative of 

eutrophic, or high nutrient, conditions caused by loading of nitrogen and phosphorus (e.g., 

Wetzel, 2001). Typically, Arctic lakes are mesotrophic or oligotrophic, with medium to low 

productivity. An influx of nutrients from wastewater can induce eutrophication and ultimately 

disrupt a number of ecosystem functions, with effects ranging from reduced water clarity and 

dissolved oxygen concentrations (Holeton et al., 2011) to impacts on health (McMaster et al., 

2005; Tetreault et al., 2011) and feeding behaviour (Stewart et al., 2007b) of fish. Additionally, 

eutrophication may enhance the bioavailability of contaminants, such as metals, further 

increasing risks to fish health and essential ecosystem services such as drinking water, recreation, 

and fisheries (Skei et al., 2000; Wetzel, 2001). 

In addition to causing eutrophication, the introduction of minimally treated municipal 

wastewater can lead to increased metal concentrations in aquatic environments. Bioavailability 

of metals loaded into receiving waterbodies is influenced by elemental speciation (Tessier and 

Campbell, 1987) and several water chemistry variables that are themselves affected by 

wastewater inputs, such as water hardness, pH, temperature, and concentrations of dissolved 

organic carbon (Heath, 1995). Metals in water exist as free ions, inorganic and organic complexes, 

and precipitates bound to organic matter (Tessier and Campbell, 1987). Metal uptake by aquatic 

organisms can occur via exposure from food and water (Bryan, 1976), and route of uptake affects 

tissue- and organ-specific concentrations and sequestration, which is an important consideration 

when monitoring contaminants in aquatic biota. 
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Sentinel fish species are often used to evaluate the impact of stressors on aquatic 

ecosystems because, as longer-lived organisms, fish generally reflect more extensive periods of 

exposure than lower trophic-level organisms (Parks et al., 1991). Sentinel fishes also integrate 

the effects of complex mixtures, such as municipal wastewater (Fuzzen et al., 2016) and are 

therefore relevant indicators of impacts on ecosystem health and functioning. By comparing 

biological endpoints, such as condition factor, of sentinel fish between contaminated and 

references areas, effects of stressors can be assessed (Kilgour et al., 2005; Munkittrick et al., 

2002).  

Quantifying trace metal concentrations in fish tissues is crucial for understanding how 

wastewater effluent affects aquatic ecosystems. This analysis helps assess the bioavailability of 

metals, which is key to understanding the risks they pose to higher consumers. Accumulation of 

diet-derived metals in fish tissue reflects the biogeochemistry of each metal and a myriad of other 

factors, including prey selection (i.e., bulk seston, fish) foraging habitat (i.e., benthic, pelagic), 

and trophic level (e.g., Campbell et al., 2005; Power et al., 2002). Foraging habitat and trophic 

level can be inferred from stable isotope ratios of carbon (13C/12C; δ13C) and nitrogen (15N/14N; 

δ15N), respectively , and relationships between metal concentrations and δ15N  in biota can also 

be used to quantify rates of biomagnification (Kidd et al., 1995b). A food web study in Baffin Bay 

demonstrated that biomagnification rates vary among trace metals (Campbell et al., 2005), with 

total mercury, methylmercury, and zinc biomagnifying between trophic levels as evidenced by 

their positive relationships with δ15N. In contrast, concentrations of cadmium, lead, and nickel 

were negatively related to δ15N and therefore biodiluted. For some metals (e.g., copper, 

magnesium, selenium), concentrations were independent of trophic level (Campbell et al., 2005). 
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In addition to trophic position, metal concentrations in fish can vary between benthic and 

pelagic habitats (e.g., Power et al., 2002). In freshwater ecosystems, δ13C are often used to 

indicate whether a fish predominantly forages on benthic or pelagic carbon sources (Hecky and 

Hesslein, 1995). Hecky and Hesslein (1995) found that top predators in oligotrophic lakes, such 

as those in the Arctic, have narrow δ13C ranges due to dominant reliance on benthic-based carbon 

sources at all trophic levels. However, in eutrophic lakes with light-limited benthic zones, the 

range of δ13C ratios in consumers may be larger due to reliance on both benthic (less depleted 

δ13C) and pelagic (more depleted δ13C) carbon sources (Chandra et al., 2005). 

The influence of municipal wastewater on stable isotope ratios in organisms exposed to 

effluents is shaped by treatment level, final effluent quality, and receiving environment 

characteristics. Studies reveal that higher quality effluents are generally δ15N-enriched (Gaston 

and Suthers, 2004; Hicks et al., 2017; Robinson et al., 2016), in contrast to raw or minimally 

treated wastewater, which is typically δ15N-depleted (Daskin et al., 2008; deBruyn and 

Rasmussen, 2002; Gaston and Suthers, 2004; Hicks et al., 2017). Enriched δ15N results from longer 

nitrification periods during higher-level treatment. Other wastewater treatment processes, such 

as volatilization and denitrification, preferentially involve the lighter stable isotope of nitrogen 

and can also result in δ15N enrichment (Heaton, 1986). Delta15N has been effectively used to trace 

assimilation of nutrients from municipal wastewater sources along a temperate river system; 

enriched values were consistently detected downstream of inputs of wastewater subject to 

advanced treatment (Hicks et al., 2017; Loomer et al., 2015). Effects can be less consistent, 

however, for δ13C. In some systems, fish downstream of wastewater inputs exhibit consistent 

enrichment of δ13C (Hicks et al., 2017) whereas in other systems no pattern has been observed.  
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In addition to effects mediated by wastewater-induced changes in δ15N and δ13C, 

concentrations of metals in fish can respond to effects of wastewater inputs on fish age, size, and 

growth rate (e.g., Farkas et al., 2002), which can all be influenced by wastewater effluent 

(McMaster et al., 2005; Tetreault et al., 2011). Concentrations of bioaccumulating metals 

typically increase with fish size and age but decrease with faster growth rates and higher growth 

efficiency in a process referred to as somatic growth dilution (e.g., Karimi et al., 2007; Pickhardt 

et al., 2002; Trudel and Rasmussen, 2006). In colder, less productive Arctic environments, fish 

tend to grow more slowly and live longer than in temperate systems, which can result in relatively 

high levels of bioaccumulating contaminants (Evans et al., 2005; Schindler et al., 1995). 

Eutrophication caused by wastewater inputs may induce somatic growth dilution of 

bioaccumulating metals in fish, but studies in the Arctic are lacking. 

 In this study, I sought to understand the state of a natural tundra wastewater wetland in 

Baker Lake, Nunavut, Canada, using data from both abiotic and biotic ecosystem components. 

Arctic grayling (Thymallus arcticus) and Burbot (Lota lota) were selected as sentinel species 

because they are widely distributed across the Arctic, highly valued by subsistence and 

recreational stakeholders, and differ in habitat use and trophic ecology. To investigate potential 

effects of municipal wastewater on downstream Arctic freshwater ecosystems, I: 1) characterized 

and compared the abiotic physicochemistry (i.e., water, sediment) of wastewater-affected sites 

(n=3 lakes) and reference sites (n=2 lakes); 2) evaluated differences in fish (Arctic grayling and 

Burbot) trophic ecology (i.e., δ15N, δ13C), energy storage (i.e., C:N, condition), and life history (i.e., 

growth) between wastewater-affected and reference sites; and, 3) investigated size-

standardized differences in metal concentrations in fish muscle tissue between wastewater-
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affected and reference sites. The approach I used advances the baseline understanding of the 

wastewater wetland, particularly in the context of the Hamlet’s desire for upgrades to the 

treatment wetland. Additionally, the results could support the development of a community-

based monitoring program as part of the municipal plan to enhance the wetland. 

2.2 Methods 

2.2.1 Study Area 

Six lakes near the Hamlet of Baker Lake in the Kivalliq region of Nunavut (64.32°N, 

96.02°W), were sampled in July and/or August of 2019 and 2021 (Figure 2.1). Water, sediment, 

bulk seston, Arctic grayling, and Burbot were collected. Three of the lakes comprise the natural 

tundra wastewater wetland north of the community (i.e., Lagoon Lake, Finger Lake, and Airplane 

Lake). Two reference lakes were selected based on accessibility and similar biogeochemistry to 

the largest lake in the wastewater wetland (i.e., Airplane Lake). Both reference lakes were located 

within 3 km of the Baker Lake wastewater wetland. Reference lake 1 (R1) is used for fly-fishing 

and Reference Lake 2 (R2) is commonly used for swimming by residents of Baker Lake (D. Nateela, 

pers. comm., Aug. 2021). The sixth lake is located immediately upstream (West) of the first 

wastewater lake in the lagoon-tundra treatment system (i.e., Upper Lagoon) and is not directly 

affected by wastewater. Data from Upper Lagoon Lake are visualized for comparison but are not 

included in the statistical analyses because the system is hydrologically connected to 

wastewater-affected lakes and thus this lake cannot be considered a reference system.  
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2.2.2 Sample Collection 

Fish were collected using a backpack electrofisher (Smith-Root Inc., Vancouver), 3-hour 

sets of small-mesh gill nets (20 mm mesh size), 24-hour sets of fyke nets (18-26 mm mesh size), 

and angling in accordance with University of Waterloo Animal Care guidelines (AUP #41176). 

Arctic grayling were measured to the nearest millimeter for both fork and total length, while 

burbot were measured for total length only. Fish were then weighed to the nearest gram in the 

field and frozen immediately for shipment to the University of Waterloo. Catch data and  

biological data (means) are summarized in Table S2.4. 

Figure 2.1 Map of the study sites in Baker Lake, Nunavut, Canada. 
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To allow for quantification of among-system variability in δ15N at the base of the food 

web (e.g., Cabana and Rasmussen, 1996), bulk seston was collected from each lake via horizontal 

tows approximately 30 cm below surface with an 80 µm mesh net.  

Sediment and water were sampled in each of 2019 and 2021 in the approximate center 

of inflows and outflows in Finger Lake, Airplane Lake, R1, and R2. Lagoon Lake outflow and Baker 

Lake inflow were sampled in 2019 and 2021, respectively. A composite sediment sample was 

obtained by collecting the top 1 to 3 centimeters of sediment from three replicate Ekman dredge 

deployments. Water samples for total metal and nutrient analysis were collected by grab 

sampling, while samples for trace metals and major ions were collected using a peristaltic pump 

that pumped water through an acid-washed filter cartridge and muffled quartz QMA filter (2.2 

µm pore size, (e.g., U.S. EPA, 1996a). In-field water quality parameters (i.e., temperature, pH, 

DO) were recorded at the time of sampling with a YSI handheld meter (ProDSS) and an Oxyguard 

Handy Polaris (Polaris 2). Near-surface (<30 cm) water samples were also collected in 1L amber 

bottles and filtered through ethanol-rinsed 0.42 µm Whatman GF/F filters for chlorophyll-a 

analysis. Individual filters were stored in opaque petri dishes, and filter volume was recorded.  

Fish, bulk seston, and sediment samples were frozen at -20°C after collection. Water 

samples were kept at 4°C. 

2.2.3 Sample preparation 

 Water samples were shipped to the University of Alberta Biogeochemical Service 

Laboratory, and frozen fish, sediment, and bulk seston were shipped to the University of 

Waterloo Fish Lab. Fish were thawed, and dorsal muscle tissue obtained from the left and right 

side of each fish was re-frozen in a 20 mL glass scintillation vial. An incision was made on the 



 
  

22 

ventral side of the fish, starting at the anus, and ending at the base of the gills. Once the internal 

organs were exposed, fish sex and maturity were determined visually. Gonads and livers were 

removed and weighed. Sagittal otoliths were removed by cutting through the skull of each fish 

and exposing the brain cavity. The membranous sac surrounding the otolith was removed before 

drying and storing in an envelope.  

Sediment, bulk seston, and fish dorsal muscle tissue were freeze-dried using a LabConco 

FreeZone drier set at -54°C and 0.014 mBar for at least 48 hours. Dry samples were ground by 

motor and pestle until homogenized.  

2.2.4 Laboratory analysis 

 Tissue samples, sediment, and water were analyzed at Biotron Center for Experimental 

Climate Change Research (University of Western Ontario, London, ON, CA), an ISO 17025 

accredited laboratory. Total metal concentrations were determined using inductively coupled 

mass spectrometry following EPA Methods 3052 and 200.8 (U.S. EPA, 1996b, 1994). Metals 

selected for analysis (i.e., Al, Mn, Fe, Ni, Cu, Zn, As, Se, Sr, Cd, Hg, Pb) were determined from a 

literature review of metals frequently detected in municipal and landfill wastewaters (Table 

S2.1). Concentrations of total mercury (THg) were detected with a Milestone DMA-80 Direct 

Mercury Analyzer (Italy) DMA following EPA Method 1630 (U.S. EPA, 2007). Methyl mercury 

(MeHg) concentrations were determined using EPA Method 7473 for cold vapour atomic 

fluorescence spectroscopy (U.S. EPA, 1998) with a Tekran 2700 automated MeHg analysis system 

(Toronto, Canada). Sample quality assurance-quality control (QA/QC) was conducted in 

accordance with international standards (Table S2.2). 
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 Dry fish tissue (weight 0.30-0.35 mg) and bulk seston (weight 0.40-0.45 mg) were weighed 

into 3.5 mm tin capsules and sent to the University of Waterloo Environmental Isotope Lab for 

analysis of stable carbon and nitrogen isotope ratios. Carbon and nitrogen stable isotope ratios 

expressed as parts per million (‰) delta values (δ13C, δ15N) were analyzed by a 4010 Elemental 

Analyzer (Costech Instruments, Italy) with a Delta Plus XL (Thermo-Finnigan, Germany) 

continuous flow isotope ratio mass spectrometer (CFIRMS). Accuracy was assured with 

international reference materials (IAEA-N1 & N2, IAEA-CH3 & CH6, USGS-40 & 41) and in-house 

reference materials (EIL-72, EIL-3, JSEC-01). Duplicate samples were analyzed every tenth sample 

to estimate precision. Stable isotope ratios for each sample were determined using the following 

formula: 

Equation 1: δ13C or δ15N = [(Rsample – Rstandard)/Rstandard] * 1000, where R=15N/14N or 13C/12C. 

Select inorganic water analyses were conducted at the ISO 17025 accredited 

Biogeochemical Analytical Service Laboratory (BASL, University of Alberta, Edmonton, AB, ON). 

Concentrations of total nitrogen (TN), total phosphorus (TP), ammonium (NH4), and silica (SiO2) 

were determined by flow injection analysis on a Lachat QuikChem 8500 FIA automated ion 

analyzer (USA). Chlorophyll-a was extracted with 95% ethanol from frozen filters for 12 hours 

before measurement with a Shimadzu RF-1501 Spectrofluorometer (North America Analytical & 

Measuring Instruments). Calcium (Ca) was measured using inductively coupled plasma – optical 

emission spectrometry on a Thermo Scientific ICAP6300 (USA), and chloride (Cl) was measured 

with ion chromatography on a Thermo Scientific Dionex DX600 (USA). Dissolved organic carbon 

(DOC) and sulfate (SO4) were analysed at Western University. DOC was measured using 

phosphoric acid digestion followed by persulphate oxidation on an Aurora 1030W total organic 
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carbon analyzer (USA). SO4 was measured with a Dionex ICS-1600 reagent free ion 

chromatography system (USA) and a AS-50 autosampler (USA).  

2.2.5 Data analysis 

2.2.5.1 Exploratory analysis and data pre-treatment 

An initial exploratory data analysis was performed to check for data entry errors and allow 

for preliminary assessment of variables. Exploratory analyses included summarizing data, 

computing Pearson – product moment correlations, and performing simple linear regressions of 

well-established relationships (e.g., log-transformed fish length-at-weight).  

Because previous research has shown that inputs of wastewater can affect δ15N at the 

base of the food web, we first compared δ15N ratios in a basal ecosystem component to evaluate 

if a baseline correction was necessary (Cabana and Rasmussen, 1996; Gartner et al., 2002). A 

t-test revealed that δ15N ratios in bulk seston were significantly higher in wastewater-affected 

lakes than in reference lakes (t-test, t(1,3) = 4.620, p = 0.019). The elevated δ15N in bulk seston in 

wastewater-affected lakes necessitated a baseline correction (e.g., Cabana and Rasmussen, 

1994). Bulk seston was chosen to represent baseline δ15N because it was the lowest trophic level 

biota captured in all lakes. Adjusted δ15N values (δ15Nadj) were calculated as follows: 

Equation 2: Baseline corrected δ15N (δ15Nadj) = δ15Nfish – δ15Nlake bulk seston 

Lipid content in fish tissue can introduce bias in δ13C analysis due to the distinct isotopic 

composition of fats compared to proteins and carbohydrates (Focken and Becker, 1998). To 

account for this, a linear regression was conducted to establish the relationship between carbon 

isotope ratios of fish muscle tissue and the carbon-to-nitrogen ratio (C:N), which serves as a proxy 

for lipid content (Mintenbeck et al., 2008; Post et al., 2007). The relationship was not statistically 
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significant (Linear regression, F(1, 90) = 1.290, p = 0.259), and therefore, δ13C values were left 

uncorrected (Post et al., 2007). 

The length-weight relationship of fish may be represented by the following equation 

(Froese, 2006): 

Equation 3: W = aLb, where W is the weight of a fish (g), L is the length (cm), a is the intercept of 

the regression, and b is an exponential expression of the relationship between length and weight. 

Arctic grayling exhibited isometric growth with proportional weight and length increase 

ƒ(b=3). Accordingly, Fulton’s Condition Factor (K) was calculated (Froese, 2006; Ricker, 1975) to 

represent fish condition (Equation 4). In contrast, Burbot displayed negative allometry (b < 3), 

leading to the calculation of relative condition (Kn) for this species (Le Cren, 1951) (Equation 5). 

Equation 4: Fulton’s Condition Factor (Kiso) = (L / W3) * 100, where L is length (mm), and W is 

total weight (g). 

Equation 5: Relative Condition Factor = Kn = w/W,  where w is the observed weight of a fish at 

a given length divided by W, the expected weight, which is calculated from the length-weight 

regression.  

Insufficient sample size precluded growth curve modelling (e.g., Von Bertalanffy), and 

thus absolute growth rates were calculated. Absolute growth rate was calculated as follows: 

Equation 6: Absolute growth rate, Growthabs. = Length (mm) / Age (years) 

All statistical analyses were conducted in RStudio version 2023.12.1+402 using core packages 

from R version 4.3.3 (2024-02-29). Alpha was set to 0.05, unless otherwise indicated. When 

applicable, assumptions of homogeneity of variance were assessed by visually inspecting residual 
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plots. Data were log10-transformed when necessary to meet assumptions of normality, which 

were assessed with Shapiro-Wilk statistics.  

Linear Mixed-Effects Models (LMMs) were employed to address the structure of the dataset, 

in which lakes were nested within two site-types: wastewater-affected (n=3 lakes) and reference 

(n=2 lakes). In the linear mixed models employed in this thesis, site-type was a fixed effect, and 

lake was a random effect. Initially, linear mixed models were constructed to include both random 

intercepts and slopes, following the approach outlined by Barr et al. (2013). However, preliminary 

analysis revealed that the complexity of these models led to nonconvergence, likely due to the 

limited size of the dataset. Thus, models were simplified to include random intercept only, which 

is common for LMMs in ecology (Harrison et al., 2018). The random intercept formula can be 

represented as follows: 

Equation 7: 𝜸𝜸𝒊𝒊𝒊𝒊 = 𝜷𝜷𝟎𝟎 + 𝒃𝒃𝟎𝟎𝟎𝟎 + 𝜷𝜷𝟏𝟏𝑿𝑿𝒊𝒊𝒊𝒊 +  𝝐𝝐𝒊𝒊𝒊𝒊 

𝜸𝜸𝒊𝒊𝒊𝒊, where is the response variable for the jth observation in the ith group (i.e., lake). 𝜷𝜷𝟎𝟎 is the 

overall intercept and 𝒃𝒃𝟎𝟎𝟎𝟎 is the random effect for the intercept associated with lake. 𝜷𝜷𝟏𝟏is the 

fixed effect coefficient for the predictor variable (i.e., Site-type). 𝑿𝑿𝒊𝒊𝒊𝒊 represents the value of the 

predictor variable for each observation. Finally, 𝝐𝝐𝒊𝒊𝒊𝒊 is the random error term associated with each 

observation, representing the unexplained variability once fixed and random effects were 

accounted for.  

LMMs were constructed with ‘lmer’ in the package `lme4` (Bates et al., 2009), and fit with 

restricted maximum likelihood (REML), providing unbiased estimates of variance and covariance 

parameters. If random effect variance estimates approached zero, and singularity was detected 

in the model, the model was deemed to be overparameterized. In such instances, the relationship 
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between the response variable and the fixed effect was analyzed using a linear model (LM) 

without a random effect (Zuur et al., 2009).  

2.2.5.2 Characterization and comparison of abiotic physicochemistry between wastewater-

affected and reference sites 

Principal Component Analysis (PCA) was used to reduce dataset dimensionality and 

visualize differences in water chemistry across lakes. The PCA, performed with the `prcomp` 

function in R, included data from Upper Lagoon Lake for visualization purposes, though this lake 

was not included in the statistical analysis. 

After conducting the PCA, a Bray-Curtis dissimilarity matrix was computed using the 

`vegdist` function from the `vegan` R package (Oksanen et al., 2007). This matrix quantifies beta 

diversity, which captures differences in water chemistry between wastewater-affected and 

reference sites. The matrix was analyzed with a Permutational Multivariate Analyses of Variance 

(PerMANOVA) using ̀ adonis2`, also from the ̀ vegan` package. In this process, 1000 permutations 

were executed, and the statistical effect of site-type on water chemistry was assessed. 

Subsequently, individual Welch’s t-tests were computed for each water quality parameter to 

identify significant differences between site-types. These methods were similarly applied to 

sediment chemistry parameters.  

Additionally, metal concentrations in abiotic compartments were compared to the 

Canadian Council of Ministers of the Environment (CCME) guidelines for protection of aquatic 

life. In cases where CCME guidelines were not available, Federal Water Quality Guidelines 

(FEQGs) were employed (Health Canada, 2007). 
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2.2.5.3 Comparison of isotope ratios, absolute growth, C:N, and condition in fish between 

wastewater-affected and reference sites 

To assess whether trophic level and carbon source in fish differed between wastewater-

affected and reference site-types, δ15Nadj and δ13C  ratios determined from Arctic grayling and 

Burbot muscle tissue were compared using linear mixed- models with fork length as a covariate. 

In this analysis, site-type (i.e., wastewater-affected vs. reference) was the fixed factor and lake 

was treated as a random factor. A similar approach was taken for absolute growth rate and C:N; 

for each species, absolute growth rate and C:N were compared between wastewater-affected 

and reference sites with a mixed model.  

Prior to the comparison of fish condition between wastewater-affected and reference 

site-types, I tested for a potential effect of sex (fixed factor in a mixed model) on condition factor. 

There was no significant relationship between condition and sex for either Arctic grayling or 

Burbot (LMM, χ2 (1) > 0.025, p > 0.875). Similar to above analyses, condition was then compared 

between wastewater-affected and reference sites with a mixed model; site-type was a fixed 

factor, and lake was a random factor. 

2.2.5.4 Comparison of metal concentrations in fish tissue between wastewater-affected and 

reference sites 

The current study compared metal concentrations in fish muscle tissues from 

wastewater-affected systems to those in reference systems. The analysis was limited to metals 

that exhibited significant differences in water or sediment between site-types. To adjust for 

variations in tissue metal concentrations attributable to fish body size, residuals were computed 

from linear relationships between fish length and metal content. These residuals were 



 
  

29 

subsequently added to the average fish metal concentration, thereby normalizing metal 

concentrations in relation to body size (Gotelli and Ellison, 2013). Size-adjusted metal 

concentrations were compared between wastewater-affected and reference site-types with a 

mixed model as described above. Arctic grayling and Burbot were analyzed independently. 

Significant differences in tissue metal concentrations between fish in wastewater-

affected and reference systems were further examined with Multiple Linear Regressions (MLRs). 

These MLRs explored how metal concentrations were related with factors such as trophic ecology 

(indicated by δ15N and δ13C), energy storage (evidenced by C:N ratio and condition), and growth 

rates. To ensure a robust analysis, multicollinearity was assessed using diagnostics from the ‘olsrr’ 

R package (Hebbali, 2020), such as variance inflation factor (VIF) and tolerance. The decision to 

include certain covariates in the model was informed by the extent of variance inflation, as 

determined by the eigenvalues (Morrison, 1990). Additionally, Akaike Information Criterion was 

employed to evaluate models and identify significant covariates model(s) (Akaike, 1969). 

2.3 Results and Discussion 

2.3.1 Comparison of abiotic physicochemistry between wastewater-affected and reference sites 

2.3.1.1 Water Quality 

Water quality differences between wastewater-affected (n=3) and reference (n=2) 

systems, as revealed by a principal component analysis (PCA), included concentrations of some 

metals and ions, DOC, and chlorophyll-a. The first principal component (Dim1; Figure 2.2) 

accounted for 62.4% of the variance; concentrations of manganese (Mn), iron (Fe), and copper 

(Cu) were mostly strongly associated with this first principal component. Correlations were also 

observed between Dim1, and all other metals analyzed except for calcium (Ca) and barium (Ba) 
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(see Table S2.5). The second principal component (Dim2) explained an additional 19.6% of 

variation, and this component was associated with concentrations of sulfate (SO42-), dissolved 

organic carbon (DOC), and chlorophyll-a (chla). As Figure 2.2 illustrates, water chemistry in 

wastewater-affected lakes and references lakes was distinct, with lakes closer to the wastewater 

input showing greater differences from reference lakes. These results are consistent with 

improved water quality along the Baker Lake wastewater flow path that was previously inferred 

from declines in concentrations of pharmaceuticals and PCBs (Stroski et al., 2020), wastewater-

associated microbes (Gromala et al., 2021), and treatment performance parameters (e.g., 

carbonaceous oxygen demand, E. coli, TP) (Yates et al., 2012), and suggests that the lagoon 

tundra wastewater wetland does result in some improvements in water quality downstream  of 

influent. Despite this, all wastewater-affected lakes exhibit higher metal concentrations and 

greater productivity than reference lakes (Figure 2.3). Significant differences were observed 

between reference and wastewater-affected lakes for both concentrations of metals (including 

Mn, Fe, Cu, Zn, Ba, and Pb (PerMANOVA, F(1, 8) = 17.319, p=0.007) and productivity-related 

parameters, including chlorophyll-a, total nitrogen (TN), and total phosphorus (TP) (PerMANOVA, 

F(1, 8) = 5.947, p=0.035). 

Identifying and evaluating individual water quality parameters that are significantly 

affected by wastewater is crucial for effective monitoring and decision-making regarding future 

upgrades in water treatment. Individual t-tests (Table 2.1) revealed significantly higher 

concentrations of Mn, Fe, Cu, and Pb in wastewater-affected lakes than in reference lakes. Higher 

concentrations of chlorophyll-a, TN, and TP were also significantly different in wastewater-

affected sites. These parameters, along with Secchi depth, can be used to determine the Trophic 
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State Index (TSI) of a lake (Carlson, 1977). Using this index, Airplane Lake and Finger Lake are 

classified as eutrophic based on elevated productivity parameters (detailed in Table 2.2), while 

lakes R1 and R2 are categorized as oligotrophic, typical of low-nutrient, Arctic waterbodies (Huser 

et al., 2022). Understanding the trophic state of water bodies affected by human activities can 

guide the monitoring and management of Arctic ecosystems (EMAN-North, 2005). 

  

Figure 2.2 Principal component analysis (PCA) biplot of water quality parameters in wastewater- affected 
(triangle) and reference (square) lakes. Individual lakes are labeled on the plot. Results for Upper Lagoon 
Lake (UL; Circle) are included for information only and were not used to determine eigenvalues. Dimension 
1 (Dim1) of the PCA explains 62.4% of the variation among lakes and is highly correlated with several analysed 
metals. Dimension 2 (Dim2) explains an additional 19.6% of variation among lakes and is highly correlated 
with parameters that indicate primary productivity, including Chla, DOC, and SO4

2-, which are responsible for 
24.3%, 19.6%, and 10.0% of Dim2 variation, respectively. Lakes closest to wastewater input (i.e., Lagoon and 
Finger Lake) were separated from reference lakes across Dim1, indicating high contributions of metal 
concentrations contribute to dissimilarity. The furthest downstream wastewater lake (i.e., Airplane Lake) 
separates from reference lakes on Dim2 more than Dim1, indicating that metal concentrations are more 
similar to reference sites in this furthest downstream lake.  
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Table 2.1 Comparison of water chemistry parameters between wastewater-affected and reference sites 
using Welch’s t-tests, with false discovery rate adjustments for multiple comparisons. In wastewater-
affected sites, concentrations of Mn, Fe, Cu, and Pb were significantly greater than reference sites. 
Concentrations of Zn, Ba, and MeHg were not significantly different between site-types, although MeHg 
was limited to one year of data due to sample contamination. Lake productivity parameters (i.e., chla, TN, 
and TP), as well as conductivity were significantly higher in wastewater-affected sites. There was no 
significant difference in dissolved oxygen (DO) concentrations between site-types, though low DO 
concentrations were noted in Lagoon Lake. When compared against the Canadian Council of Ministers of 
the Environment (CCME) guidelines and Federal Water Quality Guidelines (FEQG) for the protection of 
freshwater aquatic organisms, no exceedances were observed for dissolved metal concentrations. 
However, DO levels in Lagoon Lake were below acceptable CCME guidelines for all life stages. 

Lagoon Lake, the first lake in the treatment wetland, offers a unique opportunity to study 

the more severe impacts of wastewater on Arctic freshwater ecosystems. Lagoon Lake is 

classified as hypereutrophic (Table 2.2), which sets it apart from both reference lakes and other 

wastewater-affected lakes. Elevated metal concentrations in Lagoon Lake, which is typical of 

municipal wastewater (e.g., Chipasa, 2003; summarized in Table S2.1), separate it on Dim1 

(Figure 2.2). On Dim2, Lagoon Lake differentiates from Airplane Lake and Finger Lake due to its 

notably low concentration of chlorophyll-a, which accounts for the greatest variance (24.3%) of 

Parameter df t p Guideline 

Manganese (Mn) 1, 5.021 3.892 0.020 <CCME 

Iron (Fe) 1, 5.034 3.412 0.022 <FEQG 

Copper (Cu) 1, 5.121 3.995 0.020 <FEQG 

Zinc (Zn) 1, 3.848 -0.136 0.551 <CCME 

Barium (Ba) 1, 7.245 0.0204 0.492 No guidelines 

Lead (Pb) 1, 6.276 2.789 0.026 <FEQG 

Methylmercury (MeHg) 1, 2.083 1.874 0.138 <CCME 

Chlorophyll-a (chla) 1, 5.005 2.432 0.025 Site specific 

Total nitrogen (TN) 1, 5.001 2.897 0.025 <CCME 

Total phosphorous (TP) 1, 5.005 3.007 0.030 Site specific 

Dissolved oxygen (DO) 1, 4.152 -1.027 0.820 >CCME (Lagoon Lake) 

Conductivity (Cond) 1, 4.459 4.952 0.003 No guidelines 

Sulfate (SO4) 1, 4.016 2.661 0.028 No guidelines 
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any single dimension. Low chlorophyll-a concentrations in Lagoon Lake are likely a result of high 

turbidity and short residence times (observed in Figure 2.4), which are factors that may also 

contribute to the extremely low dissolved oxygen concentrations (Wetzel, 2001). As depicted in 

Figure 2.3, the dissolved oxygen levels in Lagoon Lake were notably lower than those observed 

in other study lakes. While DO concentrations between wastewater-affected and reference sites 

were not significantly different (Table 2.1), mean DO in Lagoon Lake was only 3.32 mg/L, which 

is substantially below the minimum 9.5 mg/L required for the early life stages of cold freshwater 

organisms such as Arctic grayling, and also below the 6.5 mg/L necessary for older life stages 

(CCME, 2001). This insufficiency was evident when six young-of-year Arctic grayling were found 

dead or in poor condition after a minnow trap set of fewer than three hours during the 2019 field 

season. Reduced oxygen levels are known to cause lethal and sublethal effects in various aquatic 

organisms, especially fish (e.g., Pollock et al., 2007).  

Low concentrations of DO in lagoon-tundra wastewater wetlands can impede treatment 

processes as well as pose risks for aquatic life. These wetlands rely on either aerobic or anaerobic 

microbial activities, or a combination of both, to transform contaminants (Chouinard et al., 2014; 

Yates, 2012). Aerobic activity, which uses oxygen to convert organic wastes into biomass (i.e., 

microbial cells) and carbon dioxide, is typically more effective than anaerobic processes (Chan et 

al., 2009). When available DO fails to meet the oxygen requirements of aerobic bacteria, there is 

a shift towards anaerobic processes, which can result in a slower treatment performance and 

lower quality effluent due to incomplete decomposition of organic matter (Chan et al., 2009). 

Residents of Baker Lake have reported increased odors from the local wastewater wetland in 

recent years. This rise in odor, typically a by-product of anaerobic activity, correlates with findings 
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by Ragush et al., (2015) who found that odors, predominantly a by-product of anaerobic activity, 

were noted in years when anaerobic processes dominated in three Arctic wastewater 

stabilization ponds. However, detailed data collection is needed to clarify biogeochemical 

processes in Lagoon Lake.  

Table 2.2 The 2019 and 2020 average Trophic State Indices (TSI) calculated for each lake from three index 
variables: chlorophyll-a (chla), total phosphorous (TP), and Secchi depth (SD). Equations are as follows: 
TSI(chla) = 9.81 ln (chla) + 30.6, TSI(TP) = 14.42 ln (TP) + 4.15, and TSI(SD) = 60 – 14.41 ln (SD). TSI Classification: 
oligotrophic (O): mesotrophic (M), eutrophic (E), hypereutrophic (HE). Values are means (± SE). 

To assess the risk of elevated metal concentrations in the lagoon-tundra wastewater 

wetland, this study applied guidelines from the Canadian Council of Ministers of the Environment 

(CCME) and the Federal Water Quality Guidelines (FWQG) to protect freshwater organisms (Table 

2.1). The CCME provides flexible, regionally adaptable guidelines, whereas the FWQG offers 

specific federal guidance. While no dissolved metals exceeded guideline limits, the result for Cu 

exemplifies the need for ongoing monitoring in areas affected by human activity. The FWQG for 

Cu is dynamic and relies on the Biotic Ligand Model to integrate site-specific water chemistry that 

affects bioavailability and toxicity (Di Toro et al., 2001; ECCC, 2021; Santore et al., 2001). Factors 

such as pH, dissolved organic carbon, and major ion concentrations (i.e., calcium, magnesium, 

Parameter Upper 
Lagoon Lagoon Finger Airplane R1 R2 

Chlorophyll-a (µg/L) 0.96 
±0.32 

2.18 
±0.31 

13.00 
±5.40 

30.60 
±7.30 

0.60 
±0.05 

0.67 
±0.20 

TP (µg/L) 2.00 
±1.83 

683.50 
±113.49 

331.25 
±25.75 

74.00 
±9.32 

2.75 
±2.06 

2.50 
±1.08 

Secchi Depth (m) 3.48 
±0.42 

0.10 
±0.00 

0.78 
±0.21 

0.53 
±0.09 

4.20 
±0.73 

4.95 
0.35 

Trophic State Index 28.79 76.57 69.06 66.51 27.88 27.00 

TSI Classification O HE E E O O 
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sodium, and potassium) affect toxicity thresholds (Playle et al., 1992). Importantly, Nunavut 

records higher surface water Cu concentrations than many other provinces and territories (ECCC, 

2021), which should also be considered in management decisions. Despite the lack of immediate 

Figure 2.3 Arithmetic mean (± SE) values for water quality parameters, using all available data (2019 and 2021 
and all technical replicates). Note that for MeHg only data from 2021 were available. Wastewater-affected sites 
(i.e., Lagoon Lake, Finger Lake, and Airplane Lake) had higher mean values compared to reference sites (i.e., R1 
and R2) for all parameters except DO. DO in Lagoon Lake was below the lowest acceptable concentration for 
protection of aquatic life in Lagoon Lake (CCME). Upper Lagoon Lake (UL) is directly upstream of the wastewater 
wetland and is included for visual comparison only.  
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toxicity risks, continued monitoring of the Baker Lake lagoon-tundra wastewater wetland is 

essential to capture seasonal and inter-annual fluctuations in metals and other contaminants, 

particularly in the context of assessment after wastewater treatment upgrades.  

The Nation Standard of Canada (CSA W203:19) for wastewater treatment in the Arctic has 

only recently recognized wetlands as essential to Northern wastewater management, previously 

considered only as part of the receiving environment. This shift highlights the need for broader 

research into treatment processes throughout the entire wetland, focusing not just on points of 

influent and effluent. Comprehensive data collection and modeling, as suggested by Balch et al., 

(2018) are crucial for these investigations, particularly in understanding seasonal and annual 

variations.  

2.3.2.2 Sediment quality 

In the Principal Component Analysis (PCA) of sediment chemistry parameters, the first 

two dimensions captured a significant portion of total variation (Figure 2.5). The first dimension 

(Dim1) accounted for 46.8% of the variation and was primarily influenced by concentrations of 

Figure 2.4 Photographs from 2019 
field work in Baker Lake, NU showing: 
a) a settlement pond adjacent to the 
wastewater wetland, with a visibly 
damaged gravel berm that allows 
effluent to bypass directly into the 
wetland, and b) the inflow of effluent 
from Lagoon Lake to Finger Lake, 
facing west. The water is notably 
turbid and large amounts of 
periphyton are visible on submerged 
boulders. 

a b 
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manganese (Mn), total mercury (THg), and iron (Fe). The second dimension (Dim2) explained an 

additional 32.3% of the variation and was associated with concentrations of zinc (Zn), copper 

(Cu), and methylmercury (MeHg). In a pattern similar to that observed for water quality (Figure 

2.2), lakes nearer to the influent source, such as Lagoon Lake and Finger Lake, exhibited more 

distinct sediment chemistry compared to Airplane Lake, the most downstream wastewater lake, 

and reference lakes. The spatial positioning of lakes in the PCA, along with their correlations to 

specific metals, helps discern the effects of wastewater on the chemical, physical, and biological 

characteristics of lake sediments in this system. 

Lagoon Lake was characterized by a negative score on the first dimension (Dim1), and a 

positive score on the second dimension (Dim2), which reflected higher concentrations of metals, 

such as MeHg, that scored positively on Dim2. It is not surprising that MeHg is high in sediments 

of Lagoon Lake, given its hypereutrophic state and low dissolved oxygen concentrations, 

conditions known to promote biological methylation of mercury. The contrasting concentrations 

of MeHg in the sediment of Lagoon Lake and Finger Lake are interesting. Lagoon Lake sediment 

has exceptionally high MeHg levels, nearly eight times higher than those found in reference sites 

(Figure 2.6). Furthermore, the proportion of Hg that is methylated in Lagoon Lake is higher than 

in Finger Lake: 9.1% compared to only 1.7%, respectively (see Table S2.3 and Figure 2.6). Both 

lakes have abundant energy sources for bacteria that could methylate mercury, as evidenced by 

high loss-on-ignition values for sediments (see Table S2.3), but as discussed above, Lagoon Lake 

has very low dissolved oxygen concentrations. In anaerobic conditions, such as those observed 

in Lagoon Lake, bacteria can convert inorganic mercury to the more toxic MeHg using sulfate 

(SO4
2-), carbon dioxide, hydrogen, or iron as electron acceptors (Paranjape and Hall, 2017).  
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Distinguished by its negative positioning on both dimensions in the PCA, Finger Lake 

diverges from Lagoon Lake on Dim2 and is strongly associated with Cu and Zn. This pattern 

implies there are environmental influences shared with Lagoon Lake on Dim1, likely due to the 

downstream flow of wastewater. However, the divergence of Finger Lake on Dim2 indicates that 

sediment chemistry might be affected by additional sources of metals, such as the landfill on the 

Figure 2.5 Principal component analysis (PCA) biplot of sediment parameters in wastewater-affected 
(triangle) and reference (square) sites. Individual lakes are labeled on the plot, including Upper Lagoon 
Lake (UL; Circle) which is provided for information only and was not used to estimate eigenvalues. 
Dimension 1 (Dim1) of the PCA explains 46.8% of the variation among lakes and is highly correlated with 
concentrations of Mn, THg, and Fe. Dimension 2 (Dim2) explains an additional 32.3% of variation among 
lakes and is highly correlated with concentrations of Zn, Cu, and MeHg. Lakes closest to the wastewater 
input (i.e., Lagoon and Finger Lake) differ from reference lakes across both dimensions, as influenced by 
[MeHg] and [Cu], respectively. The final wastewater Lake (i.e., Airplane Lake) and R1 have similar positions 
on Dim1, therefore, variation may be explained by parameters strongly correlated with Dim2 (Zn, Cu, 
MeHg). Airplane Lake differs from R2 across both dimensions. 
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lake's south shore (Figure 2.1). Therefore, sediment chemistry in Finger Lake appears to be 

influenced by municipal wastewater and direct additions of Cu and Zn from landfill leachate. 

Further downstream, the position of Airplane Lake in the sediment chemistry PCA 

indicates a moderate impact of wastewater (Figure 2.5). The less extreme but positive loading on 

Dim1 suggests a diluted impact of metals from upstream contamination sources. Moreover, the 

negative Dim2 loading aligns with a reduced influence of the factors associated with higher MeHg 

concentrations, similar to the pattern observed in Finger Lake. The change in metal profile could 

be due to ongoing environmental processing such as dilution, biological uptake, or chemical 

transformations that occur throughout the wastewater treatment wetland. Managing the Baker 

Lake wastewater wetland may require lake-specific strategies. For instance, decreasing nutrient 

additions to Lagoon Lake could enhance treatment success, whereas Finger Lake might require 

interventions that addresses the impacts of both municipal wastewater and landfill run-off.  

Overall, there was no significant difference in sediment chemistry between the 

wastewater-affected sites and the reference sites (PerMANOVA, F(1, 7) = 1.592, p = 0.225). However, 

consistent with earlier PCA observations, significant differences were found between site-types 

in the levels of Copper (Cu) and Zinc (Zn). Cu concentrations were significantly higher in 

wastewater-affected sites compared to reference sites (t-test, t(1, 5.338) = 5.660, p = 0.014), as were 

Zn concentrations (t-test, t(1, 4.982) = 3.874, p = 0.041). In contrast, no significant differences were 

observed in the concentrations of Mn, MeHg, Iron, Fe, and Pb between the two types of sites, as 

detailed in (Table 2.3). 

These results align with previous research on constructed wetlands used for municipal 

wastewater treatment in temperate climates. Specifically, Lesage et al. (2007a, 2007b) and the 
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and Vymazal and Krása (2003), who found significant accumulation of Cu and Zn in early 

treatment zones of temperate constructed wastewater wetlands, but not of Pb, Fe, and Mn. 

There is a distinct scarcity of data for natural (i.e., non-engineered) wastewater wetlands in polar 

regions, making direct comparisons with these environments difficult. This knowledge gap 

emphasizes the need for more investigations of metal accumulation in the sediment of Arctic 

wastewater wetlands, with a focus on understanding biotic and abiotic factors that drive complex 

interactions and spatio-temporal variability.  

In general, wastewater treatment wetlands are recognized as effective sinks for metals, 

due to conditions that promote retention, such as high organic matter content and low oxygen 

Figure 2.6 Arithmetic mean (± SE) values for sediment metal concentrations, using all available data 
(2019 and 2021 and all technical replicates). A distinctly high concentration of MeHg was measured 
in Lagoon Lake compared to other impacted lakes and non-impacted lakes. THg measured in all 
study lakes was well below the CCME freshwater guideline (PEL: 0.486 µg/g dry weight) for the 
protection of aquatic life. 
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levels (Wetzel, 2001). Organic matter plays a crucial role not only in forming complexes with 

metals like Cu and Zn but also in reducing the redox potential, which further influences the 

precipitation and adsorption of metals. Cu tends to form strong complexes with ligands found in 

algae (Sunda and Lewis, 1978), while Zn forms complexes of varying strength, depending on the 

chemical conditions (Xue et al., 1995). Complexation with organic matter, coupled with microbial 

activity, significantly alters the solubility and bioavailability of these metals. As organic material 

undergoes denitrification, metals become incorporated into the sediment layers. The enrichment 

of [Cu] and [Zn] in wastewater-affected sediments is further enhanced by their strong adsorption 

to Fe(III) oxides and hydroxides, which act to immobilize and retain these metals within the 

sediment (Dunbabin and Bowmer, 1992; Xue et al., 1995). Despite expectations, mean [Fe] was 

lower in wastewater-affected sites compared to reference sites, although not significantly (t-test, 

p>0.05) (Figure 2.6). This result can be attributed to biogeochemical interactions in wetlands, 

including adsorption, precipitation, and microbial activity that are heavily influenced by oxygen 

availability (Fredrickson and Gorby, 1996). Wastewater wetland sediments typically exhibit 

anaerobic conditions due to decomposition of organic matter and the high oxygen demand from 

microorganisms (Wetzel, 2001). In anaerobic environments, iron-reducing bacteria use Fe 

compounds as electron acceptors, converting less soluble Fe(III) to more soluble Fe(II) 

(Fredrickson and Gorby, 1996; Weber et al., 2006). This conversion could explain the higher Fe 

concentrations observed in water (Figure 2.3) but not sediment (Figure 2.6) within the Baker Lake 

wastewater wetland. The biogeochemical role of Fe in wastewater treatment wetlands is 

reviewed in-depth by Wu et al. (2019), with specific focus on retention and remobilization.  
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Table 2.3 Comparison of sediment chemistry between wastewater-affected and reference sites using 
Welch’s t-tests with corrections for false detection rates. Significant differences in copper and zinc 
concentrations were found. Mean sediment concentrations were compared to guidelines set by the 
Canadian Council of Ministers of the Environment (CCME) when available. Copper concentrations in 
Lagoon Lake were between the threshold effect level (TEL) and probable effect (PEL) level, signifying that 
negative effects on biota occasionally occur at similar concentrations. 

To conclude the examination of metal dynamics in the wastewater wetland sediments, 

concentrations were compared to the Canadian Council of Ministers of the Environment 

guidelines for the protection of aquatic life (CCME, 2001), as outlined in (Table 2.3). The 

concentration of total mercury (THg) in all surveyed lakes was below the CCME's Probable Effect 

Level (PEL) of 0.486 µg/g dry weight. Although the CCME guidelines include THg, they exclude 

MeHg due to limited data. Typically, MeHg is found to constitute only 0.01% to 10% of the THg 

in sediments (CCME, 2001). Our study found that MeHg comprised 9.1% of the THg in Lagoon 

Lake, placing it at the high end of this range, while all other lakes in the study recorded 

proportions below 2%. This finding indicates that the biota in the Baker Lake lagoon-tundra 

wastewater wetland may be exposed to higher levels of MeHg in some systems, potentially 

posing risks to health and survival (Cabana et al., 1994; Watras et al., 1998). Furthermore, the 

Parameter df t p Guideline 

Copper (Cu) 1, 5.338 5.660 0.014 CCME (>TEL, <PEL) in Finger Lake 

Manganese (Mn) 1, 4.876 0.404 0.704 No guideline 

Zinc (Zn) 1, 4.982 3.874 0.041 CCME (<PEL) 

Lead (Pb) 1, 5.911 2.158 0.139 CCME (<PEL) 

Methylmercury (MeHg) 1, 6.917 1.247 0.380 No guideline 

Iron (Fe) 1, 6.007 1.211 0.380 No guideline 

Barium (Ba) 1, 3.976 1.115 0.382 No guideline 

Loss on Ignition (LOI) 1, 1.513 2.417 0.176 No guideline 
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study observed that sediment copper (Cu) concentrations in Finger Lake fell within the range 

between the CCME's Threshold Effect Level (TEL) and PEL. This suggests the possibility of 

intermittent adverse effects on the biota. 

2.3.2 Comparison of isotope ratios, absolute growth, C:N, and condition in fish between 

wastewater-affected and reference sites 

To evaluate the broader implications of municipal wastewater on Arctic tundra wetland 

ecosystems, this research included evaluation of both biotic and abiotic parameters. The biotic 

component of the investigation focused on two large-bodied fish species, Arctic grayling 

(Thymallus arcticus) and Burbot (Lota lota). Indicators of trophic ecology (i.e., δ15N, δ13C), energy 

storage (i.e., C:N, condition), and absolute growth were compared between wastewater-affected 

and reference sites. The previously identified differences in water and sediment quality between 

site-types provided a compelling context for understanding how these fish, with their unique 

feeding strategies and environmental sensitivities, responded to differences in abiotic conditions. 

The study of isotopic ratios in fish muscle tissue can provide preliminary insights into fish foraging 

behaviour and trophic position (Cabana and Rasmussen, 1994; France, 1995). This is particularly 

relevant when assessing the impact of nutrient additions and increased primary productivity on 

fish ecology (Kidd et al., 2012; Peterson and Fry, 1987; Pickhardt et al., 2002). Interestingly, the 

isotopic ratios in Burbot were similar between reference and wastewater-affected site-types 

(Figure 2.7). The lack of significant differences in [length-adjusted] δ15Nadj and δ13C in muscle 

tissue between site-types, detailed in Table 2.5, suggests minimal influence of wastewater on 

trophic position or foraging behaviour in Burbot. Conversely, length-adjusted δ13C in Arctic 

grayling muscle tissue was significantly enriched in wastewater-affected sites compared to 
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reference sites (LM, F(1, 60) = 9.475, p = 0.003). Similar to Burbot, Arctic grayling muscle tissue 

δ15Nadj did not significantly differ between site-types (Table 2.4). This finding implies that while 

the introduction of wastewater into lakes may alter the carbon sources (i.e., energy pathways) 

of Arctic grayling, it does not significantly affect their trophic position. For a definitive 

understanding of the isotope ecology of fish in systems affected by wastewater near Baker Lake, 

more comprehensive models, such as a two-member mixing model, are necessary; this would 

require additional sampling efforts. 

Hayden et al. (2019) used two-member mixing models to assess the response of subarctic 

lake ecosystems to eutrophication from land use and climate change. Their study identified a 

significant shift from benthic to pelagic resource use, evidenced by depleted δ13C values in biota 

Figure 2.7 Isotope biplot of length-adjusted mean ± standard error δ15Nadj and δ13C for Arctic grayling 
and Burbot from wastewater-affected sites (n=3; green triangles) and reference sites (n=2; blue squares) 
near Baker Lake, Nunavut, Canada. A significant difference in Arctic grayling δ13C was observed 
(LM, F(1, 60) = 9.475, p = 0.003), but not in δ15Nadj or either isotope for Burbot. δ15Nadj values are 
mathematically corrected for baseline values in each lake.  
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across gradients of increased productivity and temperature. In contrast, Arctic grayling from 

wastewater-affected sites in Baker Lake were δ13C-enriched compared to reference sites, with 

measurements of -20‰ and -23‰, respectively, aligning with similar findings downstream from 

municipal wastewater plants in temperate watersheds (Brown et al., 2011; Hicks et al., 2017; 

Robinson et al., 2016). Understanding energy pathways, particularly benthic-pelagic coupling, is 

crucial as carbon source can significantly impact fish growth rates (Moslemi-Aqdam et al., 2021), 

and ultimately metal bioaccumulation in subarctic lakes (Moslemi-Aqdam et al., 2022). Such 

insights are increasingly important considering the complex interactions that shape carbon 

pathways in human-altered landscapes, including wastewater inputs, climate change, landfill 

leaching, and increased impervious surfaces (e.g., Hayden et al., 2019).  

Investigators have struggled to explain enriched δ13C observed in organisms from 

environments affected by wastewater (Hicks et al., 2017; Wayland and Hobson, 2001). Wayland 

and Hobson (2001) suggest that enrichment could stem from rapid autotrophic growth in 

sewage-impacted systems, fostering bottom-up enrichment of δ13C through the food web. This 

hypothesis is supported by observed δ13C enrichment in Arctic grayling muscle tissue from the 

Baker Lake wastewater wetland compared to reference systems (Figure 2.7); Bulk seston 

samples, which represent the base of the pelagic food web, and periphyton samples, which 

represent the base of the benthic food web, were also enriched in wastewater-affected systems 

relative to reference systems, although sample sizes were extremely limited (Table S2.5). The 

pattern of δ13C enrichment in wastewater-affected systems was not reflected in Burbot, as there 

was no significant difference in δ13C between individuals from wastewater-affected and 

reference systems (Table 2.5). Burbot are a bottom-feeding fish (Scott and Crossman, 1973), and 
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we did not fully characterize isotope ecology of the profundal habitats where Burbot often 

forage. It is possible that the effects of nutrient enrichment vary among pelagic, littoral benthic, 

and profundal habitats, as well as among different basal food sources. This variability warrants 

further investigation, ideally across both temperate and subarctic ecosystems. 

Long-term studies in the Grand River Watershed, Ontario, Canada, revealed significant 

δ13C enrichment in Rainbow Darters (Etheostoma caeruleum) downstream of wastewater 

treatment plants, compared to upstream populations (Hicks et al., 2017). The observed 

enrichment in Rainbow Darters could be attributed to their generalist feeding strategy, which 

enables them to exploit the more nutrient-dense benthic zones (Brown et al., 2011; Robinson et 

al., 2016). Similarly, Arctic grayling are also generalists but primarily feed at the surface or in 

pelagic zones (Scott and Crossman, 1973). Further research is needed to determine if Arctic 

grayling in wastewater-impacted systems become increasingly reliant on benthic-derived carbon, 

which could explain the observed δ13C enrichment. Their nature as visual predators suggests that 

this enrichment could be due to impaired visibility in open water, reduced pelagic foraging, and 

a compensatory increase in benthic feeding (Stewart et al., 2007b). Alternatively, the enriched 

δ13C in Arctic grayling from these systems might simply reflect enriched δ13C in bulk seston and 

periphyton. Future studies should include isotope analyses on more spatial and temporal 

replicates of basal organisms across multiple habitats. Understanding how sewage-derived 

nutrients influence the isotopic ecology of fish and their assimilation in the food web will provide 

valuable insights into contaminant exposures in aquatic ecosystems (Aguilar-Betancourt et al., 

2016; deBruyn and Rasmussen, 2002; Hicks et al., 2017).  
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Table 2.4 Summary of results from Linear Models (LM) and Linear Mixed Models (LMM) assessing 
differences between wastewater-affected and reference sites in trophic ecology (i.e., δ15N, δ13C), energy 
storage (i.e., C:N, condition), and growth of Arctic grayling. The random effect of lake was tested for each 
covariate. If variance estimates approached zero, and singularity was detected, the model was deemed 
to be overparameterized. In such instances, relationships were analyzed using a linear model (LM) without 
a random effect. Parameter estimates (β), standard errors (SE), degrees freedom (df), the test statistic 
(i.e., χ2; chi-square or F; F value), and significance (p) are shown. Significant differences (α = 0.05) are 
underlined and bold. 

Arctic grayling Model Results 

Covariate Model 
Type Fixed Effect β SE df Test 

Statistic p 

δ15Nadj LMM 

Site-type 13.626 7.796 1 χ2 = 3.054 0.081 

Length 4.410 3.086 1 χ2 = 2.024 0.153 

Site-type*Length -5.846 3.135 1 χ2 = 3.478 0.062 

δ13C LM 

Site-type -0.130 0.033 1, 60 F = 15.471 <0.001 

Length <-0.001 <0.001 1, 60 F = 7.216 0.009 

Site-type*Length <0.001 <0.001 1, 60 F = 9.475 0.003 

Growthabs LMM 

Site-type 130.111 42.402 1 χ2 = 4.845 0.028 

Length 0.1483 0.126 1 χ2 = 1.523 0.966 

Site-type*Length -0.302 0.129 1 χ2 = 4.046 0.044 

C:N LM 

Site-type -2.418 1.510 1, 60 F =2.509 0.118 

Length -1.097 -0.607 1, 60 F =3.267 0.076 

Site-type*Length 1.083 0.615 1, 60 F =3.103 0.083 

Condition LM 

Site-type -2.148 1.566 1, 17 F =1.883 0.188 

Length -1.194 0.576 1, 17 F = 4.301 0.054 

Site-type*Length 0.910 0.622 1, 17 F =2.138 0.162 
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Table 2.5 Summary of results from Linear Models (LM) and Linear Mixed Models (LMM) assessing 
differences between wastewater-affected and reference sites in trophic ecology (i.e., δ15N, δ13C), energy 
storage (i.e., C:N, condition), and growth of Burbot. The random effect of lake was tested for each 
covariate. If variance estimates approached zero, and singularity was detected, the model was deemed 
to be overparameterized. In such instances, relationships were analyzed using a linear model (LM) without 
a random effect. Parameter estimates (β) , standard errors (SE), degrees freedom (df), the F-value (F), and 
significance (p) are shown. Significant differences (α = 0.05) are underlined and bold. 

Nutrient additions from municipal wastewater are known to affect fish health 

(Munkittrick, 1992; Vadeboncoeur et al., 2001). In the Baker Lake wastewater wetland, Arctic 

grayling and Burbot from wastewater-affected sites had higher condition, lipid content, and 

absolute growth rate compared to fish from reference sites, with significant differences observed 

in Arctic grayling (LMM, χ2 (1) = 4.046 , p = 0.044) and Burbot (LM, F(1, 25) = 19.215, p = 0.025) growth 

Burbot Model Results 

Covariate Model 
Type Fixed Effect β SE df F p 

δ15Nadj LM 

Site-type -0.402 0.882 1, 24 0.207 0.653 

Length 0.005 0.002 1, 24 5.857 0.023 

Site-type*Length -0.003 0.003 1, 24 0.913 0.349 

δ13C LM 

Site-type 0.574 1.211 1, 24 0.204 0.655 

Length -0.006 0.003 1, 24 5.000 0.035 

Site-type*Length 0.001 0.005 1, 24 0.030 0.865 

Growthabs LM 

Site-type 45.853 19.215 1, 25 5.694 0.025 

Length 0.001 0.046 1, 25 <0.001 0.983 

Site-type*Length -0.063 0.071 1, 25 0.793 0.382 

C:N LM 

Site-type 0.246 0.066 1, 24 13.768 0.001 

Length <-0.001 <0.001 1, 24 1.331 0.260 

Site-type*Length <-0.001 <0.001 1, 24 6.441 0.018 

Condition LM 

Site-type -0.581 0.461 1, 14 1.590 0.228 

Length -0.002 0.001 1, 14 1.702 0.213 

Site-type*Length 0.002 0.002 1, 14 1.252 0.282 
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rate, and Burbot lipid content (LM, F(1, 24) = 6.411, p = 0.018) (Table 2.4 and Table 2.5). Monitoring 

fish health offers a cost-effective means to gauge the impact of wastewater effluent on 

ecosystems and aligns with the goals of the Canadian Environmental Effects Monitoring (EEM) 

program, which aims to maintain healthy fish populations and diverse aquatic ecosystems 

(Kilgour et al., 2007). The recently established Northern-specific Wastewater Standards (CSA 

W203:19) reflect similar goals to the EEM program, while also calling for community consultation, 

integration of traditional knowledge, and adherence to federal or territorial regulations.  

2.3.3 Comparison of metal concentrations in fish muscle tissue between wastewater-affected and 

reference sites 

As discussed above, municipal wastewater can release significant quantities of metals into 

the environment, and the chemistry of municipal wastewaters can enhance bioavailability of 

metals through metal speciation, complexation, and precipitation (Heath, 1995; Tessier and 

Campbell, 1987). Fish, as longer-lived organisms, are particularly well-suited as indicators of 

wastewater impacts on aquatic ecosystems because they reflect prolonged exposure and 

integrate effects on lower trophic levels (Parks et al., 1991). In this study, metals that significantly 

differed between wastewater-affected and reference site-types in abiotic ecosystem 

components (refer to Table 2.1 and Table 2.3) were analyzed in fish dorsal muscle tissue and 

compared between site-types. These metals included manganese (Mn), copper (Cu), iron (Fe), 

and zinc (Zn). Most 2019 fish tissue [Cu] were below the method reporting limit (MRL) for that 

year (MRL<1.744 ug/g), leading to the exclusion of Cu from further analysis in fish. 

Methylmercury (MeHg) was added to the analysis in response to community concerns.  

Although [MeHg] in water and sediment from wastewater-affected systems were up to 

eight times higher than in reference systems, Arctic grayling (LMM, χ2(1) = 11.102, p <0.001) and 
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Burbot (LMM, χ2 (1) = 4.299, p = 0.038) from wastewater-affected systems had significantly lower 

size-adjusted tissue [MeHg] than those from reference systems (Figure 2.8).  

The linear mixed-effect models were effective in explaining variation in size-corrected 

MeHg concentrations in Burbot and Arctic Grayling. Specifically, these models explained 77% of 

variation in MeHg concentrations for Arctic grayling and 81% of variation in MeHg concentrations 

for Burbot. For Burbot, the difference between the marginal-R2 (0.321, fixed effects only) and 

conditional-R2 (0.813, fixed and random factors; Table 2.7) values indicates that the random 

factor – “lake” – explained a substantial amount of variation, and that Burbot [MeHg] differences 

among lakes should be further explored. Causes of among-lake variation in [MeHg] in both 

Burbot and Arctic Grayling, as well as residual, unexplained variation, may include specific fish 

characteristics known to affect bioaccumulation. These include factors such as trophic level and 

foraging habitat (Kidd et al., 1995a; Power et al., 2002), as well as fish condition, fat content, and 

growth patterns (Lescord et al., 2018; Moslemi-Aqdam et al., 2022, 2023; Thomas et al., 2020). 

To further understand the lower [MeHg] observed in wastewater-affected systems compared to 

reference systems, multiple linear regression analysis was employed. Despite lower [MeHg] in 

wastewater-affected systems, the absolute value of the difference between site-types (Arctic 

grayling, 0.096 µg/g wet weight; Burbot 0.166 µg/g wet weight) is relevant to Baker Lake 

community members, who are concerned about [Hg] in fish downstream of the wastewater 

wetland; additional analyses to explore causes of variation in fish MeHg were thus warranted.  

For Arctic grayling, a multiple linear regression that included δ15N, δ13C, and condition 

factor explained 61% of variation in MeHg concentration observed among individual fish 

(MLR, F(3, 60) = 34.070, p <0.001). Growth rate and C:N were included in the initial model but were 
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removed due to multicollinearity and variance inflation. A similar model was constructed for 

Burbot, and growth rate, C:N, and condition factor were removed to account for multicollinearity 

and variance inflation. The final multiple regression model for Burbot included δ15Nadj and δ13C, 

and explained 43% of variation (MLR, F(2, 25) = 11.340, P < 0.001). MeHg concentrations in both 

Burbot and Arctic grayling models were positively related to δ15Nadj, which is consistent with well-

established evidence of bioaccumulation and biomagnification of MeHg in aquatic food chains 

(see Driscoll et al., 2013; Kidd et al., 1995a). Also consistent with previous research were negative 

relationships between MeHg concentrations and δ13C for both species, which indicates lower 

MeHg concentrations in fish that rely more on benthic-derived carbon, an outcome described by 

many previous studies (Amundsen et al., 2023; Chételat et al., 2011; Karimi et al., 2016; Power 

et al., 2002; Thomas et al., 2016). This effect was more pronounced in Arctic grayling, where δ13C 

was estimated to have a larger impact on muscle tissue [MeHg] compared to Burbot (Table 2.7). 

In addition, Arctic grayling displayed significant δ13C variation between site-types (Table 2.7), 

unlike Burbot. Overall, it appears that the dietary or habitat use changes made by Arctic grayling 

in response to municipal wastewater may influence MeHg levels. Some of the potential 

covariates of MeHg that significantly differed between wastewater-affected and reference sites 

for Arctic grayling (i.e., growth rate) and Burbot (i.e., growth rate and C:N) could not be included 

in MLRs due to multicollinearity and inflation concerns, which become amplified with small 

sample sizes (Kroll and Song, 2013). However, the effect of growth rate on mercury 

bioaccumulation in fish is well-established (Karimi et al., 2007; Lavoie et al., 2013; Simoneau et 

al., 2005), suggesting that the effects of growth-mediated MeHg dilution warrant separate, 

dedicated study and analyses in the Baker Lake system. In a simple linear regression, a significant 
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negative relationship was found between length-standardized muscle tissue MeHg and absolute 

growth rate for Burbot (LM, F(1, 27) = 12.820, p = 0.001). The relationship between MeHg and 

absolute growth rate was similarly negative for Arctic grayling, but was not significant 

(LM, F(1, 63) = 3.16, p = 0.080). Higher growth rates were observed at wastewater-affected systems 

for both species (Table S2.4), suggesting the likelihood of somatic growth dilution, which is when 

increased body mass outpaces metal accumulation and results in lower mercury concentration 

in tissues (Karimi et al., 2007). 

Table 2.6 Results of Linear Models (LM) and Linear Mixed Models (LMM) comparing metal concentrations 
in muscle tissue from A) Arctic grayling and B) Burbot between wastewater-affected and reference site-
types from Baker Lake, Canada, Nunavut. The adjusted R2 (R2

(adj)) describes the proportion of variance 
explained once the number of predictors is accounted for. The marginal R2 (R2

(m)) describes the proportion 
of variance explained by fixed factors and the conditional R2 (R2

(c)) describes the proportion of variance 
explained by both fixed and random factors. For LM, the test statistic is the F-value (F), and for LMM, it is 
the chi-squared (χ2) value. Significance level (α) is set at 0.05. 

A) Arctic grayling 

Metal Model 
Type R2

(m)/(adj) R2
(c) df Test  

statistic p Random Effect 
(variance ± SD) 

Log10 [Mn] LMM 0.137 0.615 1 χ2 = 1.554 0.213 
0.017 ± 0.132, 
(χ2, p=0.001) 

Log10 [Fe] LM 0.025 N/A 1, 58 F = 2.058 0.119 N/A 

Log10 [Zn] LM -0.009 N/A 1, 58 F = 0.445 0.507 N/A 

Log10 [MeHg] LMM 0.513 0.770 1 χ2 = 11.102 <0.001 
0.020 ± 0.141 
(χ2, p<0.001) 

B) Burbot 

Metal Model 
Type R2

(m)/(adj) R2
(c) df Test  

statistic p Random Effect 
(variance ± SD) 

Log10 [Mn] LM 0.023 N/A 1, 25 F = 1.610 0.216 N/A 

Log10[Fe] LM -0.031 N/A 1, 25 F = 0.176 0.678 N/A 

Log10 [Zn] LM 0.101 N/A 1,25 F = 3.897 0.060 N/A 

Log10 [MeHg] LMM 0.321 0.813 1 χ2 = 4.299 0.038 
0.056 ± 0.237 
(χ2, p<0.001) 
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Figure 2.8 Box and whisker plots of size-corrected metal concentrations (μg/g ww; wet weight) ± standard 
error in muscle tissue for Arctic grayling (ARGR) and Burbot (BURB) from reference (REF, blue squares) 
and wastewater-affected (WW, green triangles) systems. Linear models (LM) and Linear Mixed Models 
(LMM) were used to test site-type differences. To account for the effect of body size, residuals from the 
length – metal concentration relationship were calculated and adjusted to the mean length before 
modeling. Lake was included as a random factor (wastewater-affected: n=3 lakes; reference: n=2 lakes); 
when singular bounds were detected, the random factor was removed to avoid over-parameterization. 
Muscle tissue metal concentrations were significantly lower in Arctic grayling (LMM, χ2(1) = 11.102, p <0.001) 
and Burbot (LMM, χ2(1) = 4.299, p = 0.038) from the wastewater-affected systems compared to reference 
systems. Significant difference are signified by an asterisk (*) with alpha set at 0.05. 
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The limited sample size of this study hinders a thorough assessment of the interactions 

between lake-specific physicochemistry, fish life-history traits, and MeHg concentrations in fish 

muscle tissue. The work of Moslemi-Aqdam et al. (2022) provides insights into the complex 

mechanistic interactions that may influence MeHg levels in the Baker Lake lagoon-tundra 

wastewater wetland. Their findings indicate that mercury concentrations in top predator fish in 

a series of subarctic systems are primarily influenced by fish growth rate and MeHg levels in 

benthic prey, which are, in turn, affected by dissolved organic carbon, water MeHg 

concentration, and sediment THg levels. Moslemi-Aqdam et al. (2022), among others such as 

Karimi et al. (2007) and Wang and Wang (2012), suggest that rapid fish growth may mitigate the 

effects of increased water MeHg in wastewater-impacted areas, leading to lower MeHg 

concentrations in fish muscle.  

While MeHg is toxic and bioaccumulates in the food web, manganese (Mn), iron (Fe), and 

zinc (Zn) are essential micronutrients. These metals can become harmful when present in excess 

(Heath, 1995; Wood et al., 2012) but are metabolically regulated. There were no significant 

differences in muscle tissue concentrations of Mn, Fe, or Zn between site-types in either Arctic 

Grayling or Burbot (Table 2.6). When environmental concentrations of trace metals are elevated, 

homeostasis can be influenced by competition among metals for absorption or modification of 

transport proteins (Chandrapalan and Kwong, 2021). Since no significant differences were noted 

between wastewater-affected and reference site fish, it may be inferred that increased 

concentrations of Mn, Fe, and Zn in the wastewater wetland in Baker Lake did not disrupt 

homeostasis of these micronutrients in either Burbot or Arctic grayling (Wood et al., 2012).  

  



 
  

55 

Table 2.7 Results of a multiple linear regression (MLR) analysis examining the influence of fish life history 
and trophic ecology variables on methylmercury concentrations ([MeHg]) in a) Arctic grayling and b) 
Burbot muscle tissue from wastewater-affected (n=3) and reference (n=2) sites. Variation in [MeHg] 
attributed to fork length was accounted for by using residuals from a preliminary regression. Covariates 
were included based on criteria set by tolerance (Tol.) and variance inflation factors (VIF) to minimize 
multicollinearity. The table reports the F-values and significance levels for each predictor. 

2.4 Conclusion 

 Findings from this study address important questions raised by the Baker Lake community 

concerning the effectiveness of the Hamlet’s lagoon-tundra wastewater wetland. More broadly, 

results help address a serious lack of data from passive, wetland wastewater treatment systems 

in Arctic environments. I found that concentrations of metals decreased in abiotic ecosystem 

compartments along the wastewater flow path, reaching similar concentrations to reference 

systems before discharging into the final receiving environment of Baker Lake. This indicates that 

A) Arctic grayling, 61% of variance explained by δ15Nadj, δ13C, and condition factor. 

Overall 
Model R2

adj SE  df F p 
Collinearity 

Statistics 
ARGR[MeHg] 0.612 0.162 3, 60 34.070 <0.001 

Coefficient Estimate SE df F P Tol. VIF 

δ15Nadj 0.125 0.020 1, 60 37.868 <0.001 0.934 1.071 

δ13C -0.121 0.021 1, 60 33.277 <0.001 0.998 1.001 

Log10Condition -1.301 0.315 1, 60 17.099 <0.001 0.935 1.069 

A) Burbot, 43% of variance explained by δ15Nadj and δ13C 

Overall 
Model R2

adj SE  df F p 
Collinearity 

Statistics 
ARGR[MeHg] 0.434 0.254 2, 25 11.340 <0.001 

Coefficient Estimate SE df F P Tol. VIF 

δ15Nadj 0.157 0.059 1, 25 7.106 0.013 0.761 1.314 

δ13C -0.006 0.002 1, 25 4.580 0.042 0.761 0.761 
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while lakes near the wastewater source have elevated concentrations of metals, the wetland 

effectively attenuates concentrations over a spatial gradient. This research centered on sampling 

during the ice-off season and did not examine either seasonal or inter-annual variation in metal 

concentrations. Such an evaluation would enhance knowledge of system efficacy, especially 

during freshet when it is known that berms in the Baker Lake wastewater wetland lose integrity 

and water retention times are typically shorter.  

 Future monitoring and management should consider the accumulation of metals in 

wastewater-affected site sediment. Any changes to water chemistry, from effluent overload or 

system modifications, could disrupt the sediment-water interface and result in leaching of metals 

sequestered in sediments, such as Hg species and Cu. Copper may warrant special attention due 

to its changing toxicity with water chemistry and its exceedance of guidelines set for the 

protection of aquatic life in water and sediment. Additionally, the low dissolved oxygen 

concentrations observed in Lagoon Lake could hinder the movement of fish between upstream 

and downstream systems. This connectivity is crucial for species such as Arctic grayling, which 

rely on both stream and lake habitats during specific life stages. 

Elevated metal concentrations in sediment and water from wastewater-affected sites did 

not result in higher metals concentrations in muscle tissue in either Arctic grayling or Burbot. 

[MeHg] in muscle tissue was lower in fish from wastewater-affected systems, but differences 

were not significant, and [MeHg] in muscle tissue for each species was related to isotope-inferred 

trophic position and carbon source for both species, and additionally to fish condition in Arctic 

grayling. Both [THg] and [MeHg] in fish muscle tissue were well below consumption guidelines 

across all study systems and for both species.  
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 This research offers valuable insights into the effects of wastewater inputs on Arctic 

freshwater ecosystems and the efficacy of passive wastewater treatment in the Baker Lake 

lagoon-tundra wetland. These findings are increasingly critical as human activities in the Arctic 

intensify, existing treatment wetlands age, and new regulations are implemented. Considering 

the planned upgrades to the Baker Lake wastewater treatment system and the overarching goal 

of sustainable wastewater management in the Arctic, future research should concentrate on 

further quantifying the temporal variation in key parameters and conducting a more 

comprehensive investigation of the effects of wastewater inputs on lower trophic levels. 
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Chapter 3 
Beyond Soft Tissues: Otolith Microchemistry as a Potential Monitoring 

Tool in Arctic Freshwater Ecosystems 
 
3.1 Introduction 

Wastewater treatment in the Canadian Arctic mainly relies on passive tundra wetland 

systems, where wastewater is filtered naturally through networks of lakes and streams. These 

systems are often chosen for their low maintenance costs and minimal infrastructure needs 

(Balch et al., 2018; Daley et al., 2015; Hayward et al., 2014; Yates et al., 2020, 2012). However, 

the effectiveness of these passive systems is constrained by the harsh Arctic climate, prolonged 

use, climate change, and increasing human activity (Johnson, 2008; Lam and Livingston, 2011). 

Inadequate wastewater treatment can degrade aquatic ecosystems and impact local water 

usage. The introduction of organic matter and nutrients from municipal wastewater into 

receiving waterbodies can lead to eutrophication and seasonal oxygen depletion (Chambers et 

al., 1997). Moreover, wastewater effluents often contain various contaminants, including metals 

such as lead (Pb), copper (Cu), and zinc (Zn). Effective watershed management in the Arctic 

depends on a thorough understanding of the impacts of wastewater inputs on ecosystem ecology 

and physicochemical properties, a challenge compounded by the frequent lack of comprehensive 

data and baseline measurements in these regions. 

Fish, as higher trophic level organisms, can integrate exposure to contaminants across 

spatial and temporal gradients. This makes select species excellent indicators of overall 

ecosystem health, reflecting both abiotic and biotic environmental conditions (Parks et al., 1991). 

Typically, metal concentrations are measured in the dorsal muscle tissue of fish, providing a 
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snapshot of recent exposure influenced by tissue- and species-specific uptake and elimination 

rates (Kraemer et al., 2005; Trudel and Rasmussen, 1997). However, variability in exposure over 

the lifetime of a fish cannot be determined using muscle (Norstrom et al., 1976; Trudel and 

Rasmussen, 2006), or any other organ that is metabolically active (e.g., liver), but may be 

elucidated using metabolically inert tissues that continuously accrete, such as otoliths (Campana, 

1999).  

All teleost fish have three pairs of otoliths, termed sagittae, lapilli, and asterisci, with 

sagittae being the largest (e.g., Campana and Neilson, 1985). In this study, the term “otolith” 

specifically refers to the sagittal otoliths. Otoliths are primarily comprised of calcium carbonate 

(CaCO3), although other forms like calcite and vaterite may also be present (see Campana, 1999). 

These calciferous crystal structures are located within fluid-filled sacs of the inner ear and are 

essential for fish hearing and balance. The fluid, endolymph, acts as a growth medium, providing 

inorganic materials, proteins, and other accessory macromolecules required for otolith formation 

and growth (Payan et al., 2004). Otoliths grow continuously from the embryo stage, through daily 

deposition of alternating aragonite and protein-rich layers (Campana, 1983; Pannella, 1971). 

These layers form annuli, which are represented visually as alternating translucent and opaque 

bands. Counting annuli from the core (i.e., nucleus) outward allows for estimation of fish age, as 

each annulus indicates seasonal changes in growth. Under reflected light, each year of growth in 

is represented by distinct zones in the otoliths: one wider, opaque zone indicating faster summer 

growth, and one narrower, translucent zone that signifies slower winter growth. The complex 

biological and environmental processes that influence otolith biomineralization may provide a 

unique opportunity for time-resolved environmental monitoring. 
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The inert properties of otoliths facilitate development of novel applications related to 

ecological reconstruction in several sub-disciplines. One example is the development of chemical 

aging techniques, which are based on correlating zinc (Zn) profile minima with translucent growth 

zones (Friedrich and Halden, 2010; Halden et al., 2000). The validation and standardization of 

these chemical aging techniques remain ongoing, primarily due to an incomplete understanding 

of what causes the seasonal patterns observed in otolith Zn concentrations (Heimbrand et al., 

2020; Reis-Santos et al., 2023). Otolith microchemistry data have also provided valuable insights 

into topics such as fish migration, anadromy, stock discrimination, fish provenance, and 

environmental contamination (e.g., Elsdon et al., 2008; Friedrich and Halden, 2010; Kennedy et 

al., 2002; Radtke et al., 1996; Swanson et al., 2010; Zimmerman and Reeves, 2000). There is 

growing interest in using otolith microchemistry to reconstruct past metal exposure in fish, an 

approach that requires deeper knowledge, especially regarding how metals are incorporated into 

otoliths. 

Element deposition within otoliths is governed by ion availability during biomineralization 

(Barnes and Gillanders, 2013; Izzo et al., 2018; Thomas and Swearer, 2019). Essential components 

for otolith formation are transported into blood plasma via the gut or gills and subsequently cross 

the endolymphatic membrane into the endolymph, which surrounds the otolith as it grows (see 

schematic Figure S3.1. Elements are then assimilated into the otolith aragonite (CaCO3) structure, 

via substitution for calcium (Ca), integration into organic matrix proteins, or filling interstitial 

space (Campana, 1999). Elements of similar size to Ca, specifically strontium, lead, and barium, 

have a propensity to substitute for Ca in otoliths (Campana, 1999; Radtke and Shafer, 1992). 

Elements with atomic radii smaller than Ca, such as transition metals like zinc and copper, 
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typically bind to the otolith matrix proteins. Elements that reside in interstitial spaces, such as 

sodium and potassium, do not bind to the otolith and are more likely to leach out (Proctor and 

Thresher, 1998). 

Incorporation of trace elements into otoliths is influenced by many variables. Somatic 

growth rate, fish age and size, and gonad development are internal factors that impact 

integration of trace elements into otoliths (Campana, 1999; Kalish, 1989; Sturrock et al., 2015). 

For example, Sturrock et al. (2015) observed that reductions in Zn:Ca in otoliths from female fish 

were inversely correlated to gonadosomatic index (GSI), a measure of gonad weight to total body 

weight. This indicates that during ovarian maturation, less Zn is integrated into the otolith, 

possibly due to the role of Zn in vitellogenin production, a vital protein for yolk formation 

(Sturrock et al., 2015).  

Externally, environmental conditions such as temperature, pH, salinity, dissolved oxygen 

concentration, and ambient metal concentrations also affect incorporation of trace metals into 

otoliths (e.g., Campana, 1999; Elsdon et al., 2008; Elsdon and Gillanders, 2002; Radtke and Shafer, 

1992). For example, Sr concentrations are often higher in brackish and saline waters than 

freshwaters, which has facilitated use of otolith strontium-to-calcium ratios in reconstructions of 

anadromous fish migrations and discrimination of fresh, brackish, and marine habitat use (e.g., 

Zimmerman, 2005). Additionally, the use of multi-element otolith signatures, which can reflect 

underlying geology and groundwater inputs, can be used to help delineate fish stocks (Campana, 

2005; Thresher, 1999). Although otolith microchemistry serves as a powerful tool for elucidating 

the complex life histories of fish, the multitude of factors influencing element incorporation 

introduces significant complexity to interpretation and application.  
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Recent advancements have highlighted the need for more field-based studies of both 

intrinsic and extrinsic factors that affect otolith microchemistry (Grammer et al., 2017; Hüssy et 

al., 2021b; Reis-Santos et al., 2023; Thomas and Swearer, 2019). After three decades of study, 

knowledge gaps of otolith microchemistry as an ecological tool have been narrowed; however, 

the utility of otolith microchemistry in reconstructing past environmental conditions and other 

applications is only partially understood. Researchers are urged to consider study-level covariates 

and biomineralization processes(Hüssy et al., 2021b; Izzo et al., 2018; Sturrock et al., 2014), which 

are crucial for effectively reconstructing environmental histories.  

The subarctic Barrenlands of the Kivalliq Region, characterized by dense networks of low-

productivity waterbodies, present an excellent opportunity for research on otolith 

microchemistry. These lakes, classified as oligotrophic or ultra-oligotrophic, are sensitive to 

environmental changes and serve as early indicators of ecological disturbances (e.g., Goedkoop 

et al., 2022; Huser et al., 2022). Specifically, the Baker Lake lagoon-tundra wastewater wetland 

offers a unique setting to study otolith microchemistry as an inland Arctic freshwater system that 

has been subject to eutrophication and metal contamination from municipal wastewater. 

In Chapter 2, metal concentrations and indicators of primary productivity were found to 

differ between lakes affected by wastewater and unimpacted lakes. This prompted a deeper 

investigation into otolith microchemistry across a subset of lakes, which represent upstream, 

wastewater-affected, and reference site-types. To ensure the reliability of comparisons, lakes 

were selected based on having similar size-class distribution of captured fish. The lakes included 

in this chapter included: 1) Upper Lagoon Lake, located immediately upstream of the first 

wastewater lake in the lagoon-tundra treatment system; 2) Airplane Lake, the most downstream 
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lake in the lagoon-tundra wastewater wetland before discharge into the greater Baker Lake 

basin; and 3) R1, a reference lake not affected by wastewater.  

The core hypothesis of this chapter posits that metal concentrations in otoliths will vary 

among lakes and will correlate with metal concentrations in soft fish tissues, such as muscle and 

liver. This hypothesis frames subsequent analysis where I investigated the relationship between 

metal concentrations in otoliths and soft tissues, considering both internal and external factors 

that may influence metal incorporation into otoliths. I measured and compared metal 

concentrations in the first-year growth and marginal edges of otoliths among the three studied 

lakes, related concentrations in otoliths to those found in soft tissues, and related concentrations 

to possible covariates. I used results to assess the capacity of otolith microchemistry to 

chronologically reconstruct contaminant exposure. Through this research, I hope to further 

knowledge regarding the application of otolith microchemistry as a tool for reconstructing metal 

exposure, with applications to systems, such as those in the Arctic, where baseline data are 

limited. 

3.2 Methods 

3.2.1 Study Site and Sample Collection 

During summers of 2019 and 2021, Arctic grayling (Thymallus arcticus) were captured in 

three lakes near the hamlet of Baker Lake (64.32°N, 96.02°W) in Nunavut's Kivalliq region, Canada 

(Figure 3.1). These lakes, all located within 3 km of Baker Lake, included Upper Lagoon Lake, 

situated upstream and potentially influenced by wastewater, Airplane Lake, located downstream 

of influent, and Lake R1 (Reference 1). Lake R1 was selected for its geological similarity to 

Airplane Lake and its accessibility. Between 14 and 29 fish were captured in each lake using 
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various methods, including 2-hour small-mesh (20 mm) gill net sets, 12-hour fyke net sets, and 

angling from the shore in accordance with University of Waterloo Animal Care guidelines (AUP 

#41176). Sampling occurred during the open-water season and targeted various habitats within 

each lake (i.e., methods were not standardized across lakes). The fish were measured for length 

(in millimeters) and weight (in grams) before being sent frozen to the University of Waterloo for 

further analysis. 

 

Figure 3.1 Study lakes in Baker Lake, Nunavut, Canada. A subset of three lakes were sampled for 
otolith microchemistry analysis, including Upper Lagoon Lake, Airplane Lake, and Reference 1 (R1).  
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3.2.2 Sample processing 

At the University of Waterloo Fish Lab, large-bodied fish dorsal muscle tissue with skin 

removed was obtained from the left and right side of each fish. An incision was made on the 

ventral side of the fish starting at the anus and cutting to the base of the gills. Once the internal 

organs were exposed, sex and maturity of each fish were determined. Gonads and livers were 

removed and weighed. Sagittal otoliths were removed by cutting through the skull and exposing 

the brain cavity. The membranous sac surrounding the otolith was removed before drying and 

subsequent storage in an envelope to ensure no moisture would degrade the sample.  

Dorsal muscle tissue was freeze-dried using a LabConco FreeZone drier set at -54°C and 

0.014 mBar until the sample was void of moisture. Dry samples were ground by motor and pestle 

until homogenized. The high fat content of fish livers precludes complete moisture removal by 

freeze-drying; thus, livers were frozen with liquid nitrogen (N2) and pulverized in a Cryo-Cup 

Grinder (BioSpec Products, Bartlesville, OK, USA) until homogenized.  

Homogenized muscle and liver were analyzed at the Biotron Center for Experimental 

Climate Change Research (University of Western Ontario, London, ON, CA), an ISO 17025 

accredited laboratory. Total metal concentrations (i.e., Mn, Fe, Cu, Zn, Pb) were determined 

following EPA Methods 3052 and 200.8 (U.S. EPA, 1996b, 1994). Metals were selected for analysis 

based on a literature review of trace elements found in municipal wastewater that have 

previously been recorded in otoliths (see Table S2.1). 

3.2.3 Otolith Preparation 

To prepare otoliths for microchemistry analysis, the right sagittal otolith of each fish was 

embedded, sulcus side up, in epoxy (Cold CureTM 2:1 ratio). If the right otolith was not collected, 
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the left otolith was used. Epoxy was mixed and sonicated to ensure that it was free of air bubbles 

that could interfere with laser ablation. Embedded otoliths cured for 72 hours at room 

temperature until the epoxy had fully hardened. Otoliths were then sectioned (~2.5 mm) 

transversely with a low-speed IsoMet (Buehler Ltd, Illinois) diamond blade saw, such that the 

nucleus (i.e., origin of growth) was included. Sections were polished on a series of abrasive 

polishing papers with decreasing grit sizes (i.e., 100, 30, and 3 μm) until smooth, removing any 

surface irregularities that could affect analysis.  

Five to seven individual otolith cross sections were mounted flat in a 25 mm Lucite 

microprobe mount. The Lucite disk was backfilled with epoxy and left to cure for 72 hours. Once 

cured, disks were wet-polished using deionized water and 100, 30, and 3 μm polishing paper, 

followed by a Buehler MetaServ250 Grinder-Polisher with Buehler MasterPolish (0.05 μm). 

Otoliths were frequently assessed under a microscope during grinding and polishing to ensure 

nucleus integrity. Polished disks were ultrasonically cleaned with deionized water for 15-minutes 

and individual cross sections were imaged using a Leica M80 dissecting microscope with a Leica 

IC80 camera attachment under reflected light.  

3.2.5 Age determination 

Estimations of age were conducted with a dissecting microscope and camera attachment 

by counting pairs of opaque and translucent bands (i.e., annuli) on the exposed otolith surface. 

The outer boundary of each translucent zone was considered the formation point for the next 

annulus, representing one year of incremental growth. Otolith images were captured and 

processed using LAS X microscope software (Leica Microsystems, Switzerland). 
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The accuracy of age determination was evaluated using a scoring system and multiple 

assessments of age. Each age estimate was assigned a confidence level (by the reader) on a scale 

of 1 to 10, with higher scores indicating greater confidence. An age estimate was deemed valid if 

both the age and the confidence rankings were consistent across three readings of each otolith. 

In cases where the age estimates did not match or the confidence scores were low (i.e., <5), a 

second interpreter conducted independent assessments, and the results were compared 

between interpreters until consensus. This method is described by Casselman (1983). 

3.2.4 LA-ICPMS of Otoliths 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was conducted 

at the Department of Earth Sciences, University of Manitoba, Winnipeg, with an Element 2 ICP-

MS (Thermo Finnigan, High Resolution) coupled to a New Wave laser (UP-213, Merchantek, 

Fremont, California). Typical operating conditions are summarized in Table S3. 1. Calcium (Ca48) 

was used as an internal standard (56% CaO, g/mol), and NIST-SRM-610 (glass) standard reference 

material (National Institute of Standards and Testing) was used as an external standard. NIST-

SRM-610 was spot ablated (5 Hz, 30 μm, 70% power) before and after ablations were performed 

on each disk (5-7 samples). A pre-ablation transect was run before elemental assay to remove 

any surface contaminants (Campana et al., 1994; Thresher, 1999). Subsequently, continuous 

transects were ablated from each otolith nucleus to the outer dorsal edge. Otolith material was 

vaporized by the laser and transported by argon gas to the ICP-MS for analysis of elemental 

concentrations (Denoyer et al., 1991). Trace element concentrations were processed in the data 

reduction software GLITTER (van Achterbergh et al., 1999) and Iolite (Paton et al., 2011); 

intensities were converted to parts per million (ppm), and reported relative to Ca48. 
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Time series data of metal concentrations in otoliths were smoothed using a 10-point 

moving average and plotted against distance travelled by the laser (µm) (calculated as speed of 

the laser in µm/second × ablation time in seconds, from otolith core to distal end). Mean metal 

concentrations were then determined for two increments of interest for otolith growth: 1) year-

one (i.e., first full year of growth after hatch) and 2) marginal edge (i.e., last full year of growth 

before capture). 

3.2.5 Statistical Analysis 

Univariate and multivariate techniques were used to test hypotheses concerning 

individual elements and multi-element signatures. Univariate normality was examined as part of 

preliminary data exploration. A Shapiro-Wilk test was used to examine the assumption of 

normality for all study parameters by computing sum-of-squares differences between observed 

and expected values. Data were log10-transformed as required. Normality of residuals was 

assessed using visual inspection of residual distributions and Q-Q plots. Alpha was generally set 

to 0.05, with exceptions explicitly stated. All statistical analyses were conducted in RStudio 

version 2023.12.1+402 using core packages from R version 4.3.3 (2024-02-29), unless otherwise 

indicated.  

Pearson correlation analyses were conducted to examine the strength and direction of 

linear relationships between otolith metal concentrations (i.e., Mn, Fe, Cu, Zn, Pb) and fish life 

history characteristics (i.e., age, length, weight, condition, GSI, LSI, growth rate, C:N, δ13C, δ15N). 

The analyses were conducted twice, once on year-one data from otoliths, and once on marginal 

edge data from otoliths. Pearson Correlation matrices were calculated using the ‘recorr()’ 

function in the R package Hmisc (Harrell Jr, 2019). Additionally, correlations between 
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concentrations of metals in otolith marginal edges and soft tissues (i.e., muscle and liver) were 

examined. Correlations between concentrations of metals in year-one otolith increments and 

soft tissues were not conducted because year-one metal concentrations are not reflective of 

recent exposure.  

Before examining differences in otolith microchemistry among the three study lakes, the 

potential influence of fish size on element concentrations was investigated, as suggested by 

Campana (2005). Initial Pearson correlation tests between fish size and metal concentrations in 

the first-year otolith increments indicated no significant relationships (p > 0.05); therefore, no 

adjustments for fish size were made for these data. However, significant correlations between 

fish length and concentrations of Mn, Zn, and Fe were observed at the marginal edges in at least 

one lake— Upper Lagoon Lake (Table S3.3), Airplane Lake (Table S3.5), and Lake R1 (Table S3.7). 

To address these correlations, simple linear regressions of metal against fork length were 

computed independently for each metal and lake. Residuals from these regressions were 

extracted and added to the mean metal concentration, effectively correcting for the effect of size  

(Campana, 2005; Gotelli and Ellison, 2013). These length-adjusted marginal edge metal 

concentrations were utilized in subsequent analyses. 

A permutational multivariate analysis of variance (PerMANOVA) was used to test for 

differences in otolith microchemistries among lakes (i.e., group centroids). Assumptions of 

multivariate normality and homogeneity of variance were considered, although PerMANOVA is 

robust to violations in these assumptions (Anderson, 2001). Multivariate normality was assessed 

by analyzing Q-Q plots and comparing skewness (i.e., asymmetry) and kurtosis (i.e., the weight 

of tails) scores to normal multivariate distributions. Homogeneity of variance was evaluated using 
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Bartlett’s Test, which tests the null hypothesis of equal group variance under a chi-square 

distribution (Bartlett, 1937). A dissimilarity matrix was generated using the vegan package in R 

(Oksanen et al., 2019) by calculating differences in multi-element otolith signatures between 

each pair of fish based on Euclidean distance (Gower, 1966). This metric is particularly suitable 

for analyzing continuous data, such as otolith metal concentrations, as it quantifies the absolute 

magnitude of distance and treats all dimensions (i.e., each metal element in the otolith signature) 

equally (Anderson, 2001). The test statistic was then calculated as the ratio of the sum of squared 

Euclidean distances among groups divided by the sum of squared distances within groups (i.e., 

pseudo-F statistic and p-value) (Anderson, 2001). PerMANOVA was performed using the 

‘adonis2()’ function by randomly rearranging (i.e., permutating) the dissimilarity matrix 1000 

times and testing the null hypothesis of no differences in metal concentrations among lakes in 

year-one and marginal edge growth increment in otoliths.   

Principal component analysis (PCA) served as the ordination method. Dissimilarity 

matrices were derived from log10-transformed data of year-one and length-adjusted marginal 

edge values using Euclidean distances in the R package factoextra (Kassambara, 2016). Variable 

contributions (in percentage) to principal components were assessed using squared cosine (cos2) 

values, which measure representational quality based on angular relationships in right 

triangles(e.g., Abdi and Williams, 2010). 

To explore differences in individual mean metal concentrations among lakes, analyses of 

variance (ANOVAs) were performed on log10-transformed data of year-one and length-adjusted 

marginal edge values. Pairwise comparisons of significant ANOVA results were evaluated with 
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Tukey’s Honestly Significant Difference (HSD) post-hoc test, with p-value adjustments for 

multiple comparisons.  

3.3 Results and Discussion 

The utility of otoliths has expanded beyond traditional age determination, and otoliths 

can now serve, in some circumstances, as tools for answering biological and ecological questions 

related to movements and habitat use of fish (see Izzo et al., 2018; Reis-Santos et al., 2023). 

Otolith microchemistry can provide a unique temporal perspective of exposure history that 

surpasses the capabilities of traditional soft tissue-based analyses in environmental assessments. 

For otoliths to accurately reflect environmental conditions, it is essential to consider both 

external factors, such as ambient water metal concentrations and temperature, as well as 

internal factors, including diet and somatic growth, that influence trace element concentrations 

in otoliths. In this research, complete time-resolved profiles of metals concentrations were 

generated, with analyses focusing on two crucial growth periods: the initial year of growth, and 

the most recent annual growth at the marginal edge. Analyses focused on five metals, four of 

which are micronutrients (Zn, Mn, Cu, Fe) that are metabolically regulated and essential but toxic 

at high concentrations, and Pb, which is a toxicant only. Concentrations of each metal were 

compared among study systems and related to a series of intrinsic covariates that represent 

trophic ecology (i.e., carbon and nitrogen stable isotope ratios), energy storage (e.g., 

gonadosomatic index), and life history (e.g., length and age). 

Because concentrations of individual elements can reflect environmental or physiological 

processes affecting uptake in ways that are specific to each element, it is often beneficial to first 

analyze and interpret multi-element otolith signatures, particularly when intrinsic regulatory 
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processes may mask environmental signals (Reis-Santos et al., 2018; Sturrock et al., 2015). In this 

study, multivariate analyses revealed that otoliths from a lake receiving primary treated 

municipal wastewater (i.e., Airplane Lake) had distinct multi-element (i.e., Mn, Fe, Cu, Zn, Pb) 

otolith signatures compared to an upstream (i.e., Upper Lagoon Lake) and reference lake (i.e., 

Lake R1) (Figure 3.2) There was a greater difference in otolith microchemistry among lakes when 

comparing marginal edge increments (PerMANOVA, F(2, 50)=4.1822, p=0.002) rather than year-one 

increments (PerMANOVA, F(2, 48) = 4.038 , p = 0.012), but both were significant.  

Pairwise comparisons of beta dispersion distances revealed that marginal edge 

microchemistry was significantly different between Airplane Lake and Upper Lagoon Lake 

Figure 3.2 Principal component analysis (PCA) biplots for a) year-one otolith signatures and b) marginal edge 
otolith signatures. Each point on the plot signifies an individual fish metal signature based on measurements 
of five metals (Fe, Pb, Mn, Cu, and Zn) quantified using ICP-MS. Study lakes include Upper Lagoon Lake (circles), 
upstream of wastewater input; Airplane Lake (triangles), receives wastewater; and, the reference, Lake R1 
(squares). Elemental signatures of both year-one and marginal edge differed significantly among the fish from 
the three study lakes, although marginal edge otolith composition (PerMANOVA, F(2, 50) = 4.1822, p = 0.002) was 
more distinct than year-one (PerMANOVA, F(2, 48) = 4.038 , p = 0.012). Lead (Pb) contributed the most to among-
lake variance in metal signatures for both year-one and marginal edge otolith regions. 
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(Tukey’s, p=0.027), and between Airplane Lake and Lake R1 (Tukey’s, p=0.015). There was no 

significant difference in marginal edge microchemistry between the two systems not affected by 

wastewater - Upper Lagoon Lake and Lake R1 (Tukey’s, p>0.05). A post-hoc analysis of year-one 

otolith microchemistry showed a small but significant difference between Airplane Lake and 

Upper Lagoon Lake (Tukey’s, p=0.048). There was no significant difference in year-one otolith 

microchemistry between Lake R1 and either Airplane Lake or Upper Lagoon Lake (Tukey’s, 

p>0.05). This lack of distinction in year-one increments, compared to marginal edge increments, 

could reflect variation in relative influence of internal versus external influences on otolith 

chemistry at different life stages, potentially related to the ratio of aragonite to protein in annuli 

(Thorrold and Swearer, 2009). 

Results show that for both year-one and marginal edge multi-element signatures, [Pb] 

had a strong influence on microchemical differences among lakes, as evidenced by its 

contributions to overall PCA dissimilarity (Table S3.9 and Table S3.10). This may reflect higher 

[Pb] levels in sediments of Airplane Lake relative to the other lakes (see Chapter 2; Figure 2.6), 

although single-element analysis revealed no significant differences in otolith [Pb] among the 

three lakes studied in this chapter (Table 3.1). Authors of a study on a river polluted by industrial 

activities noted site-specific variations in otolith [Pb] (Ranaldi and Gagnon, 2008b), and found a 

relationship between [Pb] in sediment and [Pb] in otoliths (Ranaldi and Gagnon, 2008a). Drawing 

from this, Thomas et al. (2017) propose that Pb might serve as a marker for environmental 

contamination in waterbodies, but only if levels are high enough to overcome any internal 

physiological elimination processes. Concentrations of other elements also have to be 

considered. Mechanisms of Pb transport and incorporation differ from those of essential 
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elements; Pb exists as a free ion in the otolith matrix but is bound to proteins in the endolymph 

(Izzo et al., 2015; Mugiya et al., 1991; Thomas et al., 2017). Significant negative correlations 

between [Pb] and [Fe] were observed in Upper Lagoon Lake (Pearson, r=-0.605, p=0.022), and 

between [Pb] and [Cu] in Airplane Lake (Pearson, r=-0.464, p=0.011) and Lake R1 (Pearson, r=-

0.803, p<0.001). These inverse relationships suggest that increases in [Pb] may lead to decreases 

in other metal concentrations and vice versa, potentially through competitive binding within the 

otolith matrix (Thomas et al., 2017), the endolymph, or both. 

Table 3.1 Mean ± standard error metal concentrations (in parts per million; ppm) in otoliths of Arctic 
grayling from three lakes near Baker Lake, NU. Metal concentrations are reported for two regions of 
otolith growth: 1) year-one (i.e., first full year of growth after hatch) and 2) marginal edge (i.e., last full 
year of growth before capture). Marginal edge values are corrected for body size by adding residuals of 
the length – [metal] linear regression to mean [metal]. Significant pairwise differences of (log10-
transformed) metal concentrations are depicted with compact letter display (Tukey’s HSD on ANOVA, p 
<0.05) and bold. ANOVA results reported in Table S3.8. 

Mean [metal] Upper Lagoon Lake Airplane Lake Lake R1 

1) Year-one, n 14 29 14 

Mn (ppm) 5.041 (0.623) 4.402 (0.463) 5.222 (0.651) 

Fe (ppm) 4.989 (0.892)A 9.540 (1.056)B 7.488 (0.814)AB 

Cu (ppm) 0.821 (0.113)A 0.761 (0.119)AB 0.461 (0.089)B 

Zn (ppm) 130.313 (11.972)A 108.416 (8.142)AB 74.489 (4.617)B 

Pb (ppm) 0.022 (0.009) 0.016 (0.004) 0.013 (0.002) 

2) [Length-adjusted]  
Marginal edge, n 

14 29 10 

Mn (ppm) 2.517 (0.348) 3.133 (0.490) 3.597 (0.591) 

Fe (ppm) 6.978 (1.753)A 15.553 (2.121)B 6.657 (0.840)A 

Cu (ppm) 0.332 (0.064) 0.911 (0.230) 0.405 (0.159) 

Zn (ppm) 59.950 (15.970)A 57.579 (9.681)AB 21.922 (4.970)B 

Pb (ppm) 0.013 (0.002) 0.048 (0.028) 0.040 (0.015) 
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In a recent study of multi-element otolith signatures, Thomas et al. (2020) used cluster 

analysis to explore the effect of categorizing elements based on their biomineralization processes 

on determining the natal origins of fish. They found that categorizing elements as associating 

more with either salt or protein fractions improves the accuracy of origin determination. 

Specifically, Mn was identified as protein-dominant in the otolith nucleus but salt-dominant (i.e., 

CaCO3) during the larval phase, due to its presence in both the protein-rich core and the salt 

fractions of annuli. This detailed analysis revealed that elements associated with salt fractions 

are particularly effective in distinguishing the natal origin of fish. Future research could extend 

the techniques of Thomas et al. (2020) by investigating an a priori selection of elements based 

on otolith biomineralization processes influenced by both internal and external factors across 

different life-history stages, aiming to refine methods and elements selected for reconstructing 

historical contaminant exposure. 

Elements under physiological control, such as transition metals (e.g., Cu, Zn, Mn, Fe), are 

assumed to provide limited  information about environmental exposure (Hüssy et al., 2024; 

Thomas et al., 2020) but may still be useful in an otolith microchemistry context when studying 

highly polluted areas (Thomas and Swearer, 2019). I found that [Fe] in marginal edge increments 

were significantly higher in Airplane Lake, a wastewater receiving waterbody, compared to Upper 

Lagoon Lake and Lake R1, which do not receive wastewater (Tukey’s, p <0.05; Table 3.1). In year-

one increments, [Fe] were significantly higher in Airplane Lake compared to Upper Lagoon, but 

not R1. These findings align with significantly elevated [Fe] in water of the Baker Lake wastewater 

wetland (see Chapter 2; Table 2.1), and indicate that otoliths did record elevated ambient [Fe] in 

Airplane Lake. Authors of two recent studies found evidence of an iron-binding protein, 
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Transferrin (also called Serotransferrin), in the otolith matrix (Thomas et al., 2019; Weigele et al., 

2016). Thomas et al. (2019) also reports extremely high levels of Transferrin in the endolymph, 

and results of both these studies indicate that presence of Fe in otoliths may not be entirely 

related to the function of iron as an internally regulated protein cofactor. Otoliths may therefore 

“record” elevated [Fe] in more polluted waters but be less reliable indicators when variability 

among systems (or over time) are reduced and intrinsic factors dominate incorporation (Izzo et 

al., 2018). Overall, it appears that use of otolith [Fe] as a marker of municipal wastewater 

exposure would need to be assessed on a case-by-case basis.  

Few studies have explored correlations between metal concentrations in otoliths and 

metals concentrations in soft tissues – such as liver and muscle - that are commonly used in 

environmental monitoring and ecotoxicology. It remains unclear whether relationships between 

metal concentrations in otoliths and soft tissues vary across different environments (Barnes and 

Gillanders, 2013; Hansson et al., 2020). To address this knowledge gap, Pearson’s correlation 

analysis was used to compare metals concentrations in otolith marginal edges with 

corresponding concentrations in the muscle tissue and liver of individual fish (Table S3.2, Table 

S3.4, Table S3.6). The results revealed no significant relationships, except for a negative 

correlation between Lake R1 liver and otolith [Zn] (Pearson, r=-0.583, p=0.041). A lack of 

correlation between otolith marginal edge and soft tissue concentrations for the other metals 

tested (refer to Table S3.2, Table S3.4, Table S3.6) may be due to differences in metabolic 

processes in otoliths compared to other tissues (Hüssy, 2008; Vignon et al., 2023), as well as the 

complex processes that govern biomineralization and metal uptake into the otolith matrix, which 
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involves transport of dissolved ions across multiple membranes from surrounding water and food 

sources (Campana, 1999). 

To explore intrinsic factors influencing otolith composition, fish life-history characteristics 

(e.g., age, growth, fork length, weight) were correlated with metal concentrations in both 

marginal edge and year-one otolith increments. Output tables for Pearson correlations are 

performed on metals concentrations in otolith marginal edges are reported in Table S3.3, Table 

S3.5, and Table S3.7. No significant relationships were noted between year-one otolith metal 

concentrations and fish life-history characteristics (Pearson, p>0.05). In the marginal edge 

increments, [Zn] was significantly and negatively related to fork length in all three lakes Upper 

Lagoon Lake (Pearson, r=-0.678, p=0.008), Airplane Lake (Pearson, r=-0.695, p<0.001), and Lake 

R1 (Pearson, r=-0.563, p=0.009). Additionally, [Zn] in marginal edge increments were significantly 

and negatively related to gonadosomatic index, a measure of gonad to body weight ratio, in 

Airplane Lake [Zn] (Pearson, r=-0.649, p<0.001) and to otolith [Mn] in Lake R1 (Pearson, r=-0.747, 

p<0.001). Marginal edge Mn concentrations were significantly and negatively related to fork 

length in both Airplane Lake (Pearson, r=-0.656, p<0.001) and Upper Lagoon Lake (Pearson, r=-

0.667, p=0.009). Weaker, yet significant, positive relationships were observed between marginal 

edge [Fe] and fork length in Airplane Lake Pearson, r=-0.426, p=0.021) and between marginal 

edge [Fe] and fish age in Lake R1 (Pearson, r=-0.528, p=0.016). 

Otolith profiles from all lakes demonstrated annular peaks and troughs of [Mn] and [Zn] 

(Figure 3.3). In all study lakes, the concentrations of [Mn] and [Zn] were higher in the first-year 

growth increments than in the marginal edge increments, as detailed in Table 3.1. These patterns, 

along with the significant negative correlations between fish length and the gonadosomatic index 
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with both [Zn] and [Mn] (Table S3.3, Table S3.5, and Table S3.7), align with previously 

documented ontogenetic trends, wherein concentrations of Zn (Friedrich and Halden, 2010; 

Papadopoulou et al., 1978; Ranaldi and Gagnon, 2008b) and Mn (Friedrich and Halden, 2010; 

Limburg et al., 2015) decrease from the nucleus to the outer edge. 

 

Figure 3.3 Plots of Arctic grayling otolith Zn and Mn concentrations (ppm) smoothed (n=10) and 
plotted over distance (µm). Oscillatory patterns of [Zn] and [Mn] align with annular growth 
structure in otoliths from both: a) a lake downstream of wastewater input (i.e., Airplane Lake) and 
b) a reference lake not connected to the wastewater wetland (i.e., Lake R1). 
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Elevated zinc concentrations in the center of otoliths are thought to reflect increased 

organic content, specifically proteins, in the otolith nucleus. There is some evidence suggesting 

that Zn is incorporated into otoliths exclusively within the proteinaceous fraction (Miller et al., 

2006), where it serves as a cofactor for several otolith growth proteins. For example, the enzyme 

carbonic anhydrase requires Zn in the catalytic conversion of carbon dioxide to bicarbonate, a 

crucial step in aragonite formation (Tohse et al., 2006). Other researchers have found, however, 

that Zn can be found in both the proteinaceous and salt fractions of otoliths (Izzo et al., 2015). 

Further work on the biomineralization processes that govern [Zn] in otoliths is required.  

Dietary intake is the primary source of Zn to otoliths (Hüssy et al., 2021b; Ranaldi and 

Gagnon, 2008b), and seasonal changes in diet affect both otolith accretion rate and Zn 

availability. During active summer feeding periods, otoliths tend to contain higher concentrations 

of Zn whereas lower concentrations are observed during the limited winter-feeding period 

(Halden et al., 2000). The relationship between otolith [Zn] and seasonal variability in growth 

makes Zn a useful chemical indicator of fish age (Halden et al., 2000; Ranaldi and Gagnon, 2008b). 

However, the effectiveness of Zn as tracer of exposure to ambient concentrations is still unclear 

(Thomas et al., 2017). Despite the fact that [Zn] were slightly elevated in Airplane Lake sediment 

relative to reference systems (see Chapter 2), oscillatory patterns in [Zn] continued to be 

observed in Airplane Lake (Figure 3.2). It thus appears that seasonal oscillations in Zn are 

observed in otoliths even when ambient concentrations are elevated due to anthropogenic 

disturbance, at least to the extent observed in this study.  

Similar to Zn, the mechanisms underlying Mn incorporation into otoliths are not entirely 

understood, although it is proposed that Mn functions as a protein cofactor during the nucleation 
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phase of otolith formation (e.g., Limburg et al., 2015; Ruttenberg et al., 2005). Mn has been 

detected in both the salt and protein fractions of otoliths (Izzo et al., 2015), with Miller et al. 

(2006) identifying it exclusively in the salt fraction. Thomas et al. (2017) showed that Mn exists 

as a free ion in the endolymph and becomes highly enriched in the otolith, where it likely 

substitutes for Ca in the aragonite lattice due to a shared oxidation state (both 2+) and similar 

ionic radius (Campana, 1999). It is possible that Mn binds to proteinaceous fractions during larval 

development and to salt components thereafter (Thomas et al., 2017) and may therefore be a 

more effective tracer of elevated ambient concentrations in regions of the otolith that represent 

the adult life-stage (Thomas et al., 2020), but more research is necessary. 

Oscillatory patterns in otolith [Mn] have been observed by several authors (e.g., Hüssy et 

al., 2021a; Limburg et al., 2015). Limburg et al. (2015) proposed that the oscillatory patterns of 

Mn observed in some otoliths (Figure 3.3) may be due to the substitution of Mn for Ca in differing 

redox conditions. Under anoxic conditions, Mn2+ is highly soluble and more effectively competes 

with Ca2+; this could allow variability in dissolved oxygen concentrations to be captured in the 

otolith record. Here, both year-one and marginal edge [Mn] were not significantly different 

among lakes (ANOVA, p>0.05). Despite higher [Mn] in the water of lakes affected by wastewater, 

such as Airplane Lake (see Chapter 2; Table 2.1), and results of previous studies (e.g., Dorval et 

al., 2007) that indicate that [Mn] in otoliths reflect ambient [Mn], my findings indicate that 

variables other than ambient concentrations influence [Mn], perhaps including dissolved oxygen 

– but more research is necessary.  

My research indicates that there is potential to understand historical exposure to 

municipal wastewater using both individual elements, such as Fe, and multi-element otolith 
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signatures. Findings suggest that although certain elements may not always be useful for 

environmental reconstructions due to internal regulation, high levels of pollution can make 

differentiation possible, particularly for elements that are primarily associated with the salt 

fraction of otoliths. With further research, otolith microchemistry could evolve as an invaluable 

tool for tracing historical pollution in water bodies—particularly in regions that either lack 

baseline data or present monitoring challenges, such as the Arctic. 

3.3 Conclusion 

Otolith microchemistry has emerged as a powerful tool for tracing the life history of fish, 

providing insights into both physiological and environmental histories. This technique is 

especially valuable for understanding, monitoring, and managing Arctic ecosystems, which are 

sensitive to change but very poorly studied. In this study, I found that fish from a natural lagoon-

tundra wastewater wetland exhibited multi-element otolith signatures. This difference was clear 

in both the initial year and the most recent periods of otolith growth. Additionally, I found that 

[Fe] may be useful in reconstructing contaminant histories in highly impacted systems. These 

results provided insights into the environmental conditions over time, surpassing what 

traditional soft tissue assessments can offer. I also observed that patterns of [Zn] and [Mn] in 

otolith cross-sections align with annuli, and that this association held true even when 

environmental concentrations were high, suggesting that chemical aging techniques may be 

useful even in contaminated environments.  

Future research with finer temporal resolution could provide deeper insights into the link 

between environmental metal concentrations and otolith microchemistry. Grønkjær (2016) 

reported that plasma ion-protein complexes are key to understanding how various factors 
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influence otolith composition, making them a critical focus for further study. To clarify the 

mechanisms controlling otolith biomineralization and elemental incorporation, more 

comprehensive datasets linking otolith and environmental metal levels are essential. 

Additionally, integrating bioenergetic models that account for all processes affecting uptake and 

regulation will enhance our understanding (Hüssy et al., 2024; Reis-Santos et al., 2023; Sturrock 

et al., 2015). Overall, this research contributes to the expanding investigations of the utility of 

otolith microchemistry in environmental monitoring and assessment, and highlights areas for 

further, more comprehensive studies in the future. 
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Chapter 4  
General Discussion 

4.1 Research Synthesis 

This thesis presents research on the impacts of municipal wastewater on Arctic 

ecosystems, specifically within the unique natural lagoon-tundra wastewater wetland in Baker 

Lake, the only inland community in Nunavut. My research explored trace metal dynamics across 

abiotic and biotic ecosystem compartments and investigated otolith microchemistry as a 

potential method to reconstruct wastewater exposure. Findings from this research not only filled 

knowledge gaps regarding the influence of municipal wastewater on cold, oligotrophic 

freshwater systems but also highlighted the potential use of otoliths as a marker of such 

exposures. 

Results from the second chapter of this thesis revealed distinct differences in water 

chemistry between wastewater-affected lakes and reference lakes, primarily characterized by 

elevated concentrations of metals, including manganese (Mn), iron (Fe), and copper (Cu), as well 

as elevated concentrations of parameters that reflect primary productivity, such as chlorophyll-a. 

Despite observed improvements in water quality along the wastewater flow path, all 

wastewater-affected lakes had higher metal concentrations and primary productivity compared 

to reference lakes. Lagoon Lake, which receives wastewater directly from a stabilization pond, 

exhibited severely impacted water quality, with hypereutrophic conditions, high metal 

concentrations, and critically low dissolved oxygen levels that pose risks to aquatic life. Sediment 

analysis indicates elevated levels of Cu and zinc (Zn) near wastewater sources, although overall 

sediment chemistry showed no broad-scale differences between affected and reference sites. In 

terms of biotic impact, the influence of wastewater on Burbot (Lota lota) trophic ecology was 
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minimal, while Arctic grayling (Thymallus arcticus) showed enriched δ13C in affected sites, 

suggesting changes in carbon sources. Muscle tissue analysis revealed lower (though not 

significant) methylmercury (MeHg) concentrations in fish from wastewater-affected areas 

compared to reference sites, despite higher MeHg concentrations in water, suggesting complex 

bioavailability and assimilation dynamics. These findings highlight the multifaceted impact of 

wastewater on aquatic ecosystems, and underscore need for ongoing monitoring and targeted 

management interventions. 

In Chapter 3 of this thesis, I examined hard part tissue chemistries of Arctic grayling from 

three study lakes, described as follows: downstream of influent, upstream of influent, and 

unimpacted. This investigation complemented previous analyses of abiotic environments and 

fish soft tissue chemistries.  

Distinct multi-element otolith signatures (i.e., Zn, Mn, Cu, Fe, and Pb) among lakes were 

observed. Employing a multi-element approach may be beneficial in scenarios where trace metal 

concentrations are sub-lethal yet ecologically relevant, or when investigating exposure gradients, 

as they reflect increasingly subtle differences in otolith microchemistry (Reis-Santos et al., 2018; 

Sturrock et al., 2015). Otoliths from a wastewater-impacted lake also exhibited significantly 

higher Fe concentrations in both early and recent growth stages compared to those from less 

impacted lakes, reflecting elevated [Fe] in water downstream of influent, as detailed in Chapter 

2. This suggests otoliths can record historical exposure to municipal wastewater, making them 

suitable for time-resolved environmental assessments when inferences are made carefully. 

Microchemical transects of otoliths from core to edge revealed clear minima and maxima of Zn 
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and Mn that aligned with annular structure, suggesting that chemical age estimates may be 

reliable even in contaminated environments.  

Correlations between metal concentrations in otoliths and soft tissues (i.e., liver and 

muscle) were generally weak, potentially due to varying tissue metabolisms and time-lag effects 

of element deposition in otoliths (Vignon et al., 2023). Significant correlations were found 

between some transition metals in otoliths and fork length, age, and reproductive investment. 

Specifically, marginal edge Zn was inversely related to fish length across all lakes. This aligns with 

the role of transition metals (i.e., Zn, Mn, Cu, and Fe) as cofactors in protein-mediated 

crystallization processes (see Thomas and Swearer, 2019).  

Results of Chapter 3 enhance our understanding of otoliths for reconstructing physico-

chemical histories, particularly with Fe, which is physiologically regulated and hypothesized not 

to reflect ambient water chemistry unless in heavily polluted settings (Thomas et al., 2017; 

Thomas and Swearer, 2019). Here, results suggest that [Fe] may be useful as a tracer of effluent 

exposure, even in a field setting. By integrating otolith-based contaminant chronologies with 

other fish health indicators—such as soft tissue contaminant concentrations, trophic ecology, 

energy storage, and life history—results of this research could assist management and regulatory 

bodies in assessing the impacts of contaminants on fish and their ecosystems. 

4.2 Limitations and Study Design 

Otolith microchemistry reflects not only the external environment but also species-

specific physiological processes, such as variability in metabolism, growth rates, and life histories. 

These biological factors can influence how elements are incorporated into otoliths, making it 

difficult to generalize findings across different species or even different populations of the same 
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species under varying environmental conditions. This work would have benefited from the 

inclusion of Burbot, especially since isotope ecology was found to differ from that of Arctic 

grayling (Chapter 2). 

To effectively generalize across species, a deeper understanding of the mechanisms that 

govern incorporation of trace elements into the proteinaceous and calciferous matrices of 

otoliths is essential, along with insights into the species-specific protein-aragonite ratios. 

Research increasingly shows that the way elements are incorporated into otoliths is complex and 

non-linear, presenting challenges for using otolith microchemistry in reconstructions of past 

metal exposure. Elements that form divalent cations and substitute for calcium in the salt 

fractions of otoliths are more likely influenced by environmental conditions whereas elements 

essential to otolith matrix formation as protein co-factors are predominantly influenced by 

physiological processes (Izzo et al., 2018; Reis-Santos et al., 2023; Thomas et al., 2020; Thomas 

et al., 2017). Elements, including Mn, that are present in both the salt and protein fractions likely 

reflect both environmental and physiological conditions, and further study of their use in 

reconstructing environmental histories is necessary, particularly as the factors influencing 

element incorporation may vary across different life stages (Thomas et al., 2020), and perhaps 

across gradients of environmental conditions. Multivariate statistical models that incorporate 

both environmental and biological covariates would also help disentangle the effects of external 

conditions from species-specific internal influences on otolith chemistry 

This research is also limited by incomplete knowledge of fish movements within the Baker 

Lake wastewater treatment wetland. It is possible that Arctic grayling move up- and downstream 

of point source contamination at various life stages. Young-of-year (y.o.y.) Arctic grayling inhabit 
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the stream connecting Lagoon Lake to Upper Lagoon Lake (Ellenor, 2020), although it remains 

unclear if Lagoon Lake acts as a barrier to movement. Movement could introduce variability in 

otolith metal concentrations, complicating efforts to resolve contaminant histories.  

Confounding variables, such as the proximity of the municipal landfill or roads, could also 

influence metal concentrations in the Baker Lake wastewater treatment wetland. Landfills, 

particularly older or poorly designed ones, can leach metals and other pollutants (Slack et al., 

2005). Runoff from roads may carry heavy metals like lead, zinc, and copper from vehicle 

emissions and tire wear to downstream lakes (e.g., Westerlund, 2007). Additionally, dust from 

dirt or gravel roads can alter lake chemistry (Zhu et al., 2019) and biogeochemistry.  

External contamination sources may have affected results by introducing metals into both 

the wastewater (from roads and landfill) and reference (from roads only) systems, complicating 

attribution of elevated metal concentrations in fish tissues solely to wastewater exposure. Future 

studies could quantify metal concentrations in soil and groundwater near, but unaffected by, the 

wetland. Additional reference sites further from pollution sources, along with regular monitoring 

of runoff and leachate from the landfill and roads, would help distinguish landfill-derived metals 

from those linked to wastewater. 

4.3 Future work 

This study could have been improved by: 1) investigating whether larval fish upstream 

and downstream of influents have unique nucleus metal concentrations and comparing these 

with adult fish otolith signatures; 2) implementing alternative methods for tracking fish 

movements, such as passive sampling (e.g., fyke nets) during and after the freshet; and 3) 

conducting finer-scale spatio-temporal analyses to identify specific locations and detect elevated 
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concentrations in metals, particularly following the annual freshet when the wastewater gravel 

berm is prone to failure. Despite this, the chosen scales of otolith and water chemistries were 

appropriate for addressing the research questions. 

The Baker Lake community has expressed a desire for upgrades to the wastewater 

treatment wetland to enhance treatment efficacy. In anticipation of these improvements, further 

research could refine post-upgrade monitoring and assessment strategies. For instance, 

examining the otolith microchemistry of a second species with a limited home range, such as the 

small-bodied slimy sculpin (Cottus cognatus), could address limitations noted in Chapter 3, 

allowing for a more comprehensive understanding of the abiotic and biotic impacts of 

wastewater discussed in Chapter 2. 

4.4 Relevance to the Hamlet of Baker Lake and the wider Canadian Arctic  

This research is part of a larger program aimed at validating the environmental and 

human health benefits of upgrading passive municipal wastewater systems in Northern Canada. 

Concerns among community members about the proximity of final effluent discharge have 

persisted for over 25 years (documented in the Nunavut Impact Review Board public records). 

Upgrades in Baker Lake could mitigate these concerns by enabling the community to select a 

treatment option that respects traditional land use practices and considers their social, cultural, 

and economic needs. The work in this thesis has been actively shared with the community (see 

examples in Figure S4.1 and Figure S4.2) and has fostered ongoing engagement through 

environmental sampling workshops involving local youth and members of the Baker Lake Hunters 

and Trappers Association. 
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In collaboration with the Hamlet of Baker Lake, Agnico-Eagle Mines Inc., a major industrial 

partner, has committed to developing a new passive wastewater treatment system. If realized, 

upgrades would support the community by improving environmental management practices and 

could offer the mine potential strategies for offsetting industry-related environmental impacts, 

which are regulatory requirements for its operations. Ultimately, the territorial government 

holds responsibility for initiating infrastructure upgrades within the community. 

My thesis provides an initial characterization of the wastewater system before these 

upgrades, focusing on potential habitat improvements. One critical aspect is addressing the low 

dissolved oxygen levels in the lake immediately downstream from the influent, which, if 

improved, could serve as an effective strategy for habitat offsetting. Enhancing these conditions 

is vital for the survival and prosperity of species like the Arctic grayling, which are culturally and 

ecologically significant (Hughson, 2010). 

If this approach proves successful, it could pave the way for implementing new, 

community-oriented offsetting projects in other northern communities, fostering sustainable 

environmental management that aligns with local needs and traditions. This could establish a 

model for community engagement and environmental stewardship across the Arctic. 

4.5 Concluding Remarks  

Overall, this work not only enhances scientific understanding but also provides practical 

tools and insights that can be used to improve environmental management, support 

development of future monitoring, and protect ecosystem and community health in the Arctic 

and similar regions worldwide. 
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Appendices 
Supplementary information for Chapter 1  

Table S1.1 Historical water quality conditions in Airplane Lake, Baker Lake, Nunavut: the third and final lake within the lagoon-tundra wastewater wetland 
treatment system. Data sourced from the Nunavut Impact Review Board (NIRB) public registry. 

Bold implies a Canadian Environmental Quality (CCME) guidance exceedance. 
Na refers to unavailable data. 
* Indian and Northern Affairs Canada (now dissolved) 
** Airplane Lake outflow to Baker Lake Creek  
# South-West side of Airplane Lake, towards Baker Lake Creek inflow 
  

Year Month Day Analysis Site 
mg/L 

Total P NO3
- + 

NO2
- NH3 Al Cu Fe Ba Mn Pb Se Zn 

1994 6 8 
INAC* Analytical 
Laboratory, 
Yellowknife 

Airplane 
inflow Na 0.055 0.055 Na 0.004 0.577 Na 0.0649 0.001 Na 0.006 

2006 9 Na Nunami Jacques 
Whitford Ltd. Bak-3** 0.019 0.448 0.024 0.011 0.002 0.09 0.035 0.007 <0.001 0.001 <0.010 

2007 7 Na Nunami Jacques 
Whitford Ltd. Bak-3 0.131 0.097 0.911 0.121 0.002 0.12 0.015 0.030 <0.001 <0.001 <0.001 

2010 10 Na Nunami Jacques 
Whitford Ltd. Bak-3 0.047 0.071 0.050 0.030 0.002 0.002 0.051 0.011 <0.001 <0.001 <0.005 

2015 6 29 ALS Environmental, 
Winnipeg Bak-3 0.145 0.079 0.247 0.047 0.002 0.47 Na 0.060 <0.001 Na 0.002 

2017 6 15 ALS Environmental, 
Winnipeg Bak-3 0.090 0.070 0.202 0.063 0.001 0.426 Na 0.038 <0.001 Na 0.002 

2018 6 21 ALS Environmental, 
Winnipeg Bak-3 0.176 0.070 1.190 Na 0.003 0.383 Na 0.069 <0.001 Na 0.004 

2019 8 26 BASL, UOA; 
Biotron, UWO Air-WQ01# 0.092 0.090 Na 0.2213 0.018 0.016 0.120 0.002 <0.001 <0.001 0.040 

2021   BASL, UOA; 
Biotron, UWO Air-WQ01#            
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Supplementary information for Chapter 2  

Table S2.1 Literature review of metals chosen for analysis, emphasizing those detectable in tissues (i.e., liver, other tissues, otolith) and commonly found in 
landfill or municipal wastewater. LF – Landfill; WW – Wastewater, X – depicts if the tissue will be analyzed for the purpose of this research project. 

Metal Liver Tissue Otolith Potential 
Source* 

Water chemistry factors 
affecting bioavailability Comments/Justification 

Cadmium 
(Cd) X  X LF, WW1 Salinity, DOC, [H+], [Ca2+]2 Enters fish via the gills and accumulates most heavily in detoxifying organs (kidney, liver)3, 20. 

Copper  
(Cu) X  X LF4, WW5 Temperature, DOC, 

alkalinity, pH, hardness6 

Essential for metabolic function but can be toxic if accumulated more than cellular needs. The 
liver is the major organ involved in Cu homeostasis leading to elevated concentrations in the liver 
compared to other tissues7, 20. 

Nickel  
(Ni) X  X LF4, WW5 pH, alkalinity, hardness6 

Highest concentrations of Ni are observed in fish livers which is a major producer of metal 
binding proteins8. 

Lead  
(Pb) X  X LF4, WW5 pH, alkalinity, hardness6 Deposits in various organs with high levels found in livers and bones8, 20. 

Zinc  
(Zn) X  X LF4, WW5 Alkalinity, hardness6 

Shows affinity to gonads because of its metabolic role in this tissue but also concentrates in the 
liver8, 20. 

Mercury 
(Hg) X X X 

Some 
evidence 

for LF9 
[Al], DOC, pH10 

Predominantly concentrated in detoxifying organs (liver, kidney); organic methylmercury binds to 
proteins and is distributed throughout different organs3, 20. It is important to analyze mercury in 
edible tissue because of its toxic effects at [high]. 

Selenium 
(Se) X X X LF11 DOC, pH12 

Strongly bioconcentrated in the kidney and liver of fish3. However, Se has important nutritional 
benefits, and concentrations should be quantified in edible fish tissue13. 

Strontium 
(Sr)  X X LF14 Temperature, salinity12 

Sr is considered a non-essential element to fish since its metabolic role is unclear. Wild fish 
muscle has been reported to have elevated [Sr] over liver15. Otolith Sr profiles have been used to 
investigate movement of anadromous fish16. 

Iron  
(Fe) X  X WW5 Alkalinity, DOC, pH15 

Essential element for cellular respiration and oxygen transfer but can be toxic at [high]. Fe 
homeostasis occurs in the liver where [high] are observed in fish15. 

Arsenic  
(As) X  X WW5 Temperature12 

As is mostly concentrated in the liver and kidneys, which is expected since metalloids are actively 
eliminated by fish3. 

Aluminum 
(Al) X  X LF17 pH18 Adsorption of Al the gill surface is rapid and the primary cause of acute and toxic effects. Uptake 

of Al from the water to internal organs is slow but has been documented at [high]18 

Manganese 
(Mn) X  X WW5 DOC12 Mn is an essential element stored predominantly in fish skin and gills. Concentrations of Mn in 

liver is higher than in muscle for multiple fish species19. 
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Table S2.2 Sample quality assurance-quality control (QA/QC) was conducted in accordance with international standards. CRM – reference material recoveries, 
SR – spike recoveries, MDL – method detection limit, RPD – relative percent difference. Values are mean ± standard error. 

  

Analysis Parameter Fish (muscle) Fish (liver) Bulk Seston Water Sediment 

δ15N AD 0.304 ± 0.047 ‰ - - - - 

 RPD 2.520 ± 0.447 %     

 n 11     

δ13C AD 0.094 ± 0.025 ‰ - - - - 

 RPD 0.461 ± 0.123 %     

 n 11     

Hg RPD 3.303 ± 0.882 % 4.987 ± 0.816 % 4.444 ± 0.408 % 4.000 ± 0.000 % 4.600 ± 0.577 % 

 CRM 104.457 ± 1.155 % 103.519 ± 1.225 % 105.889 ± 0.816 % 105.000 ± 0.000 % 105.500 ± 1.453 % 

 SR 99.096 ± 2.186 % 98.064 ± 4.082 % 100.333 ± 2.449 % 103.000 ± 0.000 % 99.600 ± 2.906 % 

 n 188 156 10 23 20 

 MDL 0.025 ± 0.002 % 10.701 ± 0.004 ng 0.067 ± 0.003 % 0.064 ± 0.000 ng/L 0.067 ± 0.003 % 

MeHg RPD 5.723 ± 1.00 % 10.455 ± 2.858 % 7.000 ± 0.000 % 7.000 ± 0.000 % 7.700 ± 2.333 % 

 CRM 98.367 ± 2.186 % 93.115 ± 7.348 % 98.889 ± 2.858 % 102.000 ± 0.000 % 96.600 ± 5.196 % 

 SR 111.761 ± 7.000 % 105.128 ± 8.165 % 105.667 ± 8.573 % 115.000 ± 0.000 % 104.600 ± 6.839 % 

 n 188 156 10 23 20 

 MDL 0.051 ± 0.015 1.007 ± 0.001 ng 0.006 ± 0.001 ng 0.007 ± 0.000 ng/L 0.006 ± 0.001 ng 

ICP-MS RPD w/in 20% control limit w/in 20% control limit w/in 20% control limit w/in 20% control limit w/in 20% control limit 

 CRM w/in 15% expected 
value 

w/in 15% expected 
value 

w/in 15% expected 
value 

w/in 15% expected 
value 

w/in 15% expected 
value 

 SR w/in 30% known value w/in 30% known value w/in 30% known value w/in 25% known value w/in 30% known value 

 n 159 156 10 46 20 
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Table S2.3 Summary of abiotic variables in six lakes of Baker Lake, Nunavut, Canada. Upper Lagoon Lake is situated upstream of the wastewater wetland, while 
Lagoon Lake, Finger Lake, and Airplane Lake constitute the lagoon-tundra wastewater wetland. Lake R1 and Lake R2 serve as reference systems. Values are 
mean ± standard error. 

Parameter Upper Lagoon Lagoon Finger Airplane R1 R2 
Latitude (N) 64°20'20"N 64°19'53"N 64°19'44"N 64°19'11"N 64°20'26"N 64°19'32"N 
Longitude (W) 96° 1'11"W 96° 0'12"W 95°59'28"W 95°57'45"W 95°55'8"W 96° 7'1"W 
Surface Area (km2) 0.16 0.02 0.05 0.61 0.12 0.26 
Water 
Temperature (°C) 10.20 ± 0.03 14.63 ± 0.64 11.00 ± 0.07 8.60 ± 0.04 13.60 ± 0.05 9.90 ± 0.05 
pH 6.600 ± 0.04 6.090 ± 0.01 6.448 ± 0.08 6.533 ± 0.10 6.993 ± 0.03 76.503 ± 0.03 

Specific cond. (µS/m) 63.650 ± 0.25 123.50 ± 3.04 83.90 ± 1.03 65.60 ± 0.58 50.50 ± 0.42 49.80 ± 0.49 

DO (mg/L) 11.030 ± 0.10 3.85 ± 0.46 10.392 ± 0.22 12.217 ± 0.39 11.783 ± 0.12 11.083 ± 0.13 
DOC 4.570† 7.080† 8.160 ± 3.81  8.880 ± 0.33 5.600 ± 0.26 5.740 ± 0.09 
DIC 4.550† 5.100† 5.580 ± 0.11 2.630 ± 0.27 5.330 ± 2.27 3.840 ± 0.26 
SO4 (mg/L) 1.690 ± 0.08 4.080 ± 0.65 16.248 ± 0.26 5.467 ± 0.14 2.165 ± 0.11 1.735 ± 0.09 
Chlorine (mg/L) 4.880 ± 0.13 10.250 ± 0.65 9.530 ± 0.29 11.290 ± 0.21 4.245 ± 0.12 9.983 ± 0.31 
Calcium (mg/L) 8.580 ± 0.16 7.410†  11.290 ± 0.31 7.863 ± 0.07 6.490 ± 0.29 9.090 ± 0.55 
TN (mg/L) 293.500 ± 12.50 5790.000 ± 629.33 2065.000 ± 110.94  1129.200 ± 175.52 233.250 ± 10.02 252.500 ± 9.82 
TP (mg/L) 2.000 ± 1.83 683.500 ± 113.49 331.250 ± 25.75 74.000 ± 9.32 2.750 ± 2.06 2.500 ± 1.08 
Chlorophyll-a (mg/L) 0.960 ± 0.32 2.280 ± 0.31 15.165 ± 5.40 32.694 ± 7.30 0.600 ± 0.05 0.658 ± 0.20 
Secchi Depth (m) 3.480 ± 0.42 0.100 ± 0.00 0.775 ± 0.21 0.525 ± 0.09 4.150 ± 0.73 4.950 ± 0.35 
Trophic Status Index* 28.792 76.566 69.057 66.508 27.882 26.996 
TSI Classification* O HE E E O O 
Water, filtered       

Mn (µg/L) 1.810 ± 1.28 18.145 ± 7.20 22.175 ± 4.40 19.768 ± 8.68 1.948 ± 0.28 1.325 ± 0.37 

Fe (µg/L) 24.750 ± 2.21 556.015 ± 80.25 314.980 ± 30.07 128.438 ± 55.47 27.998 ± 6.15 32.880 ± 3.46 

Cu (µg/L) 1.215 ± 0.14 5.205 ± 1.48 3.728 ± 0.28 2.152 ± 0.08 1.430 ± 0.41 0.800 ± 0.04 

Zn (µg/L) 3.030 ± 0.35 15.240 ± 2.17 12.570 ± 3.73 9.485 ± 1.81 2.775 ± 0.85 1.915 ± 0.34 

Ba (µg/L) 270.410 ± 0.19 268.320 ± 5.86 278.460 ± 5.81 273.245 ± 5.12 257.100 ± 5.04 230.580 ± 5.13 
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† Only one replicate. 
* Average Trophic Status Index (TSI) calculated from three index variables chlorophyll-a (chla), Total phosphorous (TP), and Secchi disk (SD.) Equations are as 
follows:  

1) TSI(chla) = 9.81 ln (chla) + 30.6 
2) TSI(TP) = 14.42 ln (TP) + 4.15 
3) TSI(SD) = 60 – 14.41 ln (SD) 

* TSI Classification: TSI = 0 – 40, oligotrophic (O): 40 – 50, mesotrophic (M), 50 – 70, eutrophic (E), 70 – 80, hypereutrophic (HE). 
# Method detection limit is 0.30 mg/L selenium (Se). 
 
  

Table S2.3 Continued.       
Parameter Upper Lagoon Lagoon Finger Airplane R1 R2 

Pb (µg/L) 0.160 ± 0.03 0.245 ± 0.08 0.205 ± 0.02 0.136 ± 0.02 0.128 ± 0.03 0.158 ± 0.05 

THg (ng/L) 2.711 ± 0.08 2.895† 2.343 ± 0.43 1.832 ± 0.17 1.714 ± 0.12 2.139 ± 0.05 
MeHg (ng/L) 0.072 ± 0.001 0.252† 0.185 ± 0.002 0.043 ± 0.008 0.061 ± 0.009 0.043 ± 0.004 
Sediment       
LOI (loss on ignition) (%) 11.586 ± 0.43 12.879 ± 0.10 16.773 ± 0.31 15.761 ± 0.18 9.676 ± 0.40 12.239 ± 0.29 

Mn (µg/g) 277.88 ± 32.03 161.39 ± 1.62 178.30 ± 17.40 233.90 ± 13.93 226.49 ± 26.85 251.69 ± 13.07 

Fe (mg/g) 19.246 ± 0.96 19.377 ± 0.08 16.486 ± 2.97 20.059 ± 2.13 18.966 ± 0.77 21.312 ± 3.01 

Cu (µg/g ) 19.73 ± 4.37 22.16 ± 0.52 41.02 ± 1.56 32.00 ± 0.72 7.396  ± 0.44 8.284 ±1.23 

Zn (µg/g) 65.49 ± 23.78 36.16 ± 0.78 87.30 ± 14.94 72.60 ± 6.10 60.40 ± 2.01 42.49 ± 5.49 

Ba (µg/g ) 131.60 ± 2.03 148.07 ± 0.08 152.19 ± 1.93 178.6 ± 1.57 127.07 ± 0.50 203.55 ± 3.19 

Pb (µg/g ) 9.00 ± 1.26 5.46 ± 0.04 7.47 ± 1.20 9.90 ± 0.77 2.880 ± 0.34 6.084 ± 1.49 

Sediment [Hg], unadjusted to LOI       
THg (ng/g) 43.392 ± 12.63 29.875 ± 0.80 49.710 ± 9.79 54.037 ± 4.32 27.250 ± 13.71 43.607 ± 13.36 
MeHg (ng/g) 0.454 ± 0.18 2.730 ± 0.29 0.866 ± 0.10 0.862 ± 0.13 0.150 ± 0.14 0.543 ± 0.15 
Sediment [Hg], adjusted to LOI       
THg (ng/g) 3.745 ± 1.09 2.320 ± 0.06 2.964 ± 0.58 3.428 ± 0.27 2.816 ± 1.42 3.563 ± 1.09 
MeHg (ng/g) 0.039 ± 0.02 0.212 ± 0.02 0.052 ± 0.01 0.055 ± 0.01 0.016 ± 0.01 0.044 ± 0.01 
Sediment, %MeHg 1.046 9.138 1.742 1.595 0.552 1.245 
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Table S2.4 Fish species represented in this study, their time of capture, total number captured across sampling sites (n) for those identified as female, male, 
and immature. Mean size and age (calculated for each lake) are reported with standard deviation. Values are mean ± standard error. 

 

Scientific 
name 

Common 
name 

Capture 
month/years Site-type Lake 

n 
Mean size ± SD Mean age ± SD 

Female Male Immature 
Thymallus 
arcticus 

Arctic 
grayling 

Jul.-Aug. 
2019/2021 Wastewater Finger 0 4 20 137.583 ± 14.41 1.000 ± 0.00 

    Airplane 7 9 14 238.400 ± 92.98 3.241 ± 1.88 

  Jul.-Aug. 
2019/2021 Reference R1 5 7 0 310.917 ± 33.38 6.700 ± 1.567 

    R2 1 1 1 274.333 ± 59.28 5.000 ± 2.65 

  Jul.-Aug. 2021 Upstream Upper Lagoon 6 2 7 255.000 ± 68.76 5.600 ± 4.05 

          

Lota lota Burbot Jul.-Aug. 
2019/2021 Wastewater Finger 1 2 2 219.800 ± 91.96 3.636 ± 0.92 

    Airplane 1 5 5 254.909 ± 47.34 3.000 ± 1.223 

  Jul.-Aug. 
2019/2021 Reference R1 2 5 2 239.444 ± 47.34 6.222± 2.17 

    R2 1 4 0 365.400 ± 63.13 9.000 ± 1.41 

  Jul.-Aug. 2021 Upstream Upper Lagoon 1 0 0 255.000 ± 0.00 7.000 ± 0.00 
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Table S2.5 Summary of data from biota samples in six lakes of Baker Lake, Nunavut, Canada. Upper Lagoon Lake is 
situated upstream of the wastewater wetland, while Lagoon Lake, Finger Lake, and Airplane constitute the lagoon-
tundra wastewater wetland. Lake R1 and Lake R2 serve as reference systems. Analyses were conducted on bulk seston, 
and the muscle and liver tissues of Arctic grayling (Thymallus arcticus) and Burbot (Lota lota). Biotic samples were not 
collected in Lagoon Lake due to feasibility concerns. Values are mean dry weight ± standard error. 
 

Parameter Finger Airplane R1 R2 

Periphyton, n 1 1 1 1 
d13C (‰) -17.580 -12.410 -21.850 -18.450 
d15N (‰) 11.950 8.420 0.990 0.960 

Bulk seston, n 2 2 2 2 
Mn (µg/g) 257.243 ± 4.46 103.477 ± 6.07 187.453 ± 3.07 258.579 ± 6.19 
Fe (µg/g) 6057.262 ± 37.79 3105.612 ± 25.22 2744.350 ± 24.43 4928.714 ± 36.22 
Cu (µg/g) 33.070 ± 1.87 22.025 ± 1.87 21.723 ± 1.90 18.316 ± 1.76 
Zn (µg/g) 119.336 ± 3.78 95.543 ± 2.07 130.559 ± 3.28 107.446 ± 1.12 
Ba (µg/g) 97.681 ± 3.65 41.526 ± 2.84 40.268 ± 2.90 53.994 ± 1.93 
Pb (µg/g) 12.367 ± 1.33 10.666 ± 1.04 16.430 ± 0.42 9.51 ± 0.54 
THg (µg/g) 0.106† 0.042† 0.205† 0.164± 0.02 

MeHg (µg/g) 0.082† 0.021† 0.083† 0.039† 
d13C (‰) -23.770† -26.690† -28.980† -29.790† 
d15N (‰) 9.030† 11.950† 5.470† 5.570† 

Arctic grayling (Thymallus arcticus)    

n, muscle tissue 23 29 14 3 
Mn (µg/g) 0.718 ± 0.02 0.645 ± 0.02 1.527 ± 0.08 0.831 ± 0.22 
Fe (µg/g) 18.033 ± 0.12 17.870 ± 0.09 24.386 ± 0.37 19.586 ± 0.85 
Cu (µg/g) 1.572 ± 0.02 1.592 ± 0.02 <MRL* 1.054 ± 1.41 
Zn (µg/g) 28.545 ± 0.11 18.614 ± 0.07 19.890 ± 0.26 20.432 ± 0.41 
Ba (µg/g) 0.231 ± 0.02 0.783 ± 0.04 0.537 ± 0.05 0.604 ± 0.28 
Pb (µg/g) 0.20 ± 0.00 <MRL <MRL <MRL 
THg (µg/g) 0.161 ± 0.01 0.146 ± 0.01 0.614 ± 0.05 0.657 ± 0.10 
MeHg (µg/g) 0.154 ± 0.01 0.131 ± 0.01 0.551 ± 0.05 0.649 ± 0.08 
%MeHg 95.790 ± 0.14 89.099 ± 0.13 91.204 ± 0.29 99.309 ± 0.83 
d13C (‰) -19.734 ± 0.03 -20.324 ± 0.03 -21.216 ± 0.07 -23.098 ± 0.31 
d15N (‰) 14.438 ± 0.03 13.192 ± 0.03 10.391 ± 0.05 8.052 ± 0.21 
d15Nadj (‰) 2.702 ± 0.03 3.948 ± 0.03 4.769 ± 0.05 2.482 ± 0.21 
C:N 3.604 ± 0.02 3.556 ± 0.01 3.286 ± 0.04 3.343 ± 0.08 
n, liver 23 29 9 3 
Mn (µg/g) 3.068 ± 0.07 3.134 ± 0.05 7.428 ± 0.16 1.974 ± 0.25 
Fe (µg/g) 259.825 ± 1.07 154.459 ± 0.33 705.682 ± 3.56 76.430 ± 1.29 
Cu (µg/g) 5.290 ± 0.09 5.096± 0.06 22.784± 0.51 2.986± 0.43 
Zn (µg/g) 50.223 ± 0.26 43.474 ± 0.18 87.845 ± 0.44 22.058 ± 0.52 
Ba (µg/g) 0.211 ± 0.02 0.404 ± 0.03 0.737 ± 0.12 0.113 ± 0.06 
Pb (µg/g) 0.390 ± 0.21 0.040† 0.018† <MRL 



 

 
  

115 

     

Table S2.5 Continued.     

Parameter Finger Airplane R1 R2 
THg (µg/g) 0.199 ± 0.02 0.144 ± 0.06 0.669 ± 0.06 0.173 ± 0.02 
MeHg (µg/g) 0.188 ± 0.02 0.093 ± 0.01 0.517 ± 0.07 0.178 ± 0.04 

Burbot (Lota lota)     
n, muscle tissue 11 5 9 4 
Mn (µg/g) 1.740 ± 0.17 1.879 ± 0.08 2.310 ± 0.11 1.556 ± 0.15 
Fe (µg/g) 24.253 ± 0.65 32.137 ± 0.42 25.537 ± 0.35 22.038 ± 1.03 
Cu (µg/g) 2.409† <MRL 1.500† 1.478† 
Zn (µg/g) 20.734 ± 0.37 19.445 ± 0.17 18.168 ± 0.18 15.220 ± 0.26 
Ba (µg/g) 1.311 ± 0.22 1.493 ± 0.10 1.560 ± 0.12 0.270 ± 0.06 
Pb (µg/g) <MRL <MRL <MRL 0.035† 
THg (µg/g) 0.289 ± 0.11 0.264 ± 0.03 1.097 ± 0.08 1.321 ± 0.20 
MeHg (µg/g) 0.278 ± 0.11 0.278 ± 0.11 1.005 ± 0.07 1.117 ± 0.18 
%MeHg 95.758 ± 0.13 89.236 ± 0.14 89.958 ± 0.29 99.309 ± 0.83 
d13C (‰) -19.580 ± 0.17 -19.410 ± 0.09 -20.099 ± 0.12 -21.269 ± 0.12 
d15N (‰) 14.964 ± 0.18 15.109 ± 0.07 11.190 ± 0.09 11.813 ± 0.21 
d15Nadj (‰) 4.474  ± 0.18 4.619 ± 0.07 5.760 ± 0.09 6.383 ± 0.21 
C:N 3.382 ± 0.06 3.342 ± 0.02 3.251 ± 0.02 3.254 ± 0.06 
n, liver 11 5 9 4 
Mn (µg/g) 3.091 ± 0.14 1.791 ± 0.20 7.795 ± 0.31 5.033 ± 0.43 
Fe (µg/g) 168.590 ± 0.19 709.153 ± 3.97 443.932 ± 1.80 1250.705 ± 8.38 
Cu (µg/g) 18.198 ± 0.36 10.270 ± 0.47 51.619 ± 0.79 214.317 ± 3.44 
Zn (µg/g) 51.0711 ± 0.54 25.995 ± 0.55 99.218 ± 0.77 154.531 ± 2.47 
Ba (µg/g) 0.243 ± 0.08 0.218 ± 0.03 0.783 ± 0.12 0.406 ± 0.14 
Pb (µg/g) <MRL 0.067 ± 0.07 0.180† 0.080† 
THg (µg/g) 0.039 ± 0.03 0.033 ± 0.01 0.371 ± 0.06 0.492 ± 0.17 
MeHg (µg/g) 0.027 ± 0.03 0.029 ± 0.01 0.219 ± 0.05 0.217 ± 0.10 

* MRL; method reporting limit. 
† Only one replicate available for analysis. 
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Table S2.6 Output from the principal component analysis conducted on water quality parameters. Cos2 represents the 
quality of representation for variables on the factor map. It is calculated as the squared coordinates. A high cos2 
indicates a good representation of the variable on the principal component – meaning the variable is close to the 
circumference. If the cos2 is low, then the variable is not well represented and will be positioned close to the origin. 

 
 
Table S2.7 Output from the principal component analysis conducted on sediment quality parameters. Cos2 
represents the quality of representation for variables on the factor map. It is calculated as the squared coordinates. A 
high cos2 indicates a good representation of the variable on the principal component – meaning the variable is close 
to the circumference. If the cos2 is low, then the variable is not well represented and will be positioned close to the 
origin. 

Parameter Unit Dim.1 Dim.2 cos2 Contribution (%) 
Cu (mg/L) -0.6277806 -0.774914 0.99460022 13.9736377 
Mn (mg/L) 0.9687797 -0.2098431 0.98256824 13.8045943 
Zn (mg/L) -0.2591351 -0.9509421 0.97144192 13.648275 
Pb (mg/L) 0.75799957 -0.590087 0.922766 12.9644026 
MeHg (ng/L) -0.6369704 0.70541224 0.90333775 12.6914454 
Fe (mg/L) 0.77585741 0.46636273 0.81944891 11.512849 
THg (ng/L) 0.8382392 -0.1435589 0.72325411 10.16136 
LOI  -0.3745533 -0.5147015 0.40520779 5.69296756 
Ba (mg/L) 0.6190777 -0.1086643 0.39506514 5.55046844 

Parameter Unit Dim.1 Dim.2 cos2 Contribution (%) 
Lead (Pb) (ms/cm) 0.962 -0.274 1.000 6.416 
Total phosphorous (TP) (mg/L) 0.952 0.294 0.992 6.365 
Iron (Fe) (mg/L) 0.973 0.206 0.990 6.354 
Copper (Cu) (mg/L) 0.985 0.088 0.978 6.276 
Manganese (Mn) (mg/L) 0.978 -0.103 0.968 6.212 
Dissolved oxygen (DO) (mg/L) -0.798 -0.569 0.960 6.161 
Conductivity (Cond) (ms/cm) 0.939 -0.273 0.957 6.141 
Methylmercury (MeHg) (ng/L) 0.940 0.266 0.954 6.124 
Total nitrogen (TN) (mg/L) 0.912 0.345 0.950 6.097 
Dissolved organic carbon (DOC)  0.522 -0.813 0.933 5.987 
Total mercury (THg) (ng/L) 0.914 0.298 0.924 5.934 
Zinc (Zn) (mg/L) -0.949 -0.123 0.915 5.875 
Chlorophyll-a (mg/L) 0.144 -0.934 0.893 5.729 
pH  -0.866 -0.066 0.754 4.842 
Sulfate SO4 (mg/L) 0.515 -0.586 0.609 3.908 
Barium (Ba) (mg/L) 0.616 -0.479 0.608 3.903 
Chlorine (Cl) (mg/L) 0.537 -0.450 0.491 3.151 
Calcium (Ca) (mg/L) 0.325 -0.510 0.365 2.345 
Dissolved inorganic carbon(DIC)  0.309 0.494 0.340 2.179 
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Supplementary information for Chapter 3  

Table S3. 1 Typical operating conditions for  the LA-ICP-MS (University of Manitoba). 

 
 

Laser conditions ICP-MS conditions Data acquisition 

Repetition  10 Hz Plasma power 1238 (W) Protocol Time resolved analysis 

Spot size 30 μm Cool Gas 15.6 (L/min) Scanning mode BScan and Escan 

Laser scan  2 μm/s Auxiliary gas 1.00 (L/min) Detector mode Analog and counting 

Power 80% Sample gas (AR) 0.82 (L/min) Dwell time 0.001 – 0.3 ms 

Incident pulse  0.01 mJ Additional gas (HE) 0.80 (L/min)   

Figure S3.1 Schematic modified from Campana et al. (1999) and Hüssy et al. (2021). 
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Table S3.2 Pearson correlation coefficients between metal concentrations in  marginal edge of otoliths  and soft-tissue concentrations (i.e., muscle, liver) from 
fish captured in Airplane Lake. Individual fish were treated as replicates (n = 29). Significant relationships (p < 0.05) are underlined and bold. 

 Annulus 
width 

LogMn 
otolith 

LogFe 
otolith 

LogCu 
otolith 

LogZn 
otolith 

LogPb 
otolith 

LogMn 
tissue 

LogFe 
tissue 

LogZn 
tissue 

LogMn 
liver 

LogFe 
liver 

LogCu 
liver 

LogZn 
liver 

Annulus 
width 

             

LogMn 
otolith 

0.423             

LogFe 
otolith 

-0.225 -0.463            

LogCu 
otolith 

0.152 0.385 -0.014           

LogZn 
otolith 

0.312 0.634 -0.436 0.185          

LogPb 
otolith 

-0.226 0.166 -0.315 0.464 0.103         

LogMn 
tissue 

0.065 -0.064 -0.024 0.104 -0.134 -0.096        

LogFe 
tissue 

0.012 -0.123 -0.023 0.180 0.201 0.098 0.054       

LogZn 
tissue 

-0.156 0.109 -0.146 0.542 0.348 0.629 -0.197 0.317      

LogMn 
liver 

-0.056 0.121 -0.049 0.155 0.070 0.212 -0.106 -0.145 0.126     

LogFe  
liver 

0.207 0.209 0.026 0.075 0.138 0.136 -0.219 -0.368 -0.159 0.540    

LogCu  
liver 

-0.180 -0.318 0.081 0.357 -0.196 0.028 -0.088 0.429 0.232 0.048 -0.178   

LogZn  
liver 

-0.201 -0.225 0.208 0.480 -0.207 0.165 0.031 0.218 0.386 0.450 0.090 0.662  
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Table S3.3 Pearson correlation coefficients between  fish life-history characteristics and marginal edge otolith metal concentrations in fish from Airplane Lake. 
Individual fish were treated as replicates (n = 29). Significant relationships (p < 0.05) are underlined and bold. 

 

 Age Length Weight LogK LogLSI GSI Growth 
rate N15adj C13cor LogCN Annulus 

width 
LogMn 
otolith 

LogFe 
otolith 

LogCu 
otolith 

LogZn 
otolith 

LogPb 
otolith 

Age                 

Length 0.914                

Weight 0.920 0.966               

LogK 0.327 0.438 0.463              

LogLSI 0.317 0.313 0.356 0.357             

GSI 0.639 0.651 0.738 0.375 0.317            

Growth 
rate -0.923 -0.806 -0.794 -0.265 -0.303 -0.498           

N15adj -0.294 -0.290 -0.223 0.453 0.243 0.030 0.379          

C13cor 0.046 0.018 -0.066 -0.388 -0.430 -0.319 0.094 -0.192         

LogCN 0.266 0.275 0.252 -0.252 -0.033 0.118 -0.409 -0.884 -0.287        

Annulus 
width -0.285 -0.398 -0.372 -0.157 0.161 -0.342 0.231 0.126 -0.085 -0.079       

LogMn 
otolith -0.590 -0.656 -0.712 -0.377 -0.095 -0.388 0.523 0.174 -0.002 -0.173 0.423      

LogFe  
otolith 0.375 0.426 0.466 0.261 -0.059 0.300 -0.292 -0.410 0.120 0.344 -0.225 -0.463     

LogCu  
otolith -0.220 -0.247 -0.280 -0.156 -0.005 -0.287 0.190 -0.140 0.085 0.100 0.152 0.385 -0.014    

LogZn 
otolith -0.619 -0.695 -0.726 -0.256 -0.092 -0.649 0.445 0.223 -0.172 -0.136 0.312 0.634 -0.436 0.185   

LogPb 
otolith -0.177 -0.126 -0.227 -0.197 -0.198 -0.187 0.033 -0.355 -0.019 0.352 -0.226 0.166 -0.315 0.464 0.103  
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Table S3.4 Pearson correlation coefficients between fish marginal edge otolith metal concentrations and soft-tissue concentrations (i.e., muscle, liver) in Lake 
R1. Individual fish were treated as replicates (n = 14). Significant relationships (p < 0.05) are underlined and bold. 

 Annulus 
width 

LogMn 
otolith 

LogFe 
otolith 

LogCu 
otolith 

LogZn 
otolith 

LogPb 
otolith 

LogMn 
tissue 

LogFe 
tissue 

LogZn 
tissue 

LogMn 
liver 

LogFe 
liver 

LogCu 
liver 

LogZn 
liver 

Annulus 
width 

             

LogMn 
otolith 

0.137             

LogFe 
otolith 

-0.526 -0.165            

LogCu 
otolith 

-0.376 0.154 0.147           

LogZn 
otolith 

0.090 0.573 -0.153 0.023          

LogPb 
otolith 

-0.471 0.289 0.195 0.803 -0.132         

LogMn 
tissue 

0.101 0.037 0.213 0.013 -0.494 0.183        

LogFe 
tissue 

-0.209 -0.305 0.246 0.215 -0.260 0.049 0.526       

LogZn 
tissue 

-0.143 -0.380 -0.179 -0.065 -0.165 -0.288 0.173 0.374      

LogMn 
liver 

0.218 0.323 -0.052 0.348 -0.200 0.554 0.551 0.098 0.065     

LogFe 
liver 

-0.008 0.041 -0.223 0.281 -0.085 0.267 0.038 0.286 0.434 0.597    

LogCu 
liver 

-0.334 -0.201 0.135 -0.230 -0.342 -0.038 0.027 0.166 -0.280 -0.396 -0.238   

LogZn 
liver 

-0.262 -0.196 -0.074 0.162 -0.583 0.229 0.171 0.343 0.094 0.096 0.335 0.709  
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Table S3.5 Pearson correlation coefficients between fish life-history characteristics and marginal edge otolith metal concentrations in Lake R1. Individual fish 
were treated as replicates (n = 13). Significant relationships (p < 0.05) are underlined and bold. 
 

Age Length Weight LogK LogLSI GSI Growth 
rate N15adj C13cor LogCN Annulus 

width 
LogMn 
otolith 

LogFe 
otolith 

LogCu 
otolith 

LogZn 
otolith 

LogPb 
otolith 

Age                 

Length 0.650                

Weight 0.525 0.984               

LogK -0.781 -0.911 -0.835              

LogLSI 0.501 0.039 -0.068 -0.192             

GSI 0.295 0.307 0.278 -0.290 0.511            

Growth 
rate -0.909 -0.361 -0.234 0.475 -0.590 -0.289           

N15adj 0.454 0.658 0.661 -0.533 -0.111 -0.174 -0.264          

C13cor 0.472 0.460 0.449 -0.299 0.147 0.202 -0.432 0.587         

LogCN -0.496 -0.665 -0.666 0.515 0.056 0.089 0.330 -0.976 -0.748        

Annulus 
width -0.341 -0.030 0.064 0.139 -0.174 0.054 0.339 -0.148 -0.483 0.246       

LogMn 
otolith -0.163 -0.380 -0.388 0.253 -0.010 -0.747 0.154 0.104 -0.209 -0.026 0.137      

LogFe  
otolith 0.528 0.390 0.304 -0.391 0.532 0.186 -0.482 0.249 0.537 -0.347 -0.526 -0.165     

LogCu  
otolith 0.209 0.101 0.016 -0.308 0.376 -0.094 -0.057 0.007 -0.285 0.072 -0.376 0.154 0.147    

LogZn 
otolith -0.483 -0.550 -0.561 0.359 -0.144 -0.481 0.512 -0.364 -0.472 0.430 0.090 0.573 -0.153 0.023   

LogPb 
otolith 0.385 0.215 0.139 -0.364 0.441 -0.094 -0.210 0.321 0.196 -0.311 -0.471 0.289 0.195 0.803 -0.132  
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Table S3.6 Pearson correlation coefficients between  fish marginal edge otolith metal concentrations and soft-tissue concentrations (i.e., muscle, liver) in fish 
from Upper Lagoon Lake. Individual fish were treated as replicates (n = 14). Significant relationships (p < 0.05) are underlined and bold. 

 Annulus 
width 

LogMn 
otolith 

LogFe 
otolith 

LogCu 
otolith 

LogZn 
otolith 

LogPb 
otolith 

LogMn 
tissue 

LogFe 
tissue 

LogZn 
tissue 

LogMn 
liver 

LogFe 
liver 

LogCu 
liver 

LogZn 
liver 

Annulus 
width 

             

LogMn 
otolith 

0.547             

LogFe 
otolith 

0.336 0.307            

LogCu 
otolith 

0.132 0.483 0.111           

LogZn 
otolith 

0.715 0.768 0.250 0.205          

LogPb 
otolith 

0.542 0.257 0.605 0.454 0.284         

LogMn 
tissue 

-0.029 -0.011 -0.046 -0.136 0.195 0.122        

LogFe 
tissue 

-0.282 -0.068 -0.186 -0.038 -0.303 -0.282 -0.146       

LogZn 
tissue 

0.752 0.169 -0.222 -0.175 0.381 0.249 0.119 -0.057      

LogMn 
liver 

0.327 -0.185 -0.100 -0.458 0.351 -0.026 0.098 -0.706 0.430     

LogFe 
liver 

0.058 -0.527 -0.197 -0.425 -0.012 -0.151 0.351 -0.512 0.226 0.669    

LogCu 
liver 

-0.094 -0.466 -0.270 -0.057 -0.059 -0.214 -0.098 -0.504 -0.071 0.502 0.758   

LogZn 
liver 

0.065 -0.451 -0.289 -0.277 0.112 -0.090 0.078 -0.651 0.225 0.809 0.788 0.875  
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Table S3.7 Pearson correlation coefficients between fish life-history characteristics and marginal edge otolith metal concentrations in fish from Upper Lagoon 
Lake. Individual fish were treated as replicates (n = 14). Significant relationships (p < 0.05) are underlined and bold. 
 

Age Length Weight LogK LogLSI GSI Growth 
rate N15adj C13cor LogCN Annulus 

width 
LogMn 
otolith 

LogFe 
otolith 

LogCu 
otolith 

LogZn 
otolith 

LogPb 
otolith 

Age                 

Length 0.685                

Weight 0.582 0.987               

LogK -0.661 -0.447 -0.334              

LogLSI 0.405 0.146 0.088 -0.304             

GSI 0.340 0.567 0.482 -0.365 0.449            

Growth 
rate -0.930 -0.842 -0.780 0.460 -0.364 -0.392           

N15adj 0.587 0.060 -0.067 -0.636 0.184 0.310 -0.308          

C13cor -0.354 0.303 0.384 0.337 -0.201 -0.429 0.064 -0.622         

LogCN -0.528 -0.227 -0.116 0.611 -0.116 -0.255 0.334 -0.913 0.253        

Annulus 
width -0.785 -0.636 -0.548 0.408 -0.506 0.081 0.822 -0.368 -0.068 0.464       

LogMn 
otolith -0.583 -0.667 -0.617 0.605 -0.474 -0.397 0.631 -0.132 -0.063 0.212 0.547      

LogFe  
otolith -0.265 0.056 0.119 0.192 -0.313 0.301 0.210 0.078 0.250 -0.246 0.336 0.307     

LogCu  
otolith -0.179 -0.332 -0.352 0.117 0.195 -0.282 0.283 0.074 -0.047 -0.042 0.132 0.483 0.111    

LogZn 
otolith -0.869 -0.678 -0.587 0.704 -0.618 -0.573 0.826 -0.462 0.174 0.479 0.715 0.768 0.250 0.205   

LogPb 
otolith -0.473 -0.328 -0.273 0.119 0.085 0.547 0.551 -0.002 -0.082 0.023 0.542 0.257 0.605 0.454 0.284  
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Table S3.8 Results from analysis of Variance (ANOVA) of year-one and marginal edge otolith metal 
concentrations. Pairwise comparisons are computed with Tukey’s Honestly Significant Difference (HSD) 
with p-values adjusted for multiple comparisons.  

 
Table S3.9.Output from the principal component analysis conducted on first year otolith metal 
concentrations. Cos2 represents the quality of representation for variables on the factor map. It is 
calculated as the squared coordinates. A high cos2 indicates a good representation of the variable on 
the principal component – meaning the variable is close to the circumference. If the cos2 is low, then 
the variable is not well represented and will be positioned close to the origin. 

 
Parameter Dim.1 Dim.2 cos2 Contribution (%) 
Lead (Pb) 0.402 0.771 0.757 24.065 
Copper (Cu) 0.831 0.193 0.727 23.118 
Zinc (Zn) 0.665 -0.436 0.633 20.114 
Iron (Fe) -0.541 0.578 0.627 19.947 
Manganese (Mn) 0.593 0.223 0.401 12.755 

 
  

Otolith 
Region 

Metal 
(ppm) 

ANOVA Results Tukey’s HSD Results 

F df p UL-AIR R1-AIR UL-R1 

Year-one 

Mn 2.359 2, 48 0.105 0.124 0.278 0.915 

Fe 5.090 2, 48 0.010 0.009 0.060 0.872 

Cu 4.914 2, 48 0.011 0.459 0.077 0.010 

Zn 7.515 2, 48 0.001 0.090 0.087 <0.001 

Pb 0.478 2, 48 0.623 0.932 0.594 0.843 

[Length-
adjusted] 
marginal 
edge 

Mn 1.345 2, 50 0.270 0.640 0.550 0.245 

Fe 8.214 2, 50 <0.001 0.001 0.043 0.719 

Cu 3.281 2, 50 0.046 0.083 0.148 0.999 

Zn 4.080 2, 50 0.023 0.798 0.017 0.118 

Pb 1.870 2, 50 0.165 0.174 0.484 0.914 
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Table S3.10 Output from the principal component analysis conducted on marginal edge otolith metal 
concentrations. Cos2 represents the quality of representation for variables on the factor map. It is 
calculated as the squared coordinates. A high cos2 indicates a good representation of the variable on 
the principal component – meaning the variable is close to the circumference. If the cos2 is low, then 
the variable is not well represented and will be positioned close to the origin. 

Parameter Dim.1 Dim.2 cos2 Contribution (%) 
Lead (Pb) -0.830 0.352 0.813 23.697 
Zinc (Zn) -0.332 -0.765 0.696 20.306 
Manganese (Mn) -0.399 -0.716 0.673 19.610 
Copper (Cu) -0.809 0.120 0.669 19.505 
Iron (Fe) -0.732 0.207 0.579 16.882 
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Supplementary information for Chapter 4 

Figure S4.1 A poster was used to share project findings with residents of Baker Lake, NU. An information 
booth was set up at the local grocery store to encourage questions and discussion. 
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Figure S4.2 A non-technical project summary, translated into Inuktitut. 
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