
Mercury cycling in a remote boreal drainage basin 

 
 
 
 

by 

 
 
 
 
 
 

Gretchen Lynne Lescord 

 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of 

Philosophy (PhD) in Boreal Ecology 

 

 

 

 

 

 

 

 

 

 

The Faculty of Graduate Studies 

Laurentian University 

Sudbury, Ontario, Canada 
 
 
 
 
 
 
 
 
 
 
 

 

© Gretchen Lynne Lescord, 2019  



ii 

THESIS DEFENCE COMMITTEE/COMITÉ DE SOUTENANCE DE THÈSE 

Laurentian Université/Université Laurentienne 

Faculty of Graduate Studies/Faculté des études supérieures 

 
Title of Thesis     

Titre de la thèse   Mercury cycling in a remote boreal drainage basin 

 

Name of Candidate   

Nom du candidat    Lescord, Gretchen Lynne 

       

Degree                            

Diplôme                            Doctor of Philosophy  

 

Department/Program    Date of Defence 

Département/Programme  Boreal Ecology  Date de la soutenance December 14, 2018 

                                                       

APPROVED/APPROUVÉ 

 

Thesis Examiners/Examinateurs de thèse: 

                                                      

Dr. Tom Johnston  

(Co-Supervisor/Co-directeur de thèse) 

 

Dr. John Gunn  

(Co-Supervisor/Co-directeur de thèse) 

 

Dr. Marc Amyot    

(Committee member/Membre du comité)    

        

Dr. Nelson Belzile      

(Committee member/Membre du comité)    

      Approved for the Faculty of Graduate Studies 

Dr. Igor Lehnherr     Approuvé pour la Faculté des études supérieures 

(Committee member/Membre du comité)   Dr. David Lesbarrères 

      Monsieur David Lesbarrères 

Dr. Richard Andrew Bodaly     Dean, Faculty of Graduate Studies 

(External Examiner/Examinateur externe)   Doyen, Faculté des études supérieures 

 

Dr. François Caron  

(Internal Examiner/Examinateur interne) 

                                                                                                                                  

ACCESSIBILITY CLAUSE AND PERMISSION TO USE 

 

I, Gretchen Lynne Lescord, hereby grant to Laurentian University and/or its agents the non-exclusive license to 

archive and make accessible my thesis, dissertation, or project report in whole or in part in all forms of media, now 

or for the duration of my copyright ownership. I retain all other ownership rights to the copyright of the thesis, 

dissertation or project report. I also reserve the right to use in future works (such as articles or books) all or part of 

this thesis, dissertation, or project report. I further agree that permission for copying of this thesis in any manner, in 

whole or in part, for scholarly purposes may be granted by the professor or professors who supervised my thesis 

work or, in their absence, by the Head of the Department in which my thesis work was done. It is understood that 

any copying or publication or use of this thesis or parts thereof for financial gain shall not be allowed without my 

written permission. It is also understood that this copy is being made available in this form by the authority of the 

copyright owner solely for the purpose of private study and research and may not be copied or reproduced except as 

permitted by the copyright laws without written authority from the copyright owner. 

 



 

iii 

 

Abstract 

The consumption of freshwater fish and seafood is the main source of mercury 

(Hg), a widespread neurotoxic pollutant, in humans, a fact which has sparked decades of 

research on Hg cycling in aquatic systems. More specifically, the formation and 

bioaccumulation of methylmercury (MeHg) is of particular importance because it 

biomagnifies through aquatic food webs, resulting in relatively high levels in predatory 

fish despite typically low concentrations in the surrounding water.  

The main goal of this thesis was to assess how various watershed-level processes 

affect Hg bioaccumulation and biomagnification through freshwater food webs across the 

relatively pristine Attawapiskat Drainage Basin (ADB) in the remote Far North of 

Ontario. This watershed overlaps with the mineral-rich region known as the “Ring of 

Fire” which is expected to be heavily developed in the coming decades, likely altering the 

physico-chemical environments of surrounding lakes and rivers. In total, 58 lakes and 

river sites across the ADB were sampled for surface water quality, aquatic 

macroinvertebrates, and fish from 2014 to 2016. Water samples were analyzed for 39 

chemical parameters including total Hg (THg; the sum of all Hg species) and MeHg 

concentrations ([MeHg]). Biotic samples were analyzed for [THg] and/or [MeHg], as 

well as carbon and nitrogen stable isotope ratios, which are indicative of an animal’s food 

web position.  

In Chapter 1 of this thesis, I provide an overview of our current knowledge on Hg 

cycling in aquatic systems of the boreal region. In Chapter 2, I present an extensive 

assessment of the chemical, physical, and ecological gradients across the ADB, and an 

analysis of the relationships between Hg and these environmental gradients. I determined 

that less productive systems with higher concentrations of dissolved organic matter 

(DOM) had higher aqueous and biotic [Hg]. In Chapter 3, I examined how changes in the 

quality of DOM across the ADB relate to [Hg] in water and biota. Findings from this 

study suggest that more labile DOM complexes enhance MeHg bioaccumulation into 

food webs, while systems with more humic and aromatic DOM had higher aqueous total 

[Hg]. The fourth chapter critically examined the speciation of Hg in fish from across the 

ADB and showed substantially lower percentages of MeHg (relative to total Hg) in 
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muscle of smaller-sized fish, particularly those which feed on littoral-based food webs 

and had higher lipid content in their tissue. These novel findings challenge the general 

assumption, used in many biomagnification studies and consumption guidelines, that all 

fish muscle tissue has > 95% MeHg.  Finally, in Chapter 5, I discuss the implications of 

my research for subsistence fishers, specifically those from remote communities, where 

freshwater fish are important for both culture and sustenance. Here I developed some 

preliminary approaches to better communicating the risks and benefits of consuming fish 

when presenting fish tissue contaminant results in remote northern communities, 

including those in and around the ADB. 

Understanding the major influences on MeHg cycling is vital to properly 

monitoring the effects of industrial development (e.g., the Ring of Fire development) and 

climate change, which can greatly alter the physico-chemical environment of surrounding 

lakes and rivers. The results from my thesis indicate significant physical and chemical 

differences between waters in the two ecozones (i.e., the Boreal Shield and Hudson Bay 

Lowlands) across the ADB, presumably due to changes in bedrock geology and riparian 

characteristics. No other study, to my knowledge, has explored the effects of landscape 

position and the associated changes in physico-chemical characteristics on Hg 

bioaccumulation, speciation, and biomagnification on such a large scale. My findings 

demonstrate that monitoring programs will need to effectively track changing nutrient 

concentrations, DOM characteristics, and Hg bioaccumulation patterns that vary across 

large spatial gradients.  

 

Keywords: mercury, methylmercury, bioaccumulation, biomagnification, boreal, food 

web, environmental monitoring, subsistence fish, nutrients, dissolved organic matter 

(DOM), drainage basin  
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 1 

 : An overview of mercury cycling in Canadian 

boreal freshwater systems 

1.1 Introduction 

Fish is one of the healthiest sources of protein available, abundant with omega-3 

fatty acids that are good for cardiovascular health and adolescent development (Daviglus 

et al. 1997; Domingo et al. 2007). The consumption of locally-caught freshwater fish is a 

dietary staple in remote northern communities across Canada and fishing practices are of 

great cultural importance. However, fish is also the main pathway for the uptake of 

contaminants, including mercury (Hg), one of the most ubiquitous contaminants detected 

in freshwater systems around the world. In its organic form, Hg is a neurotoxic and 

bioaccumulative metal that has adverse effects on the development of fetuses and young 

children and has been linked to various diseases in adults (Clarkson and Clarkson 1997, 

Poręba et al. 2012). Depending on their trophic ecology and habitat conditions, 

freshwater fish can have elevated Hg concentrations ([Hg]), sometimes exceeding 

recommended limits (e.g., 0.2, 0.3, 0.5, and 1.0 ppm Hg w.w.; WHO 2008, U.S. EPA, 

Health Canada 2007, U.S. FDA 2011, respectively) and posing considerable risk to 

subsistence consumers. 

The ubiquitous nature of Hg in northern aquatic systems is due, in large part, to the 

atmospheric transport of gaseous and particulate Hg species that are deposited onto 

landscapes distant from any point source (Demers et al. 2007; Steffen et al. 2008; Amos 

et al. 2012). Although it is a naturally occurring element, the majority of Hg actively 

cycling in the environment today was anthropogenically released via industrial processes 
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(UNEP 2013; Pacyna et al. 2010, 2016). Atmospherically-transported Hg is readily 

deposited into aquatic systems where it can be converted into methylmercury (MeHg), 

the toxic and bioaccumulative form that constitutes the majority of total Hg (THg, the 

sum of all Hg species present in a sample) found in large-bodied and adult fish (Bloom 

1992; Schaefer et al. 2014; Lescord et al. 2018b). This is because MeHg is readily 

bioconcentrated at the base of aquatic food webs and, given its strong binding within 

biotic tissues, is bioaccumulated and biomagnified up food chains to top predatory fish. 

As a result, fish populations that are distant from any anthropogenic activity can have 

elevated Hg levels and pose risks to human consumers (Marien and Patrick 2001; 

Johnsson et al. 2005; Mahaffey et al. 2011). 

Substantial variability in [Hg] in water and biota can exist among freshwater 

systems, even those in close proximity to one another, for reasons that are not yet fully 

understood. Aquatic cycling of Hg species is complex and various physical (e.g., lake 

size, depth, stream order) and chemical (e.g., pH) characteristics of freshwater systems 

may alter Hg transportation, methylation/demethylation, and bioaccumulation. 

Understanding the effects of these characteristics is vital because many variables that 

alter Hg speciation and bioavailability in water and organisms at the base of food webs 

ultimately influence [Hg] in top predators, the most sought-after fish by both sport and 

subsistence fishers.  

Several extensive syntheses detailing the mechanistic effects of various 

physicochemical variables on Hg cycling have been published in the last 20 years (e.g., 

Ullrich et al. 2001; Lehnherr 2014; Paranjape and Hall 2017). However, the dominant 

physicochemical factors that have a strong influence on Hg cycling may change 
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regionally based on local conditions (Ahonen et al. 2018). Furthermore, because many of 

these physicochemical factors are themselves subject to climate- and development-

induced changes (e.g., temperature, pH, and concentrations of dissolved organic carbon, 

DOC), a thorough understanding of the local drivers of Hg speciation, bioaccumulation, 

and biomagnification is required to accurately monitor changes in aquatic [Hg] in a given 

region. 

A considerable amount of research on how physicochemical factors affect Hg 

cycling has been conducted in remote northern regions (i.e., boreal or Arctic, above 45° 

N) around the world. While several reviews have been published highlighting such 

findings in Arctic systems (e.g., Riget et al. 2000, Lehnherr 2014, Chételat et al. 2015), 

syntheses on Hg cycling in the boreal are more limited. In this chapter, I review the 

current state of knowledge on Hg cycling in boreal freshwater systems, and briefly 

synthesize the key factors known to affect MeHg bioavailability, bioaccumulation, and 

biomagnification. I highlight recent findings and discuss their implications in the context 

of anticipated industrial development and climate change, both of which could alter the 

physicochemical characteristics of boreal lakes and rivers (Keller 2007; Webster et al. 

2015). Finally, I present the research goals of my thesis and explain how the following 

chapters address some of the current gaps in knowledge and contribute to the broader 

understanding of Hg cycling in remote boreal watersheds. 

 

1.2 The boreal ecozone and freshwater mercury cycling 

 The boreal ecozone is a circum-global belt in the northern hemisphere that is 

bounded by temperate forest to the south and subarctic tundra to the north. Definitions of 
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the boreal are based on climatic (e.g. mean annual temperatures between 3 and 6 ⁰C; 

Wieder et al. 2006) and, to a lesser extent, ecological variables (e.g. relatively species 

poor in vegetation and dominated by old-growth conifer trees; Hare and Ritchie 1972; 

Brandt 2009; Brandt et al. 2013). The boreal covers approximately 1.6 billion hectares 

distributed across 15 countries (Shvidenko and Apps 2006; Wieder et al. 2006). Given its 

size, this ecozone greatly influences various global processes; regulating year-round 

temperatures (Bonan et al. 1992), carbon storage (Luyssaert et al. 2008), and freshwater 

cycling (Young-Robertson et al. 2016).  

Overall, approximately 30% of the boreal ecozone is located in Canada, which 

contains some of the boreal’s most intact stretches of forest and 25% of its freshwater 

reserves, stored in vast peatlands and massive freshwater watersheds (Wells et al. 2010; 

Brandt et al. 2013). These watersheds provide key resources to remote indigenous 

communities scattered across northern Canada. For example, freshwater fish from boreal 

lakes and rivers are harvested through both commercial and sport fisheries (e.g., 

Kinnunen 2003), but also through vital subsistence fisheries, providing an affordable and 

nutritious food source (Loring et al. 2010; Fang et al. 2012). Healthy boreal ecosystems 

are therefore essential to the livelihoods, culture, and economies of many boreal 

communities, as well as global processes and broader planetary health.  

 

1.2.1 Sources of mercury to boreal freshwater systems 

Three main Hg species are involved in global transport and bioaccumulation: (1) 

elemental Hg (Hg0), which is carried long distances through the atmosphere, (2) 

inorganic Hg (Hg(II)), which is deposited into aquatic systems, and (3) MeHg, the 
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bioaccumulative form of Hg (O’Driscoll  et al. 2005; Steffen et al. 2008). Globally, it is 

widely accepted that the industrial and residential combustion of coal, as well as small-

scale artisanal gold-mining are the dominant contributors of primary Hg0 emissions 

(UNEP 2013; Pacyna et al. 2010, 2016). However, despite successful efforts to reduce 

industrial coal emissions in North America (Pacyna et al. 2010, 2016), fish [THg] does 

not appear to be decreasing in accordance; in fact, [THg] in some fish populations in the 

Canadian boreal region have increased since the 1970’s (Tang et al. 2013; Gandhi et al. 

2014). This may be due to the re-release of legacy Hg, originally emitted prior to the 

1950's, from aquatic and terrestrial Hg reservoirs, by various processes (Amos et al. 

2013; Pacyna et al. 2016).  

Deposition of atmospherically-transported Hg on the boreal landscape is ubiquitous, 

including not only direct input into freshwater systems, but also onto forest cover and 

soils (Blackwell and Driscoll 2015), as well as peatlands (Enrico et al. 2016). As such, 

snow-melt or precipitation generated surface run-off from forested or peatland 

catchments contribute substantial amounts of Hg to boreal freshwater systems, largely 

through co-transport with dissolved organic matter (DOM) complexes (Kraus 2011; 

Schelker et al. 2011; Eklöf et al. 2012). Direct input of falling leaf-litter from foliage is 

also a significant source of both Hg (Rea et al. 1996; Graydon et al. 2009) and DOM 

(France et al. 1996; Hanson et al. 2011) to boreal freshwaters. Indeed, correlations 

between riparian conifer densities, the dominant trees in boreal forests (Brandt 2009), and 

piscine Hg concentrations have been reported (Eagles-Smith et al. 2016).  

While direct atmospheric deposition of MeHg is possible (Lehnherr et al. 2012; Kirk 

et al. 2014), most mercury is deposited in boreal systems as Hg(II) and converted to 
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MeHg during the oxidation of organic matter by certain strains of anaerobic bacteria 

(mainly sulfate- and iron-reducing bacteria; SRBs and FeRBs, respectively; Gilmour et 

al. 2013; Hsu-Kim et al. 2013; Parks et al. 2013). Such bacterial methylation has been 

shown to occur in anoxic sediments or waters and, to a lesser extent, littoral or riparian 

regions of lakes (Watras et al. 2005; Eckley and Hintelmann 2006; Hamelin et al. 2011; 

Vidon et al. 2014). Peatlands are generally anoxic environments with bacterial 

communities that are abundant with SRB and FeRB, providing ideal conditions for Hg(II) 

methylation (St. Louis et al. 1994). Provided there is hydrological connectivity, peatlands 

can therefore be a major source of MeHg to nearby freshwater systems (St. Louis et al. 

1994; Branfireun and Roulet 2002). Arctic snowpack can also have significant 

concentrations of both MeHg and THg, which enter polar lakes and rivers during the 

annual spring melt (Larose et al. 2013; Kirk et al. 2014). However, Hg dynamics in 

Arctic snow are largely influenced by photochemical reactions (Mann et al. 2014), and it 

is unclear how these processes might differ in the boreal region. 

 

1.2.2 The physico-chemical and ecological drivers of mercury cycling 

High variation in the concentrations of aqueous and biotic Hg among boreal 

freshwater systems is likely due, in part, to differences in physical, chemical, and 

ecological factors among these systems. In general, conditions that promote anaerobic 

bacterial growth and activity, such as low dissolved oxygen (DO), high sulfate 

concentrations, availability of labile DOM, and warmer waters, tend to increase 

methylation rates and subsequent aqueous and biotic [MeHg]. Similarly, factors that 

facilitate transport of Hg into freshwater systems, such as high concentrations of aromatic 
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DOM, tend to increase [THg]. Ecologically, an aquatic organism’s carbon sources, 

trophic position, and growth rates all affect the amount of Hg bioaccumulated from their 

diet.  

While extensive reviews of these factors’ effects on Hg cycling have been provided 

previously by Ullrich et al. (2001), Lehnherr (2014), and Paranjape and Hall (2017), 

some examples of these factors relevant to this thesis are briefly discussed below. 

Dissolved organic matter (DOM) 

Dissolved organic matter (DOM) is well known to have both stimulating and 

inhibiting effects on MeHg production; it can serve as a substrate for bacterial activity 

and thus increase MeHg production (Wolf et al. 2009; Graham et al. 2013; Herrero 

Ortega et al. 2017; Bravo et al. 2017) or bind with Hg(II) and limit bacterial uptake, 

therefore hindering methylation (Hammerschmidt et al. 2008). Once formed, MeHg can 

also bind with DOM, facilitating its transport throughout watersheds (Wallschlager et al. 

1996; Braaten et al. 2014) while simultaneously limiting its uptake into biota (French et 

al. 2014). High concentrations of DOM (generally measured as concentrations of 

dissolved organic carbon, [DOC]) tend to limit UV penetration in water, thus 

substantially lowering rates of photo-demethylation (Klapstein et al. 2017; Klapstein and 

O’Driscoll 2018).  

Several recent studies have shown that [MeHg] in water and biota have a 

concentration-dependent relationship with aqueous [DOC]. French et al. (2014) reported 

that below concentrations of ~11 mg/L, DOC in Arctic lakes was comprised largely of 

fulvic acids, a more bioavailable form that stimulates methylation. In lakes with [DOC] > 

11 mg/L DOC, amphipods had lower [MeHg], presumably due to the presence of more 
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humic acids that limited methylation and/or bioaccumulation (French et al. 2014). 

Braaten et al. (2018) also reported a parabolic relationship between [THg] in Eurasian 

perch (Perca fluviatilis) and aqueous [DOC] in Norwegian lakes, though no structural 

measurements of DOM were examined. Despite these findings, very few studies have 

considered the quality of DOM in relation to Hg cycling.  

pH and ions 

pH controls many aspects of Hg cycling, particularly those related to redox-

mediated reactions (Scudder et al. 2010 and references therein). In general, more acidic 

waters have higher aqueous and biotic [Hg], though some discrepancies have been 

reported (e.g., Moore et al. 2009). More specifically, pH has been shown to mediate Hg 

uptake by methylating bacteria (Kelly et al. 2003), sorption in soils and sediments (Yin et 

al. 1997; Zhu et al. 2010), and binding strength with sulfur- and oxygen-based 

compounds in DOM complexes (Haitzer et al. 2003). Other ions can compete with Hg(II) 

for strong binding sites to DOM complexes, potentially lessening DOM-bound 

transportation of Hg (O’Driscoll and Evans 2000). Furthermore, in order for Hg(II) to be 

methylated, it must cross the membrane of anaerobic bacteria (passively or actively); 

cations tend to bind with polysaccharides along these membranes, stabilizing it and 

making it less permeable to Hg(II), limiting methylation (Daguené et al. 2012). 

Sulfate and sulfides  

Sulfate-reducing bacteria are generally recognized as the dominant methylators of 

Hg in boreal aquatic systems (Gilmour et al. 2013). As such, additions of sulfate tend to 

increase methylation and [MeHg] in surrounding waters (Compeau and Bartha 1985; 

Jeremiason et al. 2006; Kucharzyk et al. 2015). However, when rates of sulfate-reduction 
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are high, Hg(II) can also bind with the abundant, charged sulfide species that are 

produced. These complexes are not able to cross bacterial membranes and therefore, are 

not bioavailable for methylation or biotic uptake (Benoit et al. 2003; Hammerschmidt et 

al. 2008). Therefore, similar to DOC, sulfate has a concentration-dependent relationship 

with MeHg production when levels vary broadly (i.e., < 0.5 to ~12 mg/L). More recently, 

non-linear relationships have been reported between fish [THg] and aqueous sulfate 

concentrations. More specifically, piscine [THg] shows a positive relationship with 

sulfate concentrations up to 12 mg/L, but a negative relationship thereafter (Gabriel et al. 

2014; Sumner 2016). 

Growth rate and size 

As an organism feeds, it ingests differing amounts of dietary MeHg depending on 

the food source and location (Karimi et al. 2016). Due to its strong binding with 

sulfhydryl groups within proteins and overall low excretion rates, MeHg is 

bioaccumulated over time (Peng et al. 2016; Bradley et al. 2017). As such, a fish’s [Hg] 

is generally positively correlated with its length, weight, and age; larger and older fish 

tend to have higher [Hg] than smaller and younger fish of the same species. However, if a 

fish has a faster growth rate (i.e., more mass added per unit of time) or efficiency (i.e., 

more mass added per unit of energy consumed), its overall body concentration will likely 

be lower than that of a similar-sized fish with slower growth. This effect, known as bio-

dilution, arises because flesh anabolism tends to increase at a more rapid rate than Hg 

absorption with increasing growth rate (Pickhardt et al. 2006; Karimi et al. 2007). 

 



 10 

1.2.3 Anticipated impacts of climate change and industrial development on 

boreal ecosystems 

The myriad effects of various physico-chemical and ecological parameters on Hg 

cycling are further complicated by the effects of climate change. While the type and 

magnitude of effects will vary regionally, an increasing number of studies suggest that 

boreal freshwater systems will experience higher DOC inputs and more extreme weather 

events (i.e., more severe droughts followed by intensified flooding periods) as the climate 

continues to warm (Stewart et al. 1998; Keller 2007; Adrian et al. 2009; Clark et al. 

2010). Both of these factors may result in higher amounts of Hg in boreal freshwater 

lakes and rivers: changes to precipitation and weather patterns may directly alter 

atmospheric deposition of Hg onto boreal landscapes (Harris et al. 2007; Megaritis et al. 

2014), while higher inputs of DOC may increase the amount of Hg transported in from 

riparian areas (Selvendiran et al. 2008; Bushey et al. 2008). Repeated and drastic 

alterations to water tables and hydrological patterns in peatlands can change the redox 

states of various parameters, including sulfate, stimulating bacterial reduction and, by 

extension, Hg methylation (Reiche et al. 2009; Wasik et al. 2015). Furthermore, the Hg 

species present in peatlands may be more mobile under future hydrological regimes and 

shifting vegetation communities (Szkokan-Emilson et al. 2013; Haynes et al. 2016). 

Additional effects of climate change on boreal lacustrine environments have been 

reported, including warmer temperatures and shorter seasonal ice-cover which, paired 

with the brownification of waters, can cause changes to algal community structure and 

thermal- or oxic-structure of lakes (Keller 2007; Adrian et al. 2009; Edlund et al. 2017). 

However, the extent of these effects are dependent on regional conditions and system 
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morphology; larger, shallower lakes at higher latitudes are exhibiting stronger responses 

to thermal changes than smaller and more southerly systems (Pachauri et al. 2014; Magee 

and Wu 2017). Increasing temperatures are also expected to increase productivity of 

boreal freshwater systems and have been linked to enhanced growth of benthic primary 

producers (Baulch et al. 2005). Such an increase in productivity can result in an increased 

mass of primary producers and a subsequent bio-dilution of Hg within the plant material 

(Pickhardt et al. 2002).Warming temperatures may also result in longer growing periods, 

increasing fish growth rates and reducing [Hg], though recent lab-based studies 

examining the effects of temperature on Hg bio-dilution have reported unexpected 

increases in piscine [Hg] in warmer waters, possibly due to metabolic costs of thermal 

stress (Dijkstra et al. 2013; Thomas et al. 2018).  

In addition to alterations due to a changing climate, many boreal habitats are 

stressed by industrial development that can directly or indirectly alter Hg cycling, 

including its bioavailability and bioaccumulation (Kreutzweiser et al. 2013; Webster et 

al. 2015). While the effects of some industrial activities have been well studied and their 

influence over Hg cycling are well understood (e.g., acid rain deposition, chlor-alkali 

production), other types require further investigation. Given the linkages between boreal 

forests and freshwater lakes and rivers (see section 1.2.1 above), it is not surprising that 

many studies have examined the effects of forestry on Hg cycling (Porvari et al. 2003; 

Bishop et al. 2009; Wu et al. 2018). Unlike forestry, however, the effects of various types 

of mining on Hg cycling have not been well studied. Given the strong relationships 

between Hg and various metallic ions (particularly Au, Fe, and Mn; Hylander et al. 2000; 

Albanese et al. 2007), mining has the potential to significantly affect Hg cycling. For 
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example, mining operations in the boreal often drain large areas of peatlands, a process 

which can have many secondary effects on surrounding systems (Landry and Rochefort 

2012). The discharge from mining operations can also greatly alter the water chemistry of 

receiving waterbodies, affecting pH,  sulfate and various other ions, all factors which can 

alter Hg dynamics (Johnson et al. 2016; Wellen et al. 2018).  

 

1.3 Thesis overview 

1.3.1 Research objectives 

The overarching goal of my thesis was to assess patterns of Hg bioaccumulation 

and biomagnification in freshwater systems across a large, and relatively pristine boreal 

drainage basin. In the subsequent chapters, I determined the key drivers of Hg 

concentrations and speciation in biota from lakes and river sites spanning broad physical, 

chemical, and ecological conditions. Specifically, I studied systems across the 

Attawapiskat drainage basin (ADB) in the Far North of Ontario (Figure 1-1); a vast 

watershed (50,000 ha) beginning as headwater lakes in the Boreal Shield Ecozone and 

transitioning into shallow lakes, small tributaries, and the mainstem Attawapiskat River 

that passes through the Hudson Bay Lowlands (aka Hudson Plains) Ecozone, one of the 

world’s largest wetlands (Gorham 1991; Glooschenko et al. 1994). Lakes located on the 

shield landscape are deeper, clearer, have higher ion concentrations, and a more verdant 

riparian zone compared to lakes on the lowlands (MacLeod et al. 2017). I therefore 

utilized the diverse nature of this remote watershed to better understand how physico-

chemical and ecological factors affect [Hg] in water, sediments, invertebrates, and fish on 

a relatively large scale (i.e., across a watershed of ~50,000 km2) but within a relatively 
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narrow climatic range. Furthermore, this watershed, which is a key resource for several 

First Nations communities, crosses the newly discovered mineral-rich area known as the 

“Ring of Fire.” The Ontario Ministry of Northern Development and Mines reports 

significant discoveries of chromite, nickel, copper and platinum-group metals in this area, 

and 21 companies have proposed plans for mining developments in this area. Only one 

mine is currently active within the ADB; the Victor diamond mine (DeBeers Canada) on 

the lower Attawapiskat River, where operations are beginning to slow and remediation 

efforts will begin shortly. 

As discussed in sections 1.2.2 above, the mechanistic interactions between Hg and 

various physical, chemical, and biological characteristics of aquatic systems have been 

well established in laboratory settings, and within individual aquatic systems. This thesis 

builds upon this earlier knowledge to understand Hg cycling on a broader, landscape 

scale. In particular, I will investigate the role and influence of various factors believed to 

influence MeHg bioavailability and bioaccumulation throughout the drainage basin. The 

three main goals of my dissertation are to:  

(1) Model Hg cycling, bioaccumulation, and speciation in relation to large-scale 

environmental gradients across the ADB;  

(2) Measure and report [Hg] in subsistence fish and the food webs that support 

them; and  

(3) Provide a summary of findings and baseline data to environmental monitoring 

programs for the Ring of Fire 
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1.3.2 Thesis structure and research significance 

This thesis is divided into 5 chapters, including this literature review and introduction 

(Chapter 1); the content and significance of each subsequent chapter are briefly discussed 

below. 

 

i. Chapter 1: An overview of mercury cycling in Canadian boreal freshwater 

systems. 

 

ii. Chapter 2: Mercury bioaccumulation in relation to changing physicochemical and 

ecological factors across a large and undisturbed boreal watershed. 

While many studies have examined how latitudinal gradients effect Hg cycling and 

bioaccumulation in freshwater systems (e.g., Ahonen et al. 2018), this chapter was the 

first study, to the best of my knowledge, to examine how a system’s landscape position 

within a drainage basin affects its physico-chemical conditions and Hg accumulation. The 

natural gradients of physical, chemical, and ecological factors across the watershed were 

reported and key drivers of Hg concentrations and biomagnification rates were 

determined. This chapter also provides the baseline data (largely provided in the 

supplemental information (SI) file herein) that will be valuable for future monitoring 

programs assessing the effects of climate change and industrial development, particularly 

in and around the Ring of Fire mineral exploration and development zone. This chapter 

was recently submitted for publication in the Canadian Journal of Fisheries and Aquatic 

Sciences and is currently under review.  
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iii. Chapter 3: The optical properties of dissolved organic matter and their relation to 

mercury concentrations in water and biota across a remote freshwater drainage 

basin. 

In this chapter, I utilized fluorescence and absorbance spectroscopy to identify key 

structural components of DOM and assessed the changing structure moving from 

headwater lakes to outlet streams. The effects of these structural characteristics on the 

bioaccumulation of Hg were also examined. The data from this study were highly novel, 

showing not only the changes in DOM structure across such a large-scale watershed for 

the first time, but also the utility in fluorescence spectroscopy (a relatively easy and 

inexpensive analysis) in understanding Hg dynamics in boreal systems. This chapter has 

been published in Environmental Science and Technology 

(DOI:10.1021/acs.est.7b05348).  

 

iv. Chapter 4: Percent methylmercury in the muscle tissue of freshwater fish varies 

with body size, age, and among species. 

Most modern studies examining Hg in fish muscle tissue assume that the vast 

majority of the THg present is in the methylated form. This assumption, however, is 

based largely on studies examining Hg speciation in the muscle of large-bodied 

piscovores. This study, now published in Environmental Toxicology and Chemistry (DOI: 

10.1002/etc.4233), assessed the percent of MeHg (%MeHg =  100 x [MeHg] / [THg]) in 

the muscle tissue of individual fish from five species across wide ranges of body sizes 

(35 to 800 mm total length) and ages (YOY to 20 years old). Results hold major 
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implications for the current practice of analyzing [THg] as a proxy for [MeHg] in muscle 

tissue from fish species regardless of size and trophic ecology. 

 

v. Chapter 5: General conclusions and considerations for communicating fish 

consumption guidelines in the Far North of Ontario. 

In the final thesis chapter, I review the major conclusions of each chapter and discuss 

their overall importance to the broader Hg literature. I also briefly discuss my experiences 

working in remote northern communities and synthesize techniques my colleagues and I 

employ to effectively communicate Hg science, our research, and consumption 

recommendations set by the Ontario provincial government. I also highlight key 

considerations for future researchers and communicators in the Far North of Ontario and 

identify research gaps that will help inform government guidelines and, by extension, the 

consumers. This work is intended for a publication in Environmental Health Perspectives 

once associated survey data has been collected.  
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Figure 1-1: The Attawapiskat Drainage Basin (ADB) in the Far North of Ontario

 

Hudson Bay Lowlands
Boreal Shield

Sudbury, ON
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 : Mercury bioaccumulation in relation to changing 

physicochemical and ecological factors across a large and 

undisturbed boreal watershed 

2.1 Abstract 

1. Within a drainage basin, the position of a lake or river site can greatly affect its 

limnological and ecological characteristics, including system size, nutrient 

loadings, and biotic community structure. These factors may also affect the 

cycling of mercury (Hg), a neurotoxic metal that has been detected in remote 

northern watersheds around the world. 

2. In this study, we examined how 43 physical, chemical and ecological end-points 

change across 58 lake and river sites within a remote and undisturbed boreal 

watershed in northern Ontario, Canada, and assessed their influence on aqueous 

and biotic total and/or methyl Hg concentrations ([Hg]). We sampled in and 

around the mineral-rich region known as the “Ring of Fire,” which is expected to 

be heavily developed in the coming years to facilitate decades of resource 

extraction. 

3. We found several physico-chemical parameters, but few ecological factors, that 

varied in systematic patterns across the watershed. Overall, [Hg] in water and, to a 

lesser extent, fish increased in systems with decreasing landscape position (i.e., a 

lower elevation). In particular, fish [Hg] increased moving downstream in the 

Attawapiskat River across the Hudson Bay Lowlands.  
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4. Aqueous and biotic [Hg] were most strongly related to DOC and nutrient 

concentrations across the watershed. In biota, [Hg] was lower in more productive 

systems, indicating a possible bio-dilution effect. Interestingly, concentrations of 

nitrates and nitrites were a consistent positive predictor of biotic [Hg], suggesting 

an indirect relationship between Hg and N cycling that warrants further study. 

5. Results and baseline data from this study will be valuable for future research and 

monitoring programs to assess the effects of climate change and industrial 

development, particularly in and around the Ring of Fire region. 

Key words: mercury, landscape position, water chemistry, drainage basin, food webs 

 

2.2 Introduction 

The Canadian boreal ecozone contains some of the largest relatively undisturbed 

watersheds in the world, which support a diverse array of aquatic life and provide vital 

ecosystem services for surrounding communities (Urquizo et al. 2000; Browne 2007; 

Bogdanski 2008; Wells et al. 2010; USEPA 2012). Freshwater lakes and rivers are 

subjected to natural physical and chemical gradients across such watersheds, which 

influence their limnology, fish habitat and other important ecological characteristics 

(Kratz et al. 1997; Ellis and Jones 2013). For example, the position of a system within a 

drainage basin (also known as its “landscape position”) can strongly influence its 

physical attributes (Martin and Soranno 2006), water chemistry (Johnson et al. 2000), and 

biological community structure (Smith and Kraft 2005). In general, headwater lakes with 

a higher landscape position are expected to be smaller, have lower concentrations of 
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dissolved organic carbon (DOC) and silica, receive a higher proportion of water from 

precipitation than groundwater, and have lower species richness in their fish communities 

when compared to systems at a lower landscape position (Kratz et al. 1997).  Similar 

effects are observed along a river continuum with organic matter becoming increasingly 

finer and invertebrate communities becoming functionally less diverse moving 

downstream (Vannote et al. 1980).   

Shifts in physicochemical and biological characteristics of aquatic systems across 

watersheds can alter other important limnological and ecological processes, including the 

cycling of mercury (Hg), a bioaccumulative metal of concern in boreal freshwater 

systems. Much of the Hg found in boreal lakes and rivers originates from distant 

industrial sources, entering remote systems via atmospheric-transport and deposition. 

Once deposited in the inorganic form, Hg(II), it can be methylated by sulfate-reducing 

and other anaerobic bacteria (Gilmour et al. 2013). The neurotoxic methylmercury 

(MeHg) produced can bioaccumulate and biomagnify through aquatic food webs, 

resulting in relatively high concentrations in predatory fish that pose a potential health 

risk to residents of northern communities who consume these fish regularly for 

subsistence. However, aquatic Hg transport, methylation, and bioaccumulation are all 

strongly influenced by the surrounding physico-chemical environment (Lehnherr 2014; 

Paranjape and Hall 2017). While several studies have examined how physico-chemical or 

biological traits of aquatic systems affect Hg cycling (Gantner et al. 2010; Lescord et al. 

2015; Sumner 2016; Ahonen et al. 2018; Chételat et al. 2018), none, to our knowledge, 

have explored the effects of landscape position within a drainage basin, and the 

associated changes in physico-chemical characteristics, on Hg bioaccumulation. 
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Our objectives were to assess how mercury concentrations in water and biota varied 

across a large, northern drainage basin, and to determine the key landscape and 

limnological drivers of this variation. We sampled 58 lake and river sites across the 

Attawapiskat Drainage Basin (ADB), a vast (>50,000 km2), unregulated, boreal 

watershed located in northern Ontario, Canada (Figure 2-1). We assessed 38 

physicochemical variables across sites and analyzed a subset of invertebrates and fish for 

various ecological endpoints (e.g., food web position, growth rates) as well as [Hg] to 

determine: (1) spatial gradients of physical features, water chemistry, ecological factors, 

and Hg cycling across the ADB, and (2) the key drivers of Hg bioaccumulation and 

biomagnification among its lakes and rivers. We hypothesized that DOC concentrations, 

water hardness, and lake depth would show the largest degrees of change across the ADB 

and, consequently, have the strongest influence over Hg concentrations in water and biota 

throughout the watershed. 

The ADB is one of the largest relatively undisturbed boreal freshwater watersheds in 

the world, making it an ideal study location for understanding how landscape position of 

a system affects its limnology and Hg bioaccumulation. Furthermore, while only one 

mine is currently active in the ADB (DeBeers Victor diamond mine on the lower 

Attawapiskat River), the watershed contains a large portion of the Ring of Fire mineral 

deposit (Figure 2-1), where extensive development to support resource extraction is 

expected (MNDM 2018). A baseline understanding of how a system’s landscape position 

affects its physico-chemistry, aquatic ecology, and Hg dynamics will be a vital to 

monitoring environmental impacts of both future land-use and further changes to the 

climate in the ADB as well as in other boreal watersheds.  
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2.3 Methods 

2.3.1 Study area 

The ADB spans two distinct northern ecozones, the Boreal Shield (hereafter referred 

to as the Shield) and the Hudson Bay Lowlands (also known as the Hudson Plains, 

hereafter referred to as the Lowlands), the lakes and rivers of which differ considerably in 

their physical and chemical characteristics (MacLeod et al. 2017). The western portion of 

the ADB (~ 200 – 410 m elevation) is on the Shield and is composed of a vast lake-river 

network with thin soils over igneous Precambrian Shield rock. The eastern portion (~ 0 – 

200 m elevation), on the Lowlands, is composed of glaciofluvial deposits underlain by 

sedimentary limestones and dolostones and is dominated by rivers flowing into lower 

James Bay (Figure 2-1). Lakes located on the Shield are generally larger, deeper (> 5 m 

maximum depth), clearer, and have densely forested riparian areas. In contrast, Lowland 

lakes tend to be shallower (≤ 3 m maximum depth), more turbid, surrounded by vast 

peatlands, and have less historical data when compared to Shield lakes (MacLeod et al. 

2017; Lescord et al. 2018a). To date, the ADB has experienced minimal anthropogenic 

disturbance (see SI section for further details).  

In total, 31 lakes (20 on the Shield and 11 on the Lowlands) and 27 river sites (10 on 

the mainstem Attawapiskat River and 17 tributaries) were sampled for this study (Figure 

2-1). Only 2 river sites (both mainstem) were on the Shield, the remaining 25 were on the 

Lowlands. Many Lowland lakes in the ADB were too shallow for float plane access, and 

to increase our sample size in this ecozone, we sampled four of the Lowland lakes 



 23 

immediately south of the ADB: three in the Albany River drainage basin, and one in the 

Kapiskau River drainage basin (Figure 2-1). Overall, the 58 sites sampled in this study 

spanned a large geographic area (~ 575 km2 and 400 m of elevation) including parts of 

the Ring of Fire mineral deposit (Figure 2-1).  

 

2.3.2 Sample collection 

Sampling methods were similar to those described in Lescord et al. (2018a, b). Water 

samples were collected from 28 lakes (9 Lowland and 19 Shield) and 19 of the river sites 

in late July or early August of 2015. All sites were sampled using ultra-clean methods for 

[THg] (unfiltered), [MeHg] (unfiltered), and 26 other water chemistry parameters 

including concentrations of DOC, total phosphorus (TP), total nitrogen (TN), sulfate, and 

base cations (e.g., total unfiltered calcium, Ca, or sodium, Na), as well as pH, 

conductivity, and true colour. A full list of all parameters measured and their 

abbreviations can be found in the Supplemental Information (SI) file (Table SI-1). 

Additional data from water collections on two Lowland lakes and five river sites in 2013 

were obtained from the Ontario Ministry of the Environment and Climate Change 

(MOECC), though not all parameters were measured in these analyses (n = 3-36 

parameters depending on the site; see Tables SI-2 through SI-7). Water samples were 

taken at the surface of all lakes and river sites approximately 1 m below surface by hand 

or with a Van Dorn sampler. Temperature and dissolved oxygen (DO) readings were 

taken at the surface of all sites. A full water column temperature and DO profile was 

taken at the deepest location of each lake to assess summer stratification (data not 

shown); only four Shield lakes showed marked stratification, with decreases in 
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temperature and DO at depth (> 12 m). Secchi depths were also determined at the deepest 

location of each lake.  

Four landscape features were obtained for each lake and river site using the Ontario 

Flow Assessment Tool (OFAT; OMNRF 2017) or NRCAN Toporama (Natural 

Resources Canada 2017): elevation, mean drainage basin slope (herein referred to as 

slope), total drainage basin area, and area of wetlands in the basin (herein referred to as 

wetlands). Surface areas and maximum depths of lakes were obtained from the Ontario 

Ministry of Natural Resources and Forestry’s (MNRF) Aquatic Habitat Inventory 

database. Measurements of all physico-chemical parameters are provided in the SI 

section, Table SI-2 through SI-7.  

Benthic macroinvertebrates were collected at 1-3 nearshore sites in each of 10 Shield 

and six Lowland lakes, as well as at single reaches in each of six river sites by kick 

sweeping during July-August of 2014 or 2015. Collected invertebrates were pooled by 

order (Amphipoda, Ephemeroptera, and Trichoptera, as well as Plecoptera from river 

sites only; herein referred to as amphipods, mayflies, caddisflies, and stoneflies, 

respectively) to ensure adequate biomass for all laboratory analyses. Unionid clams were 

collected from nearshore areas of lakes and from riffle zones of mainstem river sites. 

Crayfish (Decapoda) were collected in the nearshore by kick and sweep and 

electrofishing, and snails (Gastropoda) were gathered by hand from the nearshore zone. 

Bulk zooplankton was collected in lakes by towing a Wisconsin net (25 cm diameter, 100 

cm long, 80 μm mesh) horizontally at ~ 0.5 m depth behind a boat for approximately 3 to 

5 minutes in the offshore zone. This process was repeated 3 times and each tow was 

considered 1 composite zooplankton sample (n = 3 / lake). All invertebrate samples were 
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frozen until further analysis. Table SI-8 shows the sample sizes of each invertebrate 

group caught at each lake or river site. In subsequent tissue analysis the foot muscle, tail 

muscle, and whole viscera (body minus shell) were removed from individual clams, 

crayfish, and snails, respectively; composite samples of whole bodies were used for all 

other invertebrate groups. 

Large-bodied fishes were collected using multimesh, monofilament, benthic gill nets 

in both nearshore and offshore areas on 17 Shield and 10 Lowland lakes, and in low-

current locations at each of the 10 mainstem river sites from 2009 to 2015. Up to 20 

individual white sucker (Catostomus commersonii; herein referred to as sucker), lake 

whitefish (Coregonus clupeaformis, herein referred to as whitefish), northern pike (Esox 

Lucius, herein referred to as pike), and walleye (Sander vitreus) were collected at each 

site, though not all species were captured at all sites (see Table SI-9 for collection years, 

and sample sizes of each species at each site). Spottail and emerald shiners (Notropis sp.; 

herein referred to as shiners), common small-bodied forage fishes consumed by walleye 

and pike, were also sampled in nearshore zones of lakes with small-mesh gill nets, and by 

electrofishing. All fish were weighed and measured for total and fork lengths, and dorsal 

muscle was removed and frozen until later analysis. Ageing structures were collected 

from large-bodied species; these included sagittal otoliths for whitefish and walleye, 

cleithra for pike, and pectoral fin rays for sucker (see SI section for aging methods). 

Attribute data from each large-bodied fish were used to calculate lifetime growth rate 

(LGR; body weight divided by age, in g/year) and body condition (the residual loge mass 

from a pooled species-specific loge mass vs loge total length relationship; Kaufman et al. 

2007). 
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2.3.3 Laboratory analysis 

All water samples were analyzed for [THg] and [MeHg] at the ISO 17025 accredited 

Biotron trace-metal laboratory at the University of Western Ontario (London, ON). A full 

description of Hg analytical procedures is presented in Lescord et al. (2018a). Analyses 

were conducted as per the United States Environmental Protection Agency (USEPA) 

methods 1631 and 1630 on Tekran instruments. All results were blank-corrected using 

the mean method blank concentrations of a given batch. While no samples were below 

the method detection limits (MDLs) for THg (0.05 ng/L), two samples were below the 

0.006 ng/L MDL for MeHg; these samples was assigned a random value less than half of 

the limit. Percent recoveries of all standard checks and spikes were high (93.8 to 106%, n 

= 9-22) and within accredited standards. Relative percent differences of duplicates were 

low, 1.8-3.0% (n = 15, see Table SI-10 for all QA/QC results). All other water chemistry 

analyses were performed at MOECC laboratories (Dorset and Etobicoke, ON, Canada) 

following standard procedures (OMOECC 1983).  

Tissue samples of all invertebrates and small-bodied fishes, and muscle sub-samples 

of large-bodied fishes were freeze-dried using a LABCONCO FreeZone Bulk Tray 

Dryer, and homogenized using a Retsch MM400 ball mill at Laurentian University 

(Sudbury, ON). Invertebrate and shiner samples were analyzed for MeHg using a hot-

block and potassium hydroxide (KOH) digestion (Bloom and Fitzgerald 1988); detection 

was performed using the same methods as for water (USEPA 1630). A total of 2,212 

large-bodied fish muscle samples were analyzed for total [Hg] (the sum of all Hg forms) 

using one of two methods: (1) by Thermal Decomposition and Amalgamation Atomic 
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Absorption Spectroscopy (TDA-AAS) on a Milestone direct mercury analyzer (DMA-80) 

following USEPA method 7473 at the Biotron Laboratory (n = 614; ppm dry mass); or 

(2) by cold vapor-flameless atomic absorption spectroscopy (CV-FAAS) at the MOECC 

Laboratory Services Division, following protocol HGBIO-WS057 (n = 1,598; ppm wet 

mass). Using a broader dataset of 302 suckers, 104 whitefish, 189 pike, and 863 walleye 

from Ontario lakes that had been analyzed using both methods we developed species-

specific linear relationships between methods (see SI section for equations) to convert all 

CV-FAAS wet mass [THg] estimates to TDA-AAS dry mass [THg] estimates. It was 

assumed that the majority of [THg] (>80%) was the methylated form, though it is 

important to note that some smaller fish may have lower proportions of MeHg in their 

muscle tissue (Lescord et al. 2018b).  

Freeze-dried and ground tissue samples were analyzed for carbon and nitrogen stable 

isotope ratios at the University of New Brunswick’s Stable Isotopes in Nature Laboratory 

using methods described by Jardine et al. (2003). Carbon and nitrogen stable isotope (SI) 

values are used to infer an animal’s food web position in terms of primary production 

sources and trophic elevation, respectively (Post 2002). Ratios of heavy to light SIs were 

expressed in parts per thousand (‰) as standard delta (δ) notation relative to International 

Reference Standards using the formula: δX = [(Rsample / Rstandard) – 1] x 1000, where 

X is 13C or 15N, and R is the corresponding ratio, 13C/12C or 15N/14N (Peterson and Fry 

1987; Fry 2006). Certified standards and duplicates were similar to target values (i.e., 

relative percent differences <0.01±0.01 to 0.2±7.5%); all QAQC results for isotope 

analyses are presented in Table SI-11.  
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2.3.4 Data handling and statistics 

All statistical analyses were performed using R (v. 3.4.3; R Core Team, 2017) and 

alpha was set at 0.05 in all tests. Graphics were produced using the R package ggplot2 

(v.2.2.1; Wickham and Chang, 2016).  

In analyses across lake and river sites, within-site means of each biotic variable were 

used to represent the populations. For large-bodied fish, means of [THg], isotope ratios, 

and body condition were adjusted for body size covariation; least-square means of these 

variables were estimated for each population at 500 g (the approximate median weight of 

fish herein) from an ANCOVA model (y ~ weight + site + weight*site). LGR was 

standardized to 1000g using the same method. Prior to some statistical analyses, fish 

isotopic data were also adjusted for baseline variation among sites. Within-site mean δ13C 

and δ15N of clam foot muscle were subtracted from that of the fish population, resulting 

in baseline-corrected values (i.e., δ13Ccor and δ15Ncor). Clam data were available in 21 

lakes; an additional 8 lakes had other invertebrate data which were used to estimate clam 

values based on linear relationships developed across ADB sites where both taxa were 

present (see SI section and Table SI-12 for details). Raw isotope measurements were used 

for invertebrates in all tests. System mean values for all ecological end-points are 

presented in Tables SI-13 through SI-18.  

Spatial patterns in water chemistry and physical variables 

A total of 25 physical and chemical characteristics of lakes and river sites were 

entered into a Principal Components Analysis (PCA) to assess environmental gradients 

across the ADB using the prcomp R package (Sigg, 2014). The loadings of each variable 

on all resulting rotated Principal Components (PCs) with eigenvalues > 1 are presented in 
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Table SI-19. Using only lake data, a second PCA was performed with the same 25 

variables, plus three additional variables unique to lakes: surface area, maximum depth, 

and Secchi depth. Parameter loadings for this analysis are presented in Table SI-20. 

Additionally, all 28 physico-chemical variables were compared among the three groups 

of aquatic systems (i.e., Shield lakes, Lowland lakes, river sites) using Kruskal Wallis H-

tests; post-hoc comparisons were performed using Convers test from the PMCMR 

package (Pohlert 2016) and are presented in the SI section (Table SI-21). 

Ten phyisco-chemical variables (surface DO, slope, sulfate, pH, Ca, NO2+NO3, Na, 

DOC, TP, and TN) were chosen for further modeling throughout this study; based on PC 

loadings, these variables accounted for relatively unique variation in the overall dataset. 

Furthermore, they are relevant to Hg biogeochemistry and are anticipated to change with 

climate change and future industrial development. To further assess spatial patterns in 

these variables, each measure (n = 1/lake or river site) was examined with respect to 

system elevation, an index of landscape position within the ADB (Kratz et al., 1997; 

Table SI-22). 

Spatial patterns in biotic mercury concentrations and ecological end points 

Similar to physico-chemical variables, [THg] and/or [MeHg] in water (n = 1/site) and 

biota (variable n/site) were first examined with respect to system elevation. Because fish 

from this study were collected over a 9-year period, the relationships between predicted 

mean [THg] at 500 g and system elevation were assessed using linear mixed effects 

(LME) models that included collection year as a random variable. Similarly, benthic 

invertebrates were sampled over a 2-year period (2014 and 2015) and the relationships 

between mean [MeHg] and system elevation for each taxon were also assessed with a 
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LME model that included sampling year as a random factor. In addition to LME models 

across the drainage basin, [MeHg] and [THg] in water and biota (standardized to 500 g in 

large-bodied fish) were compared among the three groups of aquatic systems (Shield 

lakes, Lowland lakes, river sites) using Kruskal Wallis H-tests; post-hoc comparisons 

were performed using Convers test from the PMCMR package (Pohlert 2016; Table SI-

22 and SI-23).  A similar approach was used to analyze patterns in other ecological 

variables across the ADB including δ13C and δ15N in invertebrates, and δ13Ccor, δ
15Ncor, 

body condition (all standardized to 500 g), and LGR (standardized to 1000 g) in large-

bodied fish (post-hoc results shown in Tables SI-24).  

Spatial patterns in biomagnification 

To assess the rate of Hg biomagnification within each lake or river site, trophic 

magnification slopes (TMSs) were calculated by regressing log10[Hg] (MeHg in 

invertebrates and forage fish and THg in large-bodied fish) against raw δ15N for all 

sampled biota, as per Lavoie et al. (2013). The intercepts of these relationships, often 

referred to as the trophic magnification intercept (TMI), are used as an index of [Hg] at 

the base of the food web. We calculated TMSs and TMIs in systems with at least three 

composite samples of benthic invertebrates (caddisflies, mayflies, stoneflies, and/or 

amphipods) as well as data from four fishes (shiners, suckers, pike, and walleye). In total, 

8 Shield lakes, 6 Lowland lakes, and 4 river food webs were modeled in this way. Table 

SI-25 shows the TMS, TMI, and other regression results, as well as the taxa included in 

each food web model. Resulting TMSs and TMIs were plotted against system elevation 

to assess changes in rates of Hg biomagnification and Hg inputs, respectively, across the 

drainage basin; these relationships were assessed as simple linear regressions. Similar to 
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water and biotic [Hg], TMSs and TMIs were compared among groups (i.e., river sites, 

Lowland lakes, and Shield lakes) using Kruskal Wallis H-tests and Convers test, as 

described previously (Table SI-23).   

Modeling drivers of mercury concentrations and biomagnification 

To determine which physico-chemical factors were most strongly linked to Hg 

bioaccumulation and biomagnification, AIC model averaging was performed using the R-

package AICmodavg (Mazerolle 2017) as per Sumner (2016) and Grueber et al. (2011). 

In total, modeling exercises were performed using lake as the replicate for 11 dependent 

variables: mean [THg] in surface water, mean [MeHg] in surface water, mean [MeHg] in 

each of four invertebrate groups (amphipod, caddisfly, mayfly, and zooplankton), 

predicted mean muscle [THg] at 500 g in each of three large-bodied fish species (sucker, 

pike, and walleye), and biomagnification metrics (TMSs and TMIs). Stonefly, shiner, and 

whitefish sample sizes were deemed too low for modelling. Due to missing water 

chemistry data from river sites with biotic data, these 11 models were run using lake data 

only. Additional water models were run across all lakes and river sites (results shown in 

SI section).  

For all water models, 10 standardized predictor variables (DO, sulfate, TP, TN, 

NO2+NO3, DOC, slope, Na, Ca, and pH) were entered into a global model. All models 

containing combinations of up to 2 predictor variables (plus an intercept) were fitted and 

ranked using AICc, a form of AIC used when sample sizes are <100 (Burnham and 

Anderson 2002). Coefficients of each of the 10 predictors were then averaged across all 

models with a delta AICc value (∆AICc, the difference between a model’s AICc value 

and the overall lowest AICc value in the full model ranking) less than 4 (Burnham and 
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Anderson 2002; Burnham et al. 2011). When a parameter was not included in a model, a 

0 was included for coefficient averaging (Grueber et al. 2011). For modeling invertebrate 

[MeHg] these same 10 predictor variables were used, plus mean δ13C and δ15N, and the 

same model selection and coefficient averaging methods were applied. Similarly, for 

modeling large-bodied fish [THg] at 500 g, the same 10 predictor variables were used 

plus δ13Ccor, δ
15Ncor, and body condition (standardized to 500 g). Variance Inflation 

Factors (VIFs) were monitored for issues with multicollinearity in all tests. Results of 

each modeling exercise are listed in Tables SI-26 through SI-39. 

 

2.4 Results 

2.4.1 Physical and chemical gradients across the watershed 

As expected, systems across the ADB showed particularly broad ranges in [DOC] 

(5.4 – 29.1 mg/L), water clarity (colour = 12 – 282 TCU, Secchi depth = 0.5 – 3.1 m), 

cation concentrations (e.g., [Ca] = 2.7 – 31.9 mg/L), and DO (5.6 – 9.7 mg/L; Table 2-1). 

Concentrations of various nutrients also ranged broadly (e.g., [TN] = 0.03 – 0.56 mg/L, 

[NO2+NO3] = <1 – 30 µg/L) across the ADB (Table 1). Furthermore, the mean slope and 

area of wetlands in each drainage basin varied considerably (0.9 – 4.0% and 0 – 28,528 

km2, respectively; Table 2-1). Within lakes, the maximum depths ranged from 1.3 – 23.4 

m and surface areas ranged from 44 – 28,100 ha (see Table 2-1). The river site 

immediately downstream of the active diamond mine showed markedly elevated 

concentrations of sulfate (9.45 mg/L) and other ions (e.g., [Na], 12.9 mg/L) and was 

removed as an outlier in all PCA analyses and regional comparisons.  
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Results showed a general decrease in DO, pH, mean drainage basin slope, and 

concentrations of sulfate and NH3+NH4 with decreasing landscape position (Figure 2-2a). 

Conversely, concentrations of nutrients (i.e., TN, NO2+NO3, TP), as well as DOC and 

water colour tended to increase toward the outflow (Figure 2-2a). Indeed, all of these 

measures were found to be significantly different among the groups (i.e., Shield lakes, 

Lowland lakes, and river sites; p = <0.001 - 0.045). Sulfate and Al concentrations, water 

colour, and DO were significantly different among all regions (Table 2-1; p = <0.001 – 

0.038). Concentrations of Cl and K, as well as mean drainage basin slope were only 

significantly different between Shield and Lowland lakes (p <0.001 to 0.003), and 

between Shield lakes and river sites (p <0.001 to 0.011), but not between Lowland lakes 

and river sites (p = 0.110 to 0.999), implying substantial regional effects on these 

parameters (Table 2-1). DOC and As concentrations, on the other hand, showed 

significant differences between each of the lake types (i.e., Shield and Lowland) and river 

sites (p <0.001 to 0.015), but not between the lake types themselves (p = 0.181 and 0.167 

for DOC and As, respectively), implying an effect of system type on both parameters 

(Table 2-1). 

 

2.4.2 Spatial patterns of ecological characteristics across the watershed 

Delta 13C values were not significantly related to system elevation in any 

invertebrate group (p = 0.22-0.72, r2 = 0.007-0.094; Table 2-2), indicating no consistent 

change in invertebrate diets throughout the watershed. This agrees with the lack of 

significant differences found in any invertebrate δ13C values among regions (i.e., Shield 

vs. Lowland vs. River; p = 0.219-0.591). However, δ15N in zooplankton was positively 
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related to system elevation, suggesting higher trophic elevation of pelagic invertebrates in 

headwater systems (p = 0.006, r2 = 0.385; Table 2-2). Indeed, δ15N of zooplankton was 

significantly higher in Shield lakes (5.11±0.97 ‰) than Lowland lakes (3.16±1.21 ‰; p = 

0.006). No other significant relationships were found between invertebrate δ15N and 

system elevation (p = 0.10-0.87; r2 = 0.002-0.147; Table 2-2) nor differences in 

invertebrate δ15N among regions (p = 0.054-0.558). 

Mean δ13Ccor at 500 g was significantly and negatively related to system elevation in 

whitefish, but not in any other fish species examined (Table 2-2; p = 0.002, r2 = 0.650). 

Indeed, whitefish had significantly different δ13Ccor among regions (p = 0.027), with 

riverine fish having lower signatures (2.32±2.99 ‰) when compared to those from 

Lowland (8.62±1.15 ‰) and Shield lakes (4.33±1.90 ‰). However, δ15Ncor values at 500 

g were significantly and positively related to system elevation in suckers only (p = 0.016, 

r2 = 0.209; Table 2-2). Among-region comparisons showed significant differences in 

δ15Ncor of suckers (p = 0.006) as well as pike (p = 0.010). In both cases, δ15Ncor values 

were significantly higher in riverine sites when compared to lakes. 

Neither condition nor size-standardized LGR were significantly related to system 

elevation, except condition in pike, which increased moving downstream in the ADB 

(Table 2-2). Indeed, pike had a significantly lower condition in lakes (mean = -0.03 and -

0.02 in Lowland and Shield lakes, respectively) when compared to river sites (mean = 

0.07; p = 0.001). LGR in pike was also significantly different among regions (p = 0.042) 

but the mean differences were small (i.e., 200 vs. 166 vs. 201 g/year in river sites, 

Lowland lakes, and Shield lakes, respectively). No significant among-region differences 

were found in condition or LGR for the other fish species tested. 
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2.4.3 Mercury concentrations and rates of biomagnification across the 

watershed 

Overall, aqueous [MeHg] and [THg] were generally low but variable across the 

ADB, ranging from <0.001 to 0.116 and 0.32 to 7.35 ng/L UF, respectively. Both 

[MeHg] and [THg] increased significantly with decreasing system elevation (Figure 2-

3a), with river sites having significantly higher concentrations of both when compared to 

Lowland and Shield lakes (p < 0.001-0.023).  

Invertebrate [MeHg] was low across the ADB, ranging from 6 - 53, 7 - 107, 17 - 76, 

and 4 - 32 ng/g (dry wt.) in amphipods, mayflies, caddisflies, and zooplankton, 

respectively. Unlike concentrations in water, invertebrate [MeHg] showed no clear 

relationship with system elevation across the ADB (Figure 2-3c). Furthermore, benthic 

invertebrate [MeHg] was not significantly different among regions (p = 0.063-0.464). 

Similar to δ15N, however, zooplankton [MeHg] was significantly higher in Shield lakes 

when compared to Lowland lakes (p = 0.032). 

Size-standardized [THg] was significantly different among large-bodied fish species 

(p < 0.001). Not surprisingly, [THg] at 500 g was highest in piscivores, ranging from 

0.33 - 2.42 µg/g dry in walleye, and 0.32 - 1.54 µg/g dry in pike. Insectivores had lower 

[THg], ranging from 0.09 - 0.56 µg/g dry in suckers, and 0.12 - 1.32 µg/g (dry, at 500g) 

in whitefish. Across the watershed, the strongest trends in size-standardized [THg] were 

seen in whitefish, significantly increasing with decreasing landscape position (Figure 2-

3d). Furthermore, whitefish [THg] at 500 g was significant different among the 3 groups 

(i.e., river sites, Lowland lakes, and Shield lakes; p = 0.024). Although no linear 
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relationship was found between sucker [THg] and system elevation (Figure 2-3d), 

significant group differences were also found (p = 0.011). In both cases, post-hoc results 

showed significant differences in [THg] between river sites and each of the lake types (p 

= 0.005-0.039), but not between the lake types themselves (p = 0.152-0.928). No such 

group differences were seen in either pike or walleye [THg]. However, a notable and 

consistent increase was seen in [THg] of all large-bodied species moving downstream in 

the mainstem Attawapiskat River (Figure 2-3d).  

Across the ADB, TMSs and TMIs ranged from 0.158 to 0.292 and -2.68 to -1.63, 

respectively, and Figure 4 shows examples of biomagnification models from a Shield 

lake, Lowland lake, and river site. Across all systems modeled, the TMIs represented a 

wide range of predicted [MeHg] (2 to 23 ng/g dry) entering at the bases of these food 

webs (i.e., at δ15N = 0). No relationship was found between TMI and system elevation 

(Figure 2-3b) and TMIs were similar in lakes (-2.24, n = 20) and river sites (-2.25, n = 6). 

Mean TMSs were slightly higher in riverine food webs (0.236) when compared to 

lacustrine ones (0.223). However, there were no significant differences among river sites, 

Lowland lakes, and Shield lakes in either TMSs (p = 0.710) or TMIs (p = 0.968). 

 

2.4.4 Drivers of mercury concentrations in water and biota 

Across the ADB, measures of [Hg] in surface waters were strongly related to 

various physico-chemical variables (r2 = 0.55-0.73; Table 2-3). Specifically, [TP], 

[NO2+NO3], and [DOC] were strong predictors (i.e., had large standardized coefficients) 

of [MeHg] in surface waters, with [TP] having a negative effect and the latter two 

predictors having positive effects (Table 2-3). Total [Hg] in surface waters was also 



 37 

strongly and positively related to [DOC] and [NO2+NO3]. TP concentration was a 

positive predictor of aqueous [THg], while the mean drainage basin slope was a negative 

predictor (Table 2-3). 

Across benthic invertebrate models, nutrients (e.g., [TN], [NO2 + NO3]) were the 

most consistent predictors of [MeHg], with lower concentrations in lakes with higher 

nutrient content (Table 2-3). All other predictors had differing effects on [MeHg] among 

taxa (Table 2-3). Drainage basin slope, for example, was a relatively strong positive 

predictor of amphipod [MeHg], but a negative predictor of caddisfly [MeHg]. Similarly, 

sulfate, which was a positive predictor of amphipod and mayfly [MeHg], was a negative 

predictor of caddisfly [MeHg] (Table 2-3). Sodium concentration was a negative 

predictor of caddisfly and zooplankton [MeHg], which was also strongly and negatively 

related to DO (Table 2-3). Across invertebrate models, [MeHg] in amphipods and 

mayflies was positively related to δ15N, but only caddisfly [MeHg] was related to δ13C 

(Table 2-3).  

Similar to invertebrates, fish [THg] at 500 g was generally negatively related to 

various measures of total nutrients (i.e., TN, TP), though standardized coefficients were 

not large in any model (Table 2-3). The strongest and most consistent physico-chemical 

predictor of piscine [THg] was [NO2+NO3], similar to aqueous [Hg] models (Table 2-3). 

Fish condition was also included in all fish models, though its effect varied among 

species and the coefficients were generally small (Table 2-3). Similarly, C and N isotopes 

had a small effect (i.e., their coefficients were generally small; Table 2-3) on fish [THg], 

though δ15Ncor was, not surprisingly, a consistently positive predictor (Table 2-3).  



 38 

In contrast to water and most biotic models, TMS and TMIs were not as strongly 

related to physico-chemical variables (r2 = 0.01-0.26; Table 2-3). Similar to benthic 

invertebrates, TMIs were most strongly and negatively related to [TN] and [DOC], 

though the relationships were not statistically significant (Table 2-3). All predictors in 

TMS models had relatively small coefficients with statistically insignificant effects (<0.1; 

Table 2-3).  

 

2.5 Discussion 

2.5.1 Spatial patterns in physical, chemical, and ecological traits across the 

ADB 

Across the ADB, physical features and water chemistry varied with declining 

landscape position moving from the headwaters to the lower river sites (e.g., drainage 

basin slopes and [SO4] decreased, [DOC] increased). Similar to previous studies in 

northern Ontario watersheds, some physico-chemical variables differed by region more 

so than linearly across the watershed, likely due to the influence of bedrock geology and 

riparian characteristics (MacLeod et al. 2017). Such regional differences in physical and 

chemical characteristics are important considerations for future studies and monitoring 

programs in the area; systems in both regions should be monitored to thoroughly assess 

the impacts of future stressors in the Far North of Ontario. 

Although we did not assess species richness, an ecological variable known to shift 

with landscape position (Kratz et al. 1997), there were some differences in other 

ecological parameters among taxa across the ADB. For example, bulk zooplankton had 

significantly higher trophic positions in headwater Shield lakes when compared to 
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Lowland systems. This is likely due to regional differences in zooplankton communities 

(MacLeod et al. 2018) and, potentially, the presence of Chaoborus sp., a predatory 

pelagic invertebrate that was observed in samples from the deeper Shield systems.  

Overall, trophic levels, dietary carbon signatures, body condition, and LGR in the 

various fish species showed few spatial trends across the ADB. Whitefish were the only 

taxon which showed marked decreases in their δ13C with increasing system elevation, 

suggesting more nearshore feeding in Lowland lakes and river sites when compared to 

Shield lakes. This is likely an effect of: (1) the shallower nature of Lowland lakes 

limiting profundal habitat and, therefore, differentiation of offshore and nearshore carbon 

isotopes and (2) anadromous behaviour of riverine whitefish at downstream sites (i.e., 

closer to the outflow; Dejong 2017). Some northern pike were also found to be 

anadromous in the rivers of northern Ontario (Dejong 2017) and while this study did not 

find any significant differences in pike δ13C across the ADB, it did detect a significant 

increase in condition factors with decreasing landscape position. Higher fish condition 

closer to the outlet may be due to the influence of marine inputs to the food webs, given 

that the transition between freshwater and marine environments has been shown to affect 

fish growth and morphology (Eldøy et al. 2015; Kipanyula et al. 2016).  

 

2.5.2 Variation in Hg concentrations with system landscape position 

Overall, concentrations of Hg in water and biota varied widely in systems across 

the ADB. Aqueous concentrations of both THg and MeHg increased with decreasing 

landscape position, a likely consequence of the mirrored increase of [DOC] across the 

ADB (i.e., by 23.7 mg/L from Shield to riverine systems). Many studies have shown 
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strong linkages between aqueous Hg and DOC concentrations (Lescord et al., 2018a), 

which is thought to bind and mobilize Hg species from riparian regions and throughout 

watersheds (Wallschlager et al. 1996; Eklöf et al. 2016) and alter microbial methylation 

rates (Hammerschmidt et al. 2008). 

Despite high variability in concentrations, benthic invertebrate [MeHg] showed 

no consistent trend with system landscape position across the ADB. Similarly, no clear 

differences were seen in TMIs, which are used as a measure of basal MeHg inputs into 

food webs. In pelagic zooplankton, however, both [MeHg] and δ15N were significantly 

higher in Shield Lakes when compared to Lowland systems, again suggestive of the 

presence of Chaoborus sp., the predatory behaviour of which could increase overall 

[MeHg] of a pooled sample.  

Similar to water, [THg] in whitefish showed a significant increase with decreasing 

elevation across the ADB. Similar to shifts in diet, spatial variability in whitefish [THg] 

may be related to differences in lake morphology across the ADB. It is unlikely that the 

known anadromous behaviour of riverine whitefish would explain the higher [THg] in 

riverine whitefish; marine inputs to freshwater food webs are generally thought to lower 

Hg burdens (Schartup et al. 2015b, 2015a). Furthermore, notable increases in [THg] 

moving downstream were also evident in the other, less-anadromous fish species (sucker, 

pike, and walleye; Figure 2-3d). While river sites were not included in the predictive 

modeling due to missing data, they had higher [NO2+NO3], the strongest positive 

predictor of piscine [THg] in this study. It is therefore possible that an unmeasured 

physico-chemical effect (e.g., [NO2+NO3]) account for the higher [THg] in fish with 

decreasing landscape position of river sites. 
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2.5.3 Drivers of Hg bioaccumulation and biomagnification 

Overall, concentrations of total nutrients (P and N) were included as negative 

predictors of aqueous and some biotic [MeHg] across the ADB. Taken together, these 

negative relationships indicate that biota generally have lower [MeHg] accumulation in 

more nutrient-rich and productive waters. Other studies have shown that increases in 

nutrients and productivity can cause a reduction of individual MeHg body-burdens across 

a larger biomass, a process known as bio-dilution (Pickhardt et al. 2002; Walters et al. 

2015).  However, some biotic models included TN and/or TP as weak positive predictors 

and some recent studies have reported positive effect of nutrients and other measures lake 

productivity on biotic [MeHg] (Ahonen et al. 2018; Emmerton et al. 2018). It is possible 

that particulate N species associated with colloids increase Hg transport into lakes and 

have been correlated with rough proxies of methylation (i.e. %MeHg in water; Emmerton 

et al. 2018).  

Another consistently influential variable over [Hg] across the ADB was 

[NO2+NO3], a positive predictor of aqueous, piscine, and invertebrate [Hg]. In general, 

NO2
- and NO3

- are products of the nitrification of NH3+NH4 (the product of N fixation) 

and are a frequent concern in agricultural run-off; no large-scale agricultural activities 

exist in the ADB and the concentrations were generally low but variable (<1 to 30 µg/L). 

While not frequently reported as an influential parameter in Hg cycling, some studies 

suggest that additions of NO3 enhance denitrification, a process that is bio-energetically 

favoured over sulfate reduction but does not produce MeHg as a by-product, therefore 

lowering overall [MeHg] (Compeau and Bartha 1985; Palmer-Young et al. 2008; 



 42 

Todorova et al. 2009). It is possible that the relationships between [MeHg] and 

[NO2+NO3], which was somewhat correlated with [DOC], water colour, and [Fe], are an 

indirect collinear effect. Nevertheless, taken together, the relatively strong effects of [TN] 

and [NO2+NO3] found herein suggest strong links (whether direct or indirect) between 

Hg and N cycling that warrant further investigation. 

Despite the links between sulfur and Hg cycling (Clayden et al. 2017), sulfate had 

surprisingly inconsistent relationships with [MeHg] in water and biota across the ADB. It 

is possible that the concentration range of sulfate in this study was too narrow to detect an 

effect (0.02 -0.9 mg/L), unlike other studies which report significant parabolic 

relationships (Sumner 2016; <0.5 to ~9 mg/L). Furthermore, methylation may be 

occurring in riparian regions (Despault 2016), therefore limiting the effect of sulfate 

concentrations measured in this study. Concentrations of DOC, on the other hand, varied 

widely across the ADB, yet modeling showed minimal effect on biotic Hg 

concentrations. Previous studies have reported parabolic relationships between biotic 

[Hg] and [DOC] due to structural changes in organic matter complexes (French et al. 

2014; Braaten et al. 2018). Indeed, our previous work revealed significant effects of 

various structural characteristics of organic matter, potentially explaining the lack of a 

linear effect of DOC on our multivariate models herein (Lescord et al. 2018a).  

 

2.5.4 Implications of results in the context of industrial development and 

climate change 

The predicted effects of climate change and industrial development have 

important implications for Hg cycling and bioaccumulation in boreal watersheds. Overall, 
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the effects of climate change will likely be directly or indirectly related to the predicted 

increased to water temperatures, which is anticipated throughout the boreal ecozone 

(Keller 2007). For example, studies have shown that TP, a positive predictor in some 

aqueous and biotic [Hg] across the ADB, is rapidly declining in boreal lakes in some 

regions (Huser et al. 2018) with warming linked to high productivity and rapid P uptake 

by plants (Findlay et al. 2001; Keller 2007). Droughts and subsequent floods anticipated 

in the boreal region from climate change or industrial-related activities may flush these 

nutrients out of peatlands and also alter the timing of nutrient loadings to systems, 

changing the overall C, N, and P cycles (Keller 2007; Elser et al. 2009; Landry and 

Rochefort 2012). Climatic effects may also impact [NO2+NO3]; recent work has shown 

that nitrate concentrations are strongly correlated with the duration of ice-cover on lakes 

(Powers et al. 2017). Warmer temperatures may, therefore, result in less nitrification and 

lower [NO2+NO3] which, according to our findings, may lower [Hg] bioaccumulation.  

The anticipated increase in [DOC] expected in boreal waters will also limit UV 

penetration and photochemistry (Clark et al. 2010; Ritson et al. 2014; Poste et al. 2015). 

However, [DOC] was not a consistent predictor of biotic [Hg] across the ADB at present. 

It is possible that an increase in more humic and structurally-complex DOM, a likely 

effect of both climate- and industrial-related droughts and other land-use practices, will 

have a bigger effect (Wilson and Xenopoulos 2009; Szkokan-Emilson et al. 2013; French 

et al. 2014).  

 



 44 

2.6 Conclusions 

In conclusion, this extensive study showed significant variation in physical, 

chemical and biological conditions of aquatic systems across the ADB, though the 

patterns of variation with respect to landscape position were highly variable. Clear trends 

along the basin elevational gradient were evident in some physical and chemical 

parameters, and in [Hg] of water, but were less evident in biotic [Hg] and ecological 

variables. Our results indicate that nutrient cycling, particularly N cycling, is related to 

Hg bioaccumulation throughout the ADB. Monitoring programs and studies should 

therefore consider the spatial differences in physico-chemical parameters (especially 

concentrations of total nutrients, various N species, and DOC) reported herein and 

examine a range of systems to capture the unique aspects of boreal Shield and Hudson 

Bay Lowlands when assessing future trends in Hg cycling. 

 



 45 

2.7 Tables and Figures 

 
Figure 2-1: The locations of sampled lakes and river sites, as well as the Ring of Fire 

mineral deposit in the Attawapiskat Drainage Basin (ADB) in the Far North of Ontario, 

Canada. Locations are approximated.
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Figure 2-2: Bi-plot of the first 2 Principal Components (PCs) resulting from a Principal Components Analysis (PCA) on 24-26 

water chemistry variables and physical attributes of lakes and rivers across the Attawapiskat Drainage Basin. Panel (A) shows 

the results of a PCA using all lake and river sites; panel (B) shows results of a PCA using only data from lakes. Red vectors 

and labels are the parameters chosen as potential predictors of Hg concentrations in AIC-modeling. Variable loadings on PCs 

are shown in Table SI- 19 and Table SI- 20. Note: Al = aluminum, Alk = alkalinity, As = arsenic, cond = conductivity, Ca = 

calcium, Cl = chloride, Cu = copper, DOC = dissolved organic carbon, Fe = iron, K = potassium, Mg = magnesium, Na = 

sodium, NH3/NH4 = ammonia and ammonium, NO2+NO3 = nitrate and nitrite, Se = selenium, slope = average riparian slope, 

SO4 = sulfate, TP = total phosphorus, TN = total nitrogen, Wetlands = area of wetlands in the catchment. 

1 

Cl
Alk.

(a) (b)

TN

TP

DOC

CaDIC

Cond.

D.O.

K
Slope

SO4
pH

Colour
FeNa

Se

As
NO2/NO3

Mn

Cu

Al

Mg

Wetlands

NH3/NH4
Cl

Alk.

TN

TP

DOC

CaDIC

Cond.

D.O.K

Slope
SO4

pH

Colour
Fe

Na

Se

As
NO2/NO3

Mn

Cu

Al

Mg

Wetlands

NH3/NH4

Depth

Secchi

Surface Area

Boreal 

Shield

Hudson Bay 
Lowlands



 47 

Table 2-1: Means ± SD (n) and ranges for various physico-chemical parameters across the Attawapiskat Drainage Basin. All 

measurement shown were taken from surface waters (n = 1/site). DIC = dissolved inorganic carbon; DOC = dissolved organic 

carbon; nitrate + nitrite = NO2+NO3; ammonia + ammonium = NH3+NH4; Slope = mean drainage basin slope. 
                     (Headwaters                                                                                                                                                Outlet) 

Parameter Units 
 Boreal Shield Lakes  Hudson Bay Lowland Lakes  River sites 

 Mean ± SD Range  Mean ± SD Range  Mean ± SD Range 

Aluminum (Al)*1,2,3 µg/L  17.5±9.6 (18) 1.6 - 32.2  47.0±35.9 (11) 25.4 - 148.0  68.5±37.2 (20) 5.3 - 163.0 

Alkalinity (Alk)*1 mg/L   73.0±67.1 (18) 23.5 - 219.0  29.0±13.3 (11) 6.0 - 57.2  34.9±10.9 (24) 17.2 - 60.4 

Arsenic (As)*2,3 µg/L  0.3±0.4 (18) 0.01 - 1.3  0.6±0.3 (11) 0.01 - 1.3  1.0±0.3 (20) 0.01 - 1.7 

Calcium (Ca) mg/L  12.3±5.8 (18) 5.4 - 31.9  10.1±4.1 (11) 2.7 - 18.1  12.3±3.0 (24) 7.6 - 21.2 

Chloride (Cl)*1,2 µg/L  101±94 (18) 19 - 420  206±81 (11) 110 - 390  1224±4582 (22) 16 - 21700 

Colour*1,2,3 TCU  58±22 (18) 12 - 90  93±36 (11) 38 - 168  162±63 (24) 63 - 282 

Conductivity (Cond) uS/cm  78.1±35.8 (18) 34.7 - 200.0  61.0±24.9 (11) 17.8 - 113.0  75.9±36.8 (24) 39.8 - 227.0 

Copper (Cu) µg/L  0.20±0.23 (18) 0.02 - 0.90  2.31±5.98 (11) 0.01 - 20.20  0.20±0.29 (20) 0.01 - 1.30 

Dissolved Oxygen*1,2,3 %  8.4±0.3 (17) 8.0 - 9.0  8.8±0.5 (9) 8.2 - 9.7  7.0±0.8 (20) 5.6 - 8.1 

DIC*1 mg/L  8.6±5.3 (18) 0.3 - 26.3  6.6±3.4 (11) 1.5 - 14.1  7.7±2.3 (21) 4.9 - 14.3 

DOC*2,3 mg/L  12.8±2.8 (18) 5.4 - 16.2  15.7±3.3 (11) 10.5 - 21.1  20.8±4.2 (22) 11.9 - 29.1 

Drainage Area^ km2  3,183±6,416 (21) 5 – 21,361  372±266 (10) 79 - 683  9,610±16,571 (28) 2 – 49,631 

Iron (Fe)*1,2,3 mg/L  0.08±0.03 (18) 0.03 - 0.14  0.22±0.15 (11) 0.06 - 0.61  0.51±0.19 (20) 0.10 - 0.90 

Potassium (K)*1,2 mg/L  0.34±0.17 (18) 0.15 - 0.86  0.15±0.03 (11) 0.11 - 0.21  0.18±0.18 (24) 0.03 - 0.68 

Max depth*1 m  11.0±7.8 (21) 1.4 - 23.5  3.7±2.9 (10) 1.3 - 10.4  NA NA 

Magnesium (Mg) mg/L  2.39±1.14 (18) 1.19 - 6.37  1.71±0.66 (11) 0.43 - 2.95  2.19±1.00 (24) 1.06 - 6.09 

Manganese (Mn) µg/L  18.0±4.5 (18) 9.6 - 24.1  22.5±9.8 (11) 5.5 - 35.8  32.0±15.9 (20) 8.1 - 59.7 

Sodium (Na)*2 mg/L  0.43±0.15 (18) 0.24 - 0.89  0.56±0.17 (11) 0.32 - 0.82  1.18±2.52 (24) 0.25 - 12.90 

NH3+NH4*2 µg/L  19.2±8.6 (18) 0.9 - 40.0  12.0±12.2 (11) 0.2 - 32.0  9.0±13.6 (24) 0.0 - 62.0 

NO2+NO3*3 µg/L  7.1±5.4 (18) 0 - 18  5.6±4.4 (11) 0 - 14  18.8±9.8 (24) 2 - 30 

pH*2 ---  7.65±0.22 (18) 7.23 - 8.25  7.49±0.30 (11) 6.71 - 7.97  7.34±0.31 (24) 6.81 - 7.87 

Selenium (Se) µg/L  0.12±0.07 (18) 0.02 - 0.24  0.13±0.07 (11) 0.02 - 0.24  0.14±0.07 (20) 0.01 - 0.30 

Secchi*1 m  2.0±0.5 (21) 1.0 - 3.1  1.0±0.4 (10) 0.5 - 1.6  NA NA 

Slope*1,2 %  3.0±0.5 (21) 2.2 - 4.0  1.4±0.2 (10) 0.9 - 1.7  1.6±0.6 (28) 0.9 - 3.0 

Sulfate*1,2,3 mg/L  0.35±0.29 (18) 0.02 - 0.90  0.06±0.04 (11) 0.03 - 0.16  0.59±1.98 (22) 0.02 - 9.45 

Surface Area ha  3,353±6,123 (21) 199 – 28,100  3,219±5,479 (11) 44 – 19,212  NA NA 

Total nitrogen (TN) mg/L  0.39±0.07 (18) 0.28 - 0.52  0.42±0.07 (11) 0.35 - 0.56  0.39±0.09 (24) 0.03 - 0.50 

Total phosphorus (TP)*1 mg/L  0.01±0.001 (18) 0.008 - 0.023  0.02±0.01 (11) 0.010 - 0.042  0.01±0.01 (21) 0.003 - 0.025 

Wetland Area km2  1,037±2,108 (21) 0 – 6,835  284±219 (10) 49 - 584  4,903±8,712 (28) 2 – 28,528 

*Indicates a significant difference among regions according to Kruskal-Wallis H Tests; 1Indicates a significant post hoc difference between 

shield lakes and lowland lakes; 2Indicates a significant post hoc difference between shield lakes and river sites; 3Indicates a significant post 

hoc difference between lowland lakes and river sites. ^Highly correlated with area of wetlands in the drainage basin; excluded from PCA 

analysis. 
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Table 2-2: Relationships between biotic variables and system elevation in the ADB. 

Biotic variables include fish condition (residual loge mass), lifetime growth rate (LGR), 

and mean stable isotope compositions. Sampling year was included as a random variable 

in all models. Stable isotope values were baseline-corrected within-systems for all fish 

models. LGR and isotope values were also size-standardized in all fish models. Cond. = 

Conditional. 
Dependent 

variable 
Taxon Equation n* 

p-

value 

Marginal 

r2 

Cond. 

r2 

Condition Sucker y = 0.001x -0.027 30 0.317 0.034 0.034 

 Whitefish y = <0.001x -0.039 17 0.734 0.007 0.325 

 Pike y = -0.002x + 0.052 34 0.039 0.123 0.123 

 Walleye y = <0.001x -0.019 32 0.080 0.093 0.287 

LGR at 1 

kg  
Sucker y = 0.014x + 127.350 30 0.837 0.001 0.001 

 Whitefish y = -0.079x + 135.806 17 0.311 0.064 0.064 

 Pike y = 0.080x + 170.454 34 0.263 0.038 0.038 

 Walleye y = 0.022x + 78.068 32 0.587 0.009 0.229 

δ13C Caddisflies y = -0.003x – 29.360 18 0.724 0.007 0.007 

 Mayflies y = 0.008x – 29.628 17 0.276 0.073 0.073 

 Amphipods y = 0.007x – 28.081 17 0.216 0.094 0.094 

 Zooplankton* y = -0.008x – 28.847 17 0.393 0.046 0.046 

δ13Ccor at 

500 g 
Sucker y = 0.005x + 2.388 26 0.088 0.112 0.112 

 Whitefish y = -0.020x + 9.851 15 0.002 0.529 0.650 

 Pike y = -0.001x + 4.514 27 0.642 0.008 0.008 

 Walleye y = -0.003x + 4.981 27 0.150 0.078 0.078 

δ15N Caddisflies y = 0.004x + 2.733 18 0.104 0.147 0.147 

 Mayflies y = -0.0009x + 3.410 17 0.564 0.021 0.021 

 Amphipods y = -0.004x + 2.917 17 0.870 0.002 0.002 

 Zooplankton* y = 0.010x + 1.752 17 0.006 0.385 0.385 

δ15Ncor at 

500 g 
Sucker y = 0.003x + 2.398 26 0.016 0.209 0.209 

 Whitefish y = 0.003x + 3.932 15 0.269 0.096 0.376 

 Pike y = 0.002x + 5.306 27 0.094 0.104 0.104 

 Walleye y = <0.001 +6.157 27 0.722 0.005 0.005 
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Figure 2-3: Linear relationships between various Hg measurements in water, biota, and food webs with inverted system 

elevation, indicative of landscape position across the ADB. For biotic models (panels c and d), the p-values and r2 shown were 

produced by linear mixed effects models between Hg measures and elevation, including sampling year as a random variable. 
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Figure 2-4: Mercury biomagnification plots (log [Hg] (MeHg in invertebrates and forage fish; THg in large-bodied fish) vs. 

raw δ15N values) for the food webs of a shield lake (Kapkichi), lowlands lake (Goods), and a river site (Attawapiskat River at 

Victor Mine). Gray shaded area around each line represents the 95% confidence interval.  
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Table 2-3: Physicochemical predictors of [THg] and [MeHg] in biota and food web metrics from lakes across the ADB 

(chemical parameters were not available for all river sites). Results shown are the ranges of model strength (i.e., r2 and Akaike 

weights) and the averaged coefficients of each predictor across all linear models with a ΔAICc value < 4, for each subset of 

data. Statistically significant predictors (p < 0.05 based on constrained coefficients) are bolded.  

Group (n) 
 Model strength  

Equation (standardized full coefficients) 
 r2 Weight  

Surface water, all 

sites (43) 

 
0.55-0.56 0.35-0.65 

 
[MeHg] = (0.28*DOC) - (0.82*TP) + (0.52*NO2+NO3) -1.864 

 0.72-0.73 0.39-0.61  [THg] = (-0.09*Slope) + (0.23*DOC) + (0.10*TP) + (0.10*NO2+NO3) + 0.359 

Amphipods (14) 
 

0.36-0.63 0.04-0.25 
 [MeHg] = (0.09*Slope) + (0.07*SO4) - (0.11*TN) + (0.04*NO2+NO3) - 

(0.29*δ13C) + (0.04*δ15N) – 1.644 

Caddisflies (13)* 
 

0.27-0.55 0.03-0.19 
 [MeHg] = (-0.10*Slope) - (0.02*Ca) - (0.02*Na) - (0.03*pH) - (0.07*SO4) - 

(0.03±0.07*TP) - (0.01*NO2+NO3) + (0.01*DO) + (0.18*δ13C) -1.559   

Mayflies (13)* 
 

0.61-0.71 0.04-0.29 
 [MeHg] = (-0.01*Slope) + (0.01*Na) - (0.03*pH) + (0.04*SO4) + (0.01*TP) - 

(0.52*TN) + (0.05*NO2+NO3) - (0.02*DO) + (0.01*δ15N) -1.621   

Zooplankton (16) 
 

0.66-0.76 0.26-0.74 
 

[MeHg] = (-0.68±0.14*Na) - (0.23±0.17*DO) – 1.843 

Sucker (19) 
 

0.20-0.46 0.04-0.29 
 [THg] = (0.09*Slope) + (0.01*Ca) + (0.08*DOC) - (0.02*TP) + (<0.01*TN) + 

(0.10*NO2+NO3) + (<0.01*DO) + (0.03*δ15N) - (0.01*Cond) + 0.660 

Pike (18) 

 

0.33-0.43 0.04-0.23 

 [THg] = (<0.01*Slope) + (<0.01*Ca) + (<0.01*Na) + (<0.01*pH) + 

(<0.01*DOC) + (<0.01*SO4) - (<0.01*TP) + (<0.01*TN) + (0.19*NO2+NO3) + 

(<0.01*DO) + (<0.01*δ13C) + (<0.01±*δ15N) + (-0.02*Cond) - 0.124 

Walleye (19) 

 

0.17-0.36 0.03-0.18 

 [THg] = (0.01*Slope) + (0.01*Ca) - (0.02*Na) + (<0.01*pH) + (<0.01*DOC) + 

(<0.01*SO4) + (<0.01±0.02*TP) - (0.01*TN) + (0.16*NO2+NO3) + (<0.01*DO) 

- (0.02*δ13C) + (0.01*δ15N) + (<0.01*Cond) + 0.098 

  

TMS (14) 

 

0.01-0.25 0.03-0.18 

 TMS = (<0.001*Slope) + (<0.001*Ca) + (0.01*Na) + (<0.001*pH) + 

(<0.001*DOC) + (<0.001*SO4) + (<0.001*TP) + (0.01*TN) + 

(<0.001*NO2+NO3) + (<0.001*D.O.) 

TMI (14) 
 

0.02-0.26 0.04-0.23 
 TMI = (<0.001*Slope) - (0.02*Ca) - (0.02*Na) - (0.02*pH) - (0.04*DOC) + 

(<0.001*SO4) + (<0.001*TP) - (0.03*TN) + (<0.001*NO2+NO3) + (0.02*D.O.)   

*DOC removed due to a high VIF value and strong correlations (Pearson’s r >0.7) with numerous parameters. Slope = mean 

drainage basin slope; DO = dissolved oxygen, SO4 = sulfate, total phosphorus = TP, total nitrogen = TN, nitrate + nitrite = 

NO2+NO3, dissolved organic carbon = DOC, sodium = Na, calcium = Ca. 
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 : The optical properties of dissolved organic matter 

and their relation to mercury concentrations in water and 

biota across a remote freshwater drainage basin 

3.1 Abstract 

Dissolved organic matter (DOM) includes an array of carbon-based compounds that vary 

in size and structure and have complex interactions with mercury (Hg) cycling in aquatic 

systems. While many studies have examined the relationship between dissolved organic 

carbon concentrations ([DOC]) and methyl Hg bioaccumulation, few studies have 

considered the effects of DOM composition (e.g., protein-content, aromaticity). The goal 

of this study was to explore the relationships between total and methyl [Hg] in water, 

invertebrates, and fish, and optically-derived measures of DOM composition from 47 

lake and river sites across a boreal watershed. Results showed higher aqueous total [Hg] 

in systems with more aromatic DOM and higher [DOC], potentially due to enhanced 

transport from upstream or riparian areas. Methyl [Hg] in biota were all positively related 

to the amount of microbial-based DOM and, in some cases, to the proportions of labile 

and protein-like DOM. These results suggest that increased Hg bioaccumulation is related 

to the availability of labile DOM, potentially due to enhanced methylation. DOM 

composition explained 68% and 54% more variability in [Hg] in surface waters and 

large-bodied fish, respectively, than [DOC] alone. These results show that optical 

measures of DOM characteristics are a valuable tool for understanding DOM-Hg 

biogeochemistry. 
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3.2 Introduction 

Mercury (Hg) is found in freshwater systems around the world, including those in the 

Canadian boreal region, largely due to long-range atmospheric transport of emissions 

from a range of natural and anthropogenic sources. Deposited divalent inorganic Hg 

(Hg(II)) can be converted into methyl Hg (MeHg), the toxic and bioaccumulative form of 

Hg, during the oxidation of dissolved organic matter (DOM) by sulfate-reducing (SRBs) 

and other anaerobic bacteria (Gilmour et al. 2013). Once produced, MeHg can enter the 

base of aquatic food webs and is subsequently biomagnified, sometimes resulting in top 

predatory fish with total Hg concentrations ([THg]) in excess of consumption guidelines 

or commercial sales limits (e.g., 0.5 – 1 μg/g wet weight (United States EPA and FDA 

2017; Health Canada 2014)). 

Understanding factors that affect methylation and MeHg bioaccumulation is essential. 

While many physicochemical factors interact with Hg, DOM has particularly complex 

effects, and can both stimulate and inhibit MeHg production (Herrero Ortega et al. 2017; 

Bravo et al. 2017), transport (Eklöf et al. 2013), bioaccumulation (French et al. 2014), 

and photodemethylation (Lehnherr and St. Louis 2009; Klapstein et al. 2017) in 

freshwater systems. These interactions between [DOC] and [Hg] are regulated by varying 

sulfur (thiol) geochemistry (Paranjape and Hall 2017) and DOM structure (Haitzer et al. 

2002; French et al. 2014).  Although the term DOM encompasses  all dissolved (< 0.45 

µm) carbon-containing compounds, it is well known that these vary widely in origin, 

composition, and degree of humification which in turn affects molecular weight, protein 

content, aromaticity, and lability (Ravichandran 2004; French et al. 2014). In general, 

higher molecular weight and more humic compounds have been related to lower MeHg 
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bioaccumulation into food webs, but enhanced Hg transport from upstream and riparian 

areas (e.g., peatlands; Diéguez et al. 2013; French et al. 2014). On the other hand, smaller 

and more labile (and therefore accessible for bacterial oxidation) DOM compounds are 

related to higher [MeHg] at the base of food webs (Tsui and Finlay 2011; Eklöf et al. 

2012; Chen et al. 2014; French et al. 2014). While hundreds of environmental studies 

have examined the relationship between [THg] or [MeHg] in water, sediments, or biota 

and [DOC] (Ravichandran 2004; Paranjape and Hall 2017), fewer studies consider how 

structural characteristics of DOM affect Hg cycling. To the best of our knowledge, no 

large-scale environmental study has yet examined the relationships between the 

composition of DOM in freshwater and [THg] and [MeHg] in water and biota. Such 

investigations are especially important in remote northern watersheds, which are 

experiencing major changes from industrial development (Webster et al. 2015) and 

climate change (Keller 2007), both of which have been shown to alter freshwater DOM 

composition (Wilson and Xenopoulos 2009; Szkokan-Emilson et al. 2013; Herzsprung et 

al. 2017). 

Our goal was to assess how [THg] and [MeHg] in water, aquatic invertebrates, and 

fish from northern freshwater lakes and rivers were related to the DOM composition, as 

inferred from its optical properties. Specifically, we studied the Attawapiskat Drainage 

Basin (ADB), a pristine watershed located in the northern boreal zone in Ontario, 

Canada, where intensive industrial development by mining companies is expected in the 

coming decades (in the “Ring of Fire,” Figurer 3-1). Northern communities rely on the 

lakes and rivers in this watershed for subsistence fishing. Therefore, a sound 

understanding of Hg dynamics in this region has significant implications for 
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environmental monitoring, food security, and public health. Furthermore, this region is 

abundant with peatlands, a type of wetland that are often important sources of both DOM 

(Olefeldt et al. 2014) and Hg (Mitchell et al. 2008) to downstream freshwater systems. 

We used fluorescence and absorbance spectrophotometry to measure the optical 

properties of the DOM in surface waters from systems across the ADB and addressed two 

key questions: 

(1) How do the various characteristics of DOM (e.g., molecular weight, aromaticity, 

and protein-content) relate to [THg] and [MeHg] in water, invertebrates, or fish, 

and does this differ between lakes and rivers? 

(2) Does assessing the optical characteristics of DOM in addition to [DOC] better 

inform our understanding of OM-Hg interactions in boreal lakes and rivers? 

3.3Methods 

3.3.1 Study Site  

The ADB is a large and remote watershed that spans two distinct ecozones in 

northern Ontario; the watershed begins with deep headwater lakes on the thinly-soiled, 

igneous, Precambrian Shield and transitions into shallower lakes and the main-stem 

Attawapiskat River on the peatland-dominated Hudson Bay Lowlands that are underlain 

by glaciofluvial deposits and sedimentary limestones and dolostones. Lakes on the Shield 

have distinctly forested riparian areas and notably different water chemistry (e.g., higher 

total phosphorus and alkalinity) when compared to Lowland lakes and river sites, where 

riparian areas are wetland-dominated (MacLeod et al. 2017). A total of 27 lakes (18 in 

the Boreal Shield, 9 in the Lowlands) and 20 river sites were sampled; all of these sites 

were in the ADB, with the exception of four Lowland lakes that were in the Albany 
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drainage basin, on the south side of the ADB (Figure 3-1). River sites were selected and 

sampled by the Ontario Ministry of the Environment and Climate Change (OMOECC) as 

part of their Far North monitoring program. Physical and chemical characteristics of 

these waters were obtained from the Ontario Ministry of Natural Resources and Forestry 

(OMNRF) or measured during water collection and are summarized in the supporting 

information (SI, Table SI- 40 to Table SI- 42). To examine DOM composition across the 

ADB, lake and river sites were divided into 3 groups for analysis and discussion of 

results: lakes on the Precambrian Shield (henceforth referred to as Shield lakes); lakes on 

the Hudson Bay Lowlands (henceforth referred to as Lowland lakes), and; river sites on 

the Hudson Bay Lowlands.  

 

3.3.2 Field Sampling 

Water samples for [THg] and [MeHg] determinations were collected, using clean 

methods, during late July or early August of 2015 (n = 1 sample/site). Lake water was 

collected from 18 Shield and 9 Lowland lakes 1-2 m below surface over the deepest point 

using a Van Dorn sampler. Samples were stored in 240 mL acid-washed glass bottles and 

acidified to 0.5% v/v with ultra-trace grade HCl (Certified ACS Plus, Fisher Chemical) 

immediately after collection. River water samples were collected by hand, below the 

surface flow in the mid-stream reach of 20 sites, stored in glass bottles and acidified, as 

described above. For DOM and total dissolved organic carbon (DOC) analyses, 

additional water samples were taken at the same time and location as Hg samples, filtered 

at 0.22 µm in the field and stored at 4°C in acid-washed amber glass vials until analyses. 

We chose to filter at 0.22 µm because this filter size reduces bacterial counts compared to 
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0.45 µm (and thus sample shelf-life) with minimal effect on optical properties of DOM 

(Nimptsch et al. 2014). 

Between 2014 and 2015, 12 Shield lakes, 9 lowland lakes, and 4 main-stem river sites 

were sampled for biota between early July and mid-August in each year. For each of 

these sites, benthic invertebrates were collected at 3 locations in the nearshore zone by 

the kick-and-sweep technique, and hand-picked and sorted by order (Ephemeroptera, 

Trichoptera, and Amphipoda) to ensure adequate biomass for Hg analysis (~0.5 g fresh 

weight). In lakes, bulk zooplankton samples were collected near the deepest point; three 

horizontal tows (3-5 min each, ~0.5 m depth, net = 25 cm dia. and 80 µm mesh) were 

performed during daytime and nighttime (total n = 6 tows/lake). Zooplankton were not 

collected at river sites. Small-bodied fish (spottail and emerald shiners, Notropis spp.) 

and large-bodied fish (white sucker, Catostomus commersonii, northern pike, Esox lucius, 

and walleye, Sander vitreus) were collected by electrofishing and gill netting, 

respectively (target n = 10/species/lake or river site). All fish were measured for length 

and weight, and axial muscle tissue was removed for Hg analyses. All biotic samples 

were frozen until analyzed. For the 4 river sites and 6 of the Shield lakes, historical fish 

[THg] data (collected 2011-2013) were obtained from the OMOECC and large-bodied 

fish were not resampled at these locations. 

 

3.3.3 Analytical techniques 

Water: DOC concentrations were determined at Ontario Ministry of the Environment 

and Climate Change (OMOECC) laboratories (Etobicoke, ON, Canada) following 

standard procedures (i.e., UV Digestion and Automated Colorimetry; OMOECC 1983). 
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DOM fluorescence was measured on an Agilent Cary Eclipse Fluorescence 

Spectrophotometer at the Vale Living with Lakes Centre (VLWLC; Laurentian 

University, Sudbury, ON, Canada). Three-dimensional scans were performed at 5 nm 

excitation steps from 250 to 450 nm, reading emissions at 2 nm steps from 300 to 600 nm 

(5 nm slit widths), generating excitation-emission matrices (EEMs) for each water 

sample. Absorbance measures, analyzed from 250 to 600 nm on a Varian Cary 60 UV-

Vis spectrophotometer, were used to correct for inner-filter effects, and to calculate DOM 

absorbance indices (see section 2.4). Rayleigh and Raman scatter areas were cut and 

interpolated according to Bahram et al. (2006) and all spectral corrections were done 

using a combination of in-house R-scripts and the drEEMMatlab toolbox (Murphy et al. 

2014). 

All analyses of Hg in water samples were conducted at the ISO 17025 accredited 

Biotron Laboratory (Western University, London, ON, Canada) following the United 

States Environmental Protection Agency (EPA) methods 1631 and 1630 for THg and 

MeHg, respectively, on Tekran© instruments (see SI section for a more detailed methods 

summary). Briefly, aqueous THg samples were oxidized with BrCl, reduced with SnCl2 

and the evolved gaseous Hg was detected by cold vapour atomic fluorescence 

spectroscopy (CVAFS) on a Tekran© 2600 automated system. Aqueous MeHg samples 

were distilled, ethylated with tetraethylborate (NaBEt4), speciated by gas 

chromatography, and detected by CVAFS on a Tekran© 2700 automated MeHg Analysis 

System. Percent recoveries of standards, duplicates, method spikes, and precision 

replicates were acceptable, and within accredited quality standards (see SI section for all 
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quality assurance and control (QA/QC) results). All results were blank-corrected using 

the mean method blank concentrations. 

Biota: All biological samples were freeze-dried using a LABCONCO® FreeZone 

Bulk Tray Dryer and homogenized using a Retsch® MM400 ball mill. Due to biomass 

constraints, all samples of benthic invertebrates collected within a lake or river site were 

pooled within orders, and zooplankton was dried and ground as bulk samples (1 sample 

/tow). Fish muscle samples were freeze-dried and homogenized individually. Benthic and 

pelagic invertebrates, as well as shiners were analyzed for MeHg using a KOH hot block 

digestion and then detection using the same methods as water samples (EPA 1630; 

Bloom and Fitzgerald 1988) All [MeHg] in biotic samples were blank-corrected using the 

mean method blank concentrations within their corresponding batch. Large-bodied fish 

muscle samples were analyzed for [THg] (which comprised 80.7-90.9% MeHg across 

species; Lescord et al. unpublished data) using a Milestone® DMA-80 Hg analyzer 

following EPA method 7473. All [Hg] are reported as ppm on a dry weight basis. For 

historical fish data, samples were analyzed on a wet weight basis and converted to dry 

weight estimates by assuming a 75% moisture content (Lavoie et al. 2013). 

 

3.3.4 Statistical analysis 

Spatial patterns of DOM composition and mercury concentrations 

Using the absorbance and EEM data, we calculated 6 optical indices of DOM quality: 

humification index (mHIX), fluorescence index (FI), freshness index (β:α), specific 

absorbance coefficient at 340 nm (SAC), specific ultraviolet absorbance (SUVA), and the 

absorbance ratio (E2:E3, Table 3-1) in R (v.3.4.0). Additionally, we used parallel factor 
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analysis (PARAFAC) of DOM EEMs, performed with Matlab R2015b according to the 

methods outlined in Murphy et al. (2013) to further quantify the optical composition of 

DOM. The seven resulting components were validated by a split-half method, explaining 

99.2% of the variation in the EEMs (Figure SI- 2). Each component was identified by the 

closest match to known (i.e., published) components in the OpenFluor database (Table 3-

1; Murphy et al. 2014) 

To compare DOM composition among the 3 regions, Kruskal Wallis H tests were run 

on the 6 indices, 7 PARAFAC components, and [DOC]. Post-hoc pairwise comparisons 

were done using Conover's-test for multiple comparisons of independent samples with a 

Bonferroni correction using the PMCMR package in R (Pohlert 2016; results of these 

pairwise comparisons are shown in Table SI- 45). Additionally, a Principal Components 

Analysis (PCA) was run on all measures of DOM composition (Table 3-1) and [DOC] 

measured from 45 sites across the ADB (2 outliers were removed as per Cook’s distance 

test) using the prcomp (Sigg 2014) package in R. A biplot was created with the first 2 

principal components (PCs) and parameter loadings are presented in Table SI- 46. Two 

additional PCAs were run using data from lakes only (i.e., river sites excluded) and data 

from rivers only (i.e., lakes excluded); the results loadings and bi-plots are presented in 

the SI section. 

  

Relationships between mercury concentrations and optical properties of DOM 

To assess the relationship between the optical characteristics  of DOM and [THg] 

and [MeHg] in water and biota, least absolute shrinkage and selection operator (LASSO) 

regressions were utilized through the R package lars (Hastie and Efron 2013). LASSO is 
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a form of Least Angle Regression that includes a penalty parameter (lambda, λ) which 

forces predictors with less effect on the dependent variable out of the model (i.e., their 

coefficients are reduced to 0). It uses forward selection of predictors by reducing this 

penalty parameter, allowing more variables to enter the model with increasing degrees of 

freedom. LASSO was used in this study because several measures of DOM composition 

were significantly correlated (Pearson r > 0.7) with each other and [DOC]; when 

assessing the effect of correlated predictors on a given dependent variable, LASSO has 

been shown to produce more accurate models than other linear techniques (Hastie et al. 

2009; Dormann et al. 2013; Hebiri and Lederer 2013). Nevertheless, LASSO models 

were run using only 7 predictor variables (FI, SAC, C1, C5, C6, C7, and [DOC]) that 

were less correlated (r = 0.039 - 0.840) but still represented a wide array of DOM 

characteristics (a full Pearson’s correlation table is presented in the SI section). Final 

model coefficients were chosen based on Mallow's Cp, an information theory method 

used when sample sizes are low (i.e., n < 100; James et al. 2013). The model with the 

lowest Cp value (> 2, to prevent over-fitting models) was chosen (James et al. 2013). The 

significance of each predictor variable was determined using the R package 

selectiveInference (Tibshirani et al. 2017), which estimates the p-values for each 

predictor included in a given model at the corresponding level of λ.  

A total of 10 LASSO models were fit, one using each of [THg] in water, [MeHg] 

in water, system mean [MeHg] in each of the 4 invertebrate taxa (bulk zooplankton, 

mayflies, caddisflies, and amphipods), and system mean [THg] in each of the 4 fish 

groups (walleye, northern pike, white sucker, and shiners) as dependent variables (all log-

transformed except for aqueous [MeHg] which was not normal when logged), and all 
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using the 7 DOM characteristics as predictor variables. All proportion variables were 

logit-transformed before analysis using the car package in R (Fox et al. 2017). Data were 

scaled and pooled across the 3 regions for all models. Fish [THg] data were adjusted to a 

standard length (mean length across all populations) for each species using ANCOVA 

models (LogTHg = site + length + site*length) and the lsmeans package in R (Lenth and 

Love 2017). The resulting estimated marginal means for each system were then entered 

into LASSO models by species. Because biotic catches differed between groups/species, 

the sample size of each LASSO model also differed (Table 3-2).  

  

Assessing the relative importance of DOM composition and DOC concentration 

To estimate the variance explained by DOM composition, [DOC], and the combined 

effects of the two, variance was partitioned through redundancy analysis (RDA) and 

partial redundancy analysis (pRDA) using the vegan package in R (Oksanen et al. 2017). 

Due to biomass constraints and patchiness in invertebrate data, only water and fish data 

were used in RDA and pRDA analyses. Total and methyl [Hg] in surface waters (n = 18 

river sites, 9 Lowland lakes, and 17 Shield Lakes after outlier removal via Cook’s 

distance test) were entered as dependent variables in a pRDA model with 6 of the DOM 

characteristics (FI, SAC, C1, C5, C6, C7) as explanatory variables and [DOC] as a 

condition (i.e., its effect was partialled-out). Two additional models were run using the 

same dependent variables: one pRDA model using [DOC] as a single explanatory factor 

while adjusting for the 6 DOM optical indices, and one full RDA model keeping [DOC] 

and the 6 DOM optical indices as explanatory variables. By comparing the variability 

explained by each of the pRDAs to the total variability explained by the full RDA model, 
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the variability explained by [DOC], DOM composition, and the combined collinear effect 

of the two was estimated similar to the approach of Valois et al. (2010) and Gugger 

(2012). The same process was then repeated for length-standardized mean [THg] in 

large-bodied fish (n = 2 river sites, 8 Lowland lakes, and 8 Shield lakes). Variance 

inflation factors (VIF) were below 20, suggesting no issues with multicollinearity (Valois 

et al. 2010). PARAFAC components were logit-transformed and all explanatory variables 

were scaled before RDA or pRDA analysis. 

 

3.4 Results and Discussion 

3.4.1 Measures of DOM composition 

Table 3-1 describes the 6 indices calculated as well as the 7 components resulting 

from the PARAFAC model. The components detected represented a wide range of DOM 

qualities, including low molecular weight (LMW) and microbially-altered humic acids 

(HA’s) (C1, C2), high molecular weight (HMW) HA’s (C3), reduced HA’s (C5), fulvic 

acids (C4), and protein-like compounds (C6, C7). On average, the humic acid 

components (C1-C3, C5) constituted 88, 87, and 89% of the FDOM (fluorescent DOM) 

in river sites, Lowland lakes, and Shield lakes, respectively. Fulvic acids (C4) and 

protein-like components only accounted for 2 to 9 % of the FDOM in surface waters 

across the ADB (see Table SI- 44). 

 All the DOM indices, PARAFAC components, and [DOC] differed significantly 

across the ADB sampling sites (p < 0.002) except for proportions of tyrosine-like DOM 

(C7, p = 0.550, see Table SI- 45 for pairwise comparisons). The largest differences in 

DOM composition of surface waters were found between river sites and both Lowland 
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and Shield lakes (i.e., post-hoc p < 0.001 to 0.004 for all DOM measures except C7, p = 

0.520), while little to no variation was detected between the 2 lake types themselves 

(post-hoc p = 0.046 to 0.999 for all DOM measures; Table SI- 45). Our results indicate 

that downstream lotic waters have higher [DOC] and more aromatic (↑SAC, SUVA) and 

humic (↑mHIX) DOM, as well as higher proportions of HMW and reduced HA’s (C3, 

C5) and fluvic acids (C4, see PCA plot, Figure 3-2A). DOC concentrations were indeed 

higher at river sites (mean ± SD, 22.1 ± 3.0 mg/L) when compared to both Lowland (15.7 

± 3.1 mg/L) and Shield (13.1 ± 2.9 mg/L) lakes (all concentrations are shown in Table 

SI- 44). Though retention time and season has been shown to affect DOM quality in the 

Attawapiskat River (Despault 2016), the higher humic content of riverine DOM may be 

due to the influence of surrounding peatlands, which have been shown to more greatly 

impact lotic OM dynamics than lentic (e.g., Lowland lakes; Austnes et al. 2010; Gergel et 

al. 2010; Orlova and Branfireun 2014). Additionally, runoff and shallow groundwater 

derived from the surrounding peatland landscape contains both humic and protein-like 

DOM (Tareq et al. 2013; Tye and Lapworth 2016), and is likely a significant source of 

water to these systems during periods of hydrological connectivity, influencing riverine 

DOM composition (Orlova and Branfireun 2014; Despault 2016).  

While differences in the DOM composition of lake water across regions was minimal, 

considerable variation was seen within each region, particularly in the extent of 

humification (mHIX) and protein-like DOM (i.e., C7), as seen along the PC2 axis in 

Figure 3-2A. When the Secchi and maximum depths of each site were considered, deeper 

and clearer lakes (6 -16 m max. depth, 3-4 m secchi depth) in both the Shield and 

Lowlands had lower [DOC], more microbial-derived DOM (↑FI) and more labile LMW 
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HA’s (↑C1 and C2; Figure 3-2B and 3-2C), indicating more DOM from autochthonous 

production as opposed to allochthonous inputs in these systems. Water from shallower, 

darker lakes (1 - 4 m max. depth, 0.4 - 2 m Secchi depth), on the other hand, had fresher 

(↑β:α) and more protein-like DOM (↑C6, C7; Figure 3-2B, Figure 3-2C). While less is 

known overall about DOM composition in lentic systems when compared to lotic, it is 

possible that other physical lake characteristics also affect DOM quality across a 

watershed, warranting further investigation by future studies. 

 

3.4.2 Relationships between mercury concentrations and measures of DOM 

composition 

Across all 10 LASSO models, the Mallow's Cp values were low and close to the 

number of parameters, indicating relatively precise models (Table 3-2). Furthermore, r2 

values were moderate to high across models (range: 0.36 – 0.78, except for amphipod 

model, r2 = 0.18; Table 3-2), indicating strong relationships between [Hg] and DOM 

composition in this dataset. Table 3-2 also shows the coefficients of the DOM parameters 

included in the final LASSO models for each biotic or abiotic measure of Hg and the 

fixed inference p-values of each parameter at the given level of the penalty parameter (λ). 

LASSO path plots for each of these models are shown in the SI section. 

Water 

Mercury concentrations in surface waters from across the ADB were low but 

variable, ranging from 0.32 to 7.4 ng/L UF for [THg] and from <0.004 to 0.09 ng/L UF 

for [MeHg]. These values are similar to [Hg] measured in water from boreal rivers (e.g., 

[THg] = 3.6 - 3.9 and [MeHg] = 0.06 - 0.07 ng/L UF; Braaten et al. 2013) and lakes (e.g., 
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[THg] = 2.5 - 8.0 and [MeHg] = 0.05 - 0.21 ng/L UF; Poste et al. 2015) Total [Hg] 

increased moving from headwater Shield lakes (mean ± SD, 1.49 ± 0.43 ng/L UF, n = 18) 

to Lowland lakes (2.33 ± 0.47, n = 9) and were highest in river water (3.92 ± 1.70, n = 

18). Mean [MeHg] was also higher in river water (0.038 ± 0.016 ng/L) when compared to 

both Shield and Lowland lakes (0.017 ± 0.013 and 0.015 ± 0.015 ng/L, respectively; see 

Table SI- 44).  

DOC concentrations and aromaticity (SAC) were two of the strongest predictors (i.e., 

had large coefficients) of aqueous [THg] (Table 3-2), with increasing concentrations in 

surface waters across the ADB as OM content and aromaticity increased. Numerous 

studies across the boreal region of North America and Scandinavia report positive 

relationships between [DOC] and [THg] in freshwater lakes (e.g., Braaten et al. 2014), 

rivers (e.g., Jeremiason et al. 2016), streams (e.g., de Wit et al. 2014), and reservoirs 

(e.g., Hall et al. 2009). Furthermore, many other studies have reported a positive 

relationship between aqueous [THg] and OM aromaticity, (Skyllberg et al. 2009; 

Schelker et al. 2011; Burns et al. 2012; Eklöf et al. 2012) presumably due to strong 

complexation of Hg by these DOM complexes (Haitzer et al. 2002). Higher molecular 

weight and more aromatic DOM has strong reduced sulfur binding sites for Hg (Tsui and 

Finlay 2011) than simpler, fresher, and short-chain DOM molecules (Waples et al. 2005; 

Paranjape and Hall 2017). 

FI was another positive predictor of aqueous [THg], indicating higher concentrations 

with more microbial-based DOM (as opposed to terrestrial-based; Table 3-2). This result 

was unexpected given that many studies have found high [Hg] entering systems through 

riparian run off, presumably transported by terrestrially-derived DOM (Eklöf et al. 2012, 
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2014). Other more direct measures of terrestrial OM in this study (e.g., C3) were strongly 

and positively correlated with aqueous [THg] (r = 0.728; Table SI-47 though 49). 

Similar to [THg] in water, DOC was the strongest predictor of aqueous [MeHg] 

(Table 3-2). However, the LASSO model also showed that aqueous [MeHg] was 

unexpectedly higher in surface waters with less LMW terrestrial HAs (C1), as well as 

lower proportions of protein-like DOM (C6, C7; Table 3-2), all of which are labile forms 

of DOM. These results were unexpected given that labile DOM has been shown to 

stimulate bacterial Hg methylation and increase aqueous [MeHg] (Schartup et al. 2015b; 

Herrero Ortega et al. 2017). Furthermore, sulfate reducing bacteria have been shown to 

alter the composition of DOM and Luek et al. (2017) report an increase in detection of 

LMW HA’s (C1) components with more SRB activity. It is therefore not surprising that, 

in the aqueous MeHg LASSO model, the effect of these labile components was not 

statistically significant (p = 0.436-0.676; Table 3-2).  

While DOM has been shown to be a key ligand for both total and methyl Hg in 

surface waters (Haitzer et al. 2002), [DOC] and DOM optical measures had stronger 

relationships with aqueous [THg] than [MeHg] (i.e., r2 = 0.72 vs. 0.47, respectively; 

Table 3-2). Other studies similarly report strong relationships between [DOC] and [THg] 

but little to no relationship between [DOC] and [MeHg] in water (e.g., Chen et al. 2014). 

It is important to note that all aqueous [THg] and [MeHg] data in this study were derived 

from unfiltered samples, representing the total (dissolved + particulate) Hg pool in 

surface water samples. Tsui and Finlay (2011) report a positive relationship between 

[DOC] and DOM aromaticity (via SUVA measurements) and dissolved [MeHg] (as well 

as dissolved [THg]) in stream waters. Future studies should consider comparing the effect 
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these DOM characteristics have on different fractions of Hg in water (i.e., dissolved, 

particulate, and total). Furthermore, the relationship between DOM and Hg is influenced 

by surrounding water chemistry, such as the availability of sulfur compounds, to which 

Hg has preferential binding (Paranjape and Hall 2017), or the concentrations of other 

dissolved cations, which compete with Hg for binding site on DOM complexes 

(O’Driscoll and Evans 2000). 

Invertebrates 

Invertebrate catches at river sites were limited and no data were available for 

zooplankton or amphipods. However, similar to water, caddisflies and mayflies from 

river sites had higher [MeHg] (0.084 and 0.042 μg/g d.w., respectively) when compared 

to Lowland (0.026 and 0.037 μg/g d.w., respectively) and Shield lakes (0.032 and 0.018 

μg/g d.w., respectively; see Table SI- 44). All riverine invertebrates were only sampled at 

sites on the main-stem Attawapiskat River and not on any tributaries. 

Across the benthic invertebrate groups, [MeHg] in caddisflies and amphipods were 

significantly and positively related to higher proportions of microbial-based DOM (FI); 

all other components/indices had varying relationships among the invertebrate groups 

(Table 3-2). This positive relationship indicates higher invertebrate [MeHg] 

concentrations in systems with more bacterial activity, potentially due to enhanced Hg 

methylation. However, while previous studies have shown that aqueous [MeHg] (as well 

as rates of Hg methylation) are higher with influx of labile humic substances and algal-

derived DOM (Herrero Ortega et al. 2017), the labile DOM components in our study (i.e., 

C1, C6, C7) had mixed relationships with [MeHg] across invertebrate orders. For 

example, LMW HA’s (C1) was a negative predictor of caddisfly [MeHg], while 
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tryptophan-like DOM (C6) was positively related to [MeHg] in mayflies. However, 

despite this positive relationship with C6, mayfly [MeHg] was not related to the other 

protein-like DOM component, C7. In fact, C7 was not included in any benthic 

invertebrate LASSO model (Table 3-2). While both protein-like components are thought 

to be derived from bioavailable autochthonous DOM sources, tryptophan-like DOM (C6) 

is commonly found in areas of high productivity and is more closely associated with 

bacterial activity when compared to the more widely distributed tyrosine-like component, 

C7 (Hudson et al. 2007 and references therein).  

Mayfly [MeHg] were also positively related to DOM aromaticity (SAC) which has 

been shown to enhance bacterial uptake of Hg(II) (Graham et al. 2013), likely by 

increasing the number of preferential binding sites and therefore Hg transport and, 

subsequently, methylation (Waples et al. 2005; Paranjape and Hall 2017). Methyl [Hg] in 

amphipods were similarly positively related to DOM aromaticity (SAC), while 

caddisflies [MeHg] were negatively related, though neither relationship was statistically 

significant. The proportion of reduced HAs (C5) was the strongest predictor of mayfly 

[MeHg], with higher [MeHg] when less reduced DOM was present. The oxidation state 

of the DOM is affected by source (e.g., anoxic peatlands produce highly reduced HA) 

and redox condition of the system, and reduced HAs are more proton-reactive, having a 

higher binding affinity for metal cations (e.g., MeHg) than less reduced substances 

(Maurer et al. 2012). Furthermore, these reduced DOM complexes have been shown to 

enhance photochemical degradation of MeHg 3 times faster than oxidized DOM, 

potentially explaining the negative relationship between mayfly [MeHg] and C5 (Qian et 

al. 2014).  
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The mixed relationships between measures of DOM composition and [MeHg] among 

benthic invertebrate groups may be partly due to the level of taxonomic resolution; the 

orders examined included multiple genera with differing trophic levels and life histories. 

Future studies with more invertebrate biomass should consider classifying to a lower 

level to examine the effect DOM composition has on [MeHg] in different functional 

feeding groups. Furthermore, while all invertebrate samples were collected in the summer 

months (i.e., July-August), studies have shown that [Hg] in invertebrates change over the 

growing season and some temporal variability may exist in our dataset (Zhang et al. 

2012). 

Similar to benthic invertebrates, the amount of microbial-based (as opposed to 

terrestrial-based) DOM (↑FI) was a strong positive predictor of [MeHg] in bulk 

zooplankton. Schartup et al. (2015) also reported a negative relationship between marine 

zooplankton [MeHg] and the percent of terrestrial-based DOM (i.e., ↓FI). The second 

strongest predictor of zooplankton [MeHg] was [DOC], with a positive effect (Table 3-2), 

similar to aqueous [THg]. In fact, the overall zooplankton LASSO path was similar to the 

aqueous [THg] model in that both DOC and FI entered the model early and retained large 

positive coefficients throughout the test (see corresponding LASSO plots in Figure SI- 5 

and Figure SI- 7). Previous studies have shown that organic matter is a key source of Hg 

to pelagic primary produces and, subsequently, zooplankton due to direct ingestion of 

Hg-OM complexes or the passive diffusion of Hg transport via DOM (Plourde et al. 

1997; Tremblay et al. 1998; Kainz and Mazumder 2005; Diéguez et al. 2013; Le 

Faucheur et al. 2014), potentially explaining the link between [Hg] in pelagic waters and 

invertebrates found herein.  
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Fish 

While no shiners were caught at river sites, riverine walleye and white sucker had 

higher length-standardized [THg] (1.32 ± 0.50 and 0.42 ± 1.24 μg/g d.w., respectively) 

than fish caught in Lowland (1.16 ± 1.58 and 0.24 ± 1.33 μg/g d.w., respectively) and 

Shield (1.12 ± 1.81 and 0.31 ± 1.48 μg/g d.w., respectively) lakes (concentrations 

presented in Table SI- 44). Conversely, northern pike had higher length-standardized 

[THg] in Lowland (1.16 ± 1.58 μg/g d.w.) and Shield (1.12 ± 1.81 μg/g d.w.) lakes when 

compared to river sites (0.98 ± 1.10 μg/g d.w.; SI section). Similar to invertebrates, 

riverine fish were only sampled on the mainstem Attawapiskat River not on any smaller 

tributaries. All piscine [THg] in our studies were within the range of concentrations 

measured in fish from other parts of boreal Canada (Depew et al. 2013). 

Similar to the benthic invertebrates, results from LASSO models of fish [THg] varied 

among taxa except for the effect of the amount of microbial DOM (FI), which was a 

positive predictor of [THg] in all fish species, though the relationship was not statistically 

significant in the northern pike model (Table 3-2). In fact, it is notable that FI was a 

strong positive predictor in all biotic [MeHg] LASSO models (with the exception of 

mayflies, Table 3-2). Shiners in particular had different model results when compared to 

other fish species. Similar to mayflies, shiner [THg] was positively related to DOM 

aromaticity (SAC), as well as the protein-like DOM (C7; Table 3-2). Contrary to 

mayflies however, the amount of reduced HAs was a significant positive predictor of 

both shiner and northern pike [THg], Table 3-2). Overall, the northern pike LASSO 

model also had notably different results compared to other fish models but none of the 

coefficients were statistically significant, similar to aqueous [MeHg]. Results from the 
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white sucker and walleye LASSO models, on the other hand, were comparable; FI and 

[DOC] were the strongest predictors of [THg] in both species (a positive relationship; 

Table 3-2), similar to both aqueous [THg] and zooplankton [MeHg] (see Figure SI- 5 to 

Figure SI- 7). Both walleye and white suckers were caught off-shore during field 

sampling for this project, where water and zooplankton samples were also collected. 

Conversely, northern pike are more restricted to nearshore and littoral environments and 

their Hg-DOM models may be more reflective of nearshore processes than walleye or 

white sucker results. Overall, these results suggest that DOM composition affect Hg 

bioaccumulation in open-water (i.e., zooplankton, white suckers, and walleye) and 

nearshore (i.e., mayflies, shiner, and northern pike) dwelling organisms differently. 

It is unclear why DOM composition may affect [Hg] accumulation in fish species 

differently, but it may be related to differences in MeHg bioavailability among habitats 

and fish diet. Given that the vast majority of a fish’s Hg burden comes from its diet (Hall 

et al. 1997), it follows that the varying relationships between DOM composition and 

invertebrate [MeHg] will indirectly alter fish Hg burdens as well. Furthermore, small 

amounts of Hg are also bioconcentrated from the surrounding water, the degree to which 

changes based on fish size and ecology (Pickhardt et al. 2002; Wang and Wong 2003). It 

is therefore possible that water chemistry, including DOM composition, could affect the 

bioavailability of dissolved MeHg differently among species (Zhang et al. 2013). 

 

3.4.3 Contribution of DOM composition and quantity to variability in 

mercury concentrations 
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Redundancy analyses showed that the matrix of 6 optical properties of DOM (i.e., FI, 

SAC, C1, C5, C6, and C7) significantly affect [Hg] in surface water (ANVOA, p = 

0.006) and large-bodied fish (ANVOA p = 0.049) across the ADB regardless of variation 

in [DOC] (Table SI- 50). According to our variance partitioning results, the 6 indices of 

DOM composition explained 84% of the variability in [THg] and [MeHg] in surface 

waters independent of [DOC], which on its own only explained 16% of variability in 

aqueous Hg concentrations (p = 0.041, Table SI- 50). Similarly, DOM composition 

accounted for 77% of the variability in large-bodied fish (i.e., white sucker, northern 

pike, and walleye) [THg], while [DOC] only accounted for 23%, and the relationship was 

not statistically significant (p = 0.152, Table SI- 50). These results indicate that DOM 

composition independently explains more variability in aquatic and piscine [Hg] than 

[DOC] alone. However, given the strong correlations between [DOC] and various DOM 

characteristics across the lakes and river sites in this dataset and the small but significant 

independent effect of [DOC] on [Hg] in water, both DOM quality and quantity should be 

considered when assessing the effect of DOC on [Hg] in biota in boreal systems (Jaffé et 

al. 2008). 

3.6 Conclusions and future considerations 

While many different factors affect Hg cycling in boreal aquatic ecosystems, our 

results indicate that DOM fluorescence spectroscopic data which is relatively inexpensive 

and easy to generate, is a valuable addition to routine water chemistry analysis in future 

Hg research and monitoring. In particular, our study showed that biotic [MeHg] are 

related to the amount of microbial-based OM, and, in some cases to the proportion of 

labile protein-like DOM and reduced HAs. These results are important to consider when 
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assessing potential effects of future land-use practices and predicted effects of climate 

change. For example, Wilson and Xenopoulos (2009) report higher proportions of 

microbial-based DOM that is less structurally complex in streams surrounded by 

agricultural land-use when compared to wetland-dominated streams in the same region. 

Furthermore, it has been shown that re-wetting of drought-affected peatlands can increase 

DOM aromaticity and DOC concentrations in runoff (Herzsprung et al. 2017), both 

factors which were found to be positively associated with aqueous [THg] across the 

ADB.
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3.7 Tables and Figures 

Table 3-1: Six indices and seven PARAFAC components calculated from UV absorption 

and/or fluorescence spectroscopy and used to characterize DOM composition. Note: em = 

emission spectra; ex = excitation; abs = absorbance; HA = humic acid, FA = fulvic acid. 

Index/Component Description Method/Calculation 

Optical Indices 

Humification Index 

(mHIX) 
Extent of humification 

Peak area under em 435 - 480 

nm/300-345 nm at ex 254 nm 

(Ohno 2002) 

Fluorescence Index (FI) 

Source of DOM; 1.8 indicates 

microbial; 1.2 indicates 

terrestrial  

Ratio of peak areas at em 470 

nm and 520 nm at ex 370 nm 

(Cory and Mcknight 2005) 

Freshness Index (β:α) 
Ratio of recently derived (β) to 

older (α) DOM 

Ratio of peak areas at em 380 

nm (β) and 420-435nm (α) at ex 

310 nm (Parlanti et al. 2000) 

Abs Ratio (E2:E3) 
Measure of molecular weight 

and aromaticity  

Abs at 250 nm / absorbance at 

365nm (Helms et al. 2008) 

Specific UV abs (SUVA) 
Estimate of aromaticity of 

DOM 

Abs. at 254 nm/ [DOC] 

(Weishaar et al. 2003) 

Specific abs coefficient 

(SAC) 
Amount of aromatic DOM 

= (2.303 * Abs340nm)*pathlength 

(cm-1)*1000 cm3/[DOC] (Curtis 

and Schindler 1997) 

Components (Murphy et al. 2014) 

Component 1 (C1) 
Proportion of water sample as 

terrestrial-based LMW-HA’s 

Peak area under em 474 nm at 

ex 255-305 nm 

Component 2 (C2) 

Proportion of water sample as 

microbially-altered HMW-

HA’s 

Peak area under em 414 nm at 

ex 250-305 nm 

Component 3 (C3) 
Proportion of water sample as 

terrestrial-based HMW-HA’s 

Peak area under em 484 nm at 

ex 250-345nm 

Component 4 (C4) 
Proportion of water sample as 

fulvic acids (FA’s) 

Peak area under em 562 nm at 

ex 255nm 

Component 5 (C5) 
Proportion of water sample as 

Reduced HA’s 

Peak area under em 342 nm at 

ex 250-280nm 

Component 6 (C6) 
Proportion of water sample as 

Tryptophan-like DOM 

Peak area under em 306 nm at 

ex 275 nm 

Component 7 (C7) 
Proportion of water sample as 

Tyrosine-like DOM 

Peak area under em 474 nm at 

ex 255-305 nm 
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Figure 3-1: A map of the Attawapiskat Drainage Basin (ADB), showing the 18 Shield 

lakes, 9 Lowland lakes, and 20 river sites sampled for this study. Locations are 

approximated. 
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Figure 3-2: A) Scatter plot of first two principal components (PC1, PC2) of a PCA on all 

DOM indices, PARAFAC components and [DOC] measured in Shield lakes (green 

squares, n = 17), Lowland lakes (orange circles, n = 8), and river sites (blue triangles, n = 

18) from across the ADB.  PC1 and PC2 explained 69.5 and 13.7% of the variability in 

these data, respectively. Vectors show the influence of the various measures of DOM 

composition and [DOC] across the watershed. B) The same scatter plot as in A but with 

sites colour-coded by Secchi depth (darker colour indicates deeper Secchi reading).  C) 

The same scatter plot as in A but with sites colour-coded by maximum depth (darker 

colour indicates greater depth). Note that maximum and Secchi depths were not measured 

directly at river sites; all sites were therefore assigned maximum and Secchi depths of 1 

in graphs B and C. 
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Table 3-2: The final LASSO model coefficients for 6 optical parameters of DOM composition and [DOC] selected as per 

model Mallow's Cp values. LASSO path plots are shown in the SI section. P-values were calculated using inference testing and 

are given for each predictor below their final model coefficient. Note that β = parameters, FI = fluorescence index, SAC = 

specific absorbance coefficient, C = component. ^Components were logit-transformed. *Aqueous MeHg concentrations were 

not log-transformed. 
Dependent Variable:  

n λ R2 
Mallow’s 

Cp 

 Standardized LASSO Coefficients: 

Group Analyte   FI SAC C1^ C5^ C6^ C7^ [DOC] 

Water THg  43 0.15 0.72 4.88  0.094 0.089 0 0.074 0 0.032 0.107 

p-value        0.047 0.025 --- 0.195 --- 0.143 0.049 

Water MeHg*  43 0.02 0.47 2.85  0 0 -0.002 0 -0.004 -0.002 0.007 

p-value        --- --- 0.725 --- 0.295 0.598 0.119 

Zooplankton MeHg  18 0.24 0.48 3.23  0.371 0 0 0 -0.099 0.028 0.215 

p-value         0.039 --- --- --- 0.543 0.689 0.172 

Caddisflies MeHg  19 0.20 0.64 5.38  0.115 -0.042 -0.087 0.051 0 0 0.075 

p-value        0.028 0.353 0.155 0.387 --- --- 0.355 

Amphipods MeHg  16 0.44 0.18 2.91  0.097 0.044 0 0 0 0 0 

p-value        0.138 0.472 --- --- --- --- --- 

Mayflies MeHg  15 0.09 0.52 4.59  0 0.118 -0.002 -0.293 0.063 0 0.223 

p-value        --- 0.018 0.930 0.012 0.023 --- 0.010 

Shiners1 MeHg  13 0.02 0.78 4.25  0.294 0.165 0 0.303 0.054 0.177 0 

p-value        0.008 0.004 --- 0.002 0.421 0.026 --- 

W. Sucker2 THg  23 0.03 0.45 3.98  0.079 0 0 0 -0.022 -0.006 0.087 

p-value        0.009 --- --- --- 0.790 0.457 0.014 

N. Pike3 THg  20 0.06 0.55 4.84  0.063 -0.050 0 0.062 -0.012 -0.049 0 

p-value        0.159 0.315 --- 0.131 0.739 0.162 --- 

Walleye4 THg  19 0.19 0.36 2.98  0.112 0 0.029 0 -0.028 0 0.135 

p-value        0.038 --- 0.920 --- 0.174 --- 0.833 
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1 

 : Percent methylmercury in the muscle tissue of 

freshwater fish varies with body size, age, and among species 

4.1 Abstract 

It is commonly assumed that the majority (>95%) of mercury (Hg) found in fish muscle 

is the toxic form, methylmercury (MeHg), due to its efficient assimilation and retention 

in biotic tissue. However, this assumption is based on studies examining the percent 

MeHg (%MeHg, the fraction of total Hg as MeHg) in muscle from mostly large-bodied 

predatory fish; less is known about the %MeHg in smaller-bodied individuals or those of 

different trophic guilds. This study analyzed MeHg and total Hg concentrations in the 

muscle of two large-bodied piscivores (walleye, northern pike), one large-bodied 

benthivore (white sucker), and two small-bodied forage fish (sculpins, shiners) across a 

broad size range. We found substantially lower %MeHg than the commonly assumed 

95% in several fish (e.g., 17 individuals had <70% MeHg). Muscle %MeHg significantly 

increased with size and age in all species except walleye, which had significantly higher 

%MeHg than pike or suckers, particularly in smaller and younger fish (e.g., 18-21% 

higher at 10g; 5-11% higher at 500g). Results of predictive modeling suggest that muscle 

%MeHg is higher in pelagic-feeding fish and those with lower lipid-content, though 

model results varied significantly among species. According to our findings, total Hg 

measurement in muscle is not an appropriate proxy for MeHg in smaller fish from all 

species, an important consideration for future piscine Hg studies and monitoring. 
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4.2 Introduction 

Methylmercury (MeHg), a widespread neurotoxic pollutant, can be found in fish at 

concentrations that exceed consumption guidelines (i.e., 0.5 – 1 μg/g wet weight; EPA 

and FDA, 2017; Health Canada, 2014), posing public health concerns for consumers 

(Rice et al. 2014). Although concentrations of MeHg ([MeHg]) are generally low in fresh 

waters, it is readily bioaccumulated at the base of aquatic food webs and subsequently 

biomagnified, resulting in elevated concentrations in top predatory fish. The 

bioaccumulative properties of MeHg are largely due to its strong binding in biological 

tissues and low excretion rates (Trudel and Rasmussen 2006; Peng et al. 2016). Once 

accumulated, MeHg can be transported effectively throughout a fish’s body, with the 

majority eventually depositing in muscle tissue, the most commonly consumed fish tissue 

(Peng et al. 2016). The less toxic inorganic Hg (Hg(II)), the dominant form detected in 

fresh waters (Watras et al. 1996, 2005), is more readily excreted from a fish’s body with 

the remainder depositing more in intestinal or liver tissue than in muscle (Ribeiro et al. 

2002; Pickhardt et al. 2006; Peng et al. 2016). As a result, it is commonly assumed that 

the vast majority of the total Hg (THg; the sum of all Hg species and the  most commonly 

reported measure of Hg in fish) detected in fish muscle is MeHg (Bloom 1992; Harris et 

al. 2003).  

It is common for modern studies to cite Bloom (1992), who reported that, on average, 

95% of the THg detected in muscle tissue from 12 fish species (8 marine, 4 freshwater) 

was MeHg, to support the use of THg as a proxy for MeHg in fish muscle; THg is less 

costly and labour intensive to measure than MeHg, which requires considerably more 

sample preparation and specialized instrumentation to analyze. However, while it is clear 
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that the majority of Hg in muscle tissue is MeHg in many large-bodied adult fish, 

substantial variation does exist (Lasorsa and Allen-Gil 1995). The variability in muscle 

%MeHg reported by Bloom (1992) (± 20% MeHg) was attributed to incomplete tissue 

homogenization and analytical error. Modern homogenization techniques (e.g., ball 

milling) and advances in analytical precision would presumably have reduced error from 

these sources, yet variation is still reported for reasons that are not fully understood 

(Lasorsa and Allen-Gil 1995; Liang et al. 2017).  

Given that diet is the main source of Hg for fish (Hall et al. 1997), it is possible that 

variation in the %MeHg of food sources may contribute to similar variation in fish. 

Invertebrate prey have particularly variable but usually lower %MeHg (e.g., 10-85%) 

when compared to fish (Becker and Bigham 1995; Tremblay et al. 1995; Økelsrud et al. 

2016) and invertebrate consumers may therefore be exposed to lower dietary %MeHg 

than piscivores. To the best of our knowledge, however, no study has yet considered the 

effect of diet or trophic ecology on the %MeHg in fish muscle tissue.  

Furthermore, while several studies have estimated %MeHg in tissues of large-bodied 

fishes (Latif et al. 2001; Mieiro et al. 2009; Braaten et al. 2017), far less is known about 

Hg speciation in smaller-bodied species. Smaller-bodied fish are subjected to different 

bioenergetic processes when compared to their larger counterparts and the biokinetics of 

Hg(II) and MeHg uptake, assimilation, and elimination can change with fish size (Dang 

and Wang 2012; Jørgensen et al. 2016). It is therefore possible that fish size also explains 

some of the variation seen in the %MeHg both within and between species. 

In this study, we expanded on the findings of Bloom (Bloom 1992) by analyzing both 

[MeHg] and [THg] in fish tissues to assess the effects of body size and trophic ecology 
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on individual fish %MeHg in muscle. Samples included a wide size range of individuals 

across five species, including two large-bodied piscivores, one large-bodied benthivore, 

and two small-bodied forage fishes. These fish were sampled from relatively pristine 

lakes in the Canadian boreal region, without any known anthropogenic point sources of 

Hg contamination. Specifically, we asked three key questions using these data: 

1. Does the %MeHg in muscle vary with fish size or age within species? 

2. Does the %MeHg in muscle differ among species?  

3. Are within- or among-species differences in muscle %MeHg related to diet 

(inferred from carbon stable isotope signatures, δ13C), trophic position 

(inferred from nitrogen stable isotope signatures, δ15N), or tissue quality (e.g., 

lipid or protein content)? 

We also report on the %MeHg in additional tissues (i.e., liver, gonads, and soma, 

defined as whole body minus liver and gonads) from a subset of fish to compare among 

species. 

4.3 Methods 

4.3.1 Field methods 

A total of 144 fish across five species were collected from Ontario lakes. Eight of 

these lakes were located in the remote Attawapiskat River drainage basin in Ontario’s Far 

North; one additional lake, Lake Nipissing, was located on the southern Boreal Shield. 

Fishes sampled included two large-bodied piscivores (walleye, Sander vitreus, and 

northern pike, Esox lucius, herein referred to as pike), one large-bodied benthivore (white 

sucker, Catostomus commersoni, herein referred to as sucker), and two forage fish 

species groups: sculpins (slimy sculpin, Cottus cognatus and mottled sculpin, C. bairdii), 
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and shiners (spottail shiner, Notropis hudsonius, and emerald shiner, N. atherinoides). 

Fish collection for this work was reviewed and approved by the MNRF Aquatic Research 

and Monitoring Section Animal Care Committee under Animal Use Protocol ARMS-

ACC-97. Table SI-51 in the Supplemental Information (SI) section provides the 

geographic coordinates and attributes of all study lakes, including samples sizes for each 

species. 

To ensure the capture of a wide size range of individuals, fish were sampled through 

both electrofishing and multi-mesh gill netting. All sampling was conducted between 

2011 and 2015 during mid-summer (July and August). Large-bodied fish (> 50 g in 

weight, caught via gill netting) were processed in the field; each was measured for total 

length (TL, mm) and round weight (g), and a dorsal muscle sample was removed. Ageing 

structures were also removed from all large-bodied fish >150 mm TL (otoliths for 

walleye, cleithra for pike, and pectoral fin rays for sucker; Mann, 2017). In addition, 

liver, gonads, and soma were retained from a subset of the walleye and sucker caught 

from Lake Nipissing (n = 5/species for all tissues except gonads, n = 2-3/species). Small-

bodied fish (< 50 g in weight, caught via electrofishing) were sorted and bagged by 

species in the field. These small-bodied fish and all tissue samples were frozen until 

further processing.  

 

4.3.2 Laboratory methods 

Sample preparation. Ages of large-bodied species were determined by counting 

annuli on bony structures (see SI for detailed methodology). Small-bodied fish were 

thawed, measured for TL and weight, and dissected for dorsal muscle. To ensure 
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adequate biomass for all required analyses, some small fish (all < 90 mm TL) were 

combined into composite samples by species; muscle from 3-5 individuals of a similar 

size (i.e., within 5 mm TL) within a lake were pooled and the mean sizes and ages of 

these fish were used for statistical analyses. A total of 17 composite samples were made 

in this manner; all other muscle samples represented individual fish. Soma was 

homogenized using a meat grinder and a 50 g subsample was retained. All tissue samples 

were freeze-dried using a LABCONCO® FreeZone Bulk Tray Dryer and homogenized to 

a powder using a Retsch® MM400 ball mill at the Vale Living with Lakes Centre at 

Laurentian University. The resulting dried and ground tissue was used in all subsequent 

analyses described below. 

Mercury analysis. All Hg analyses were conducted at the ISO 17025 accredited 

Biotron Laboratory (The University of Western Ontario). Total [Hg] was determined on 

approximately 15-30 mg of tissue by Thermal Decomposition and Amalgamation Atomic 

Absorption Spectroscopy (TDA-AAS) on a Milestone© Direct Mercury Analyzer-80 

(DMA-80) following EPA method 7473. The method detection limit (MDL) was 2.50 

ng/g (based on a 20 mg dry sample). The relative percent differences (RPD) from 

expected concentrations of certified reference material (1.2 ± 4.6%, n = 54, DORM-4; 

NRC Canada, 2012) and duplicates (0.48±6.6%, n = 61) were low and within accredited 

limits. Method blanks were consistently low (0.09±0.08 ng/g, n = 77, assuming a 20 mg 

dry sample) and no blank-corrections were applied. To determine [MeHg] in fish tissues, 

a potassium hydroxide (KOH) solution was added to 50-100 mg of sample prior to hot 

block digestion (Bloom and Fitzgerald 1988). Resulting extracts were speciated by gas 

chromatography and detected using Cold Vapour Atomic Fluorescence Spectroscopy 
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(CVAFS) on a Tekran© 2700 automated MeHg Analysis System following EPA method 

1630. No MeHg determinations fell below the MDL of 0.12 ng/g (based on a 50 mg dry 

sample). Relative percent differences (RPDs) of reference materials and duplicates were 

low and within accredited limits (4.7 ± 10.7%, n = 50, and 6.5±5.5%, n = 21, 

respectively). Method blanks were low (6.6 ± 35.1% ng/g, n = 95, assuming a sample dry 

weight of 0.05 g) and all MeHg values were blank-corrected using the mean method 

blank concentrations within their corresponding batch. All quality assurance and control 

(QAQC) results are presented in Table SI-52 in the SI section. Samples from this study 

were analyzed with additional samples constituting a larger data set on which these 

reported QAQC results are based (see Lescord et al. 2018a).  

Isotope and elemental composition. Dried and ground muscle samples were also 

analyzed for carbon (C) and nitrogen (N) content, and stable isotope composition at the 

Stable Isotopes in Nature Laboratory (University of New Brunswick) using Continuous 

Flow-Isotope Ratio Mass Spectrometry (CF-IRMS). Carbon-to-nitrogen mass ratios 

(C:N) were calculated from the elemental composition of each sample (i.e., %C/%N). 

Ratios of heavy to light isotopes were expressed in standard delta (δ) notation as parts per 

thousand (‰) relative to International Reference Standards using the formula: δX = 

[(Rsample / Rstandard) – 1] x 1000, where X is 13C or 15N, and R is the corresponding ratio, 

13C / 12C or 15N / 14N. (Peterson and Fry 1987; Fry 2006). RPDs of reference standards 

and duplicates were low (i.e., <0.01±0.01 to 0.2±7.5%); all QAQC results for isotope 

analyses are presented in Table SI- 52. Delta-13C values were used to infer a fish’s diet, 

with more positive values indicating more benthic carbon sources and more negative 

values indicating pelagic carbon sources (Post 2002). Delta-15N, on the other hand, was 
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used as an indicator of fish trophic level, with more positive signatures indicating a 

higher food web position (Post 2002). Carbon-to-nitrogen ratios were used as a proxy for 

the lipid content in a fish’s muscle tissue, with a C:N < 3 indicating minimal lipids 

present (Kahilainen et al. 2016), and %N represented a rough proxy of protein-content in 

fish muscle.  

 

4.3.3 Data handling and statistical analyses 

All statistical analyses were performed in R (v. 3.4.3; R Core Team, 2017) or SAS (v. 

9.4; SAS Institute Inc, 2013) and alpha was set at 0.05. Graphics were produced using the 

R package ggplot2 (v.2.2.1; Wickham & Chang 2016). The primary dependent variable 

in all analyses was %MeHg, calculated as: 100*[MeHg]/[THg]. Prior to statistical 

analyses, eight samples with %MeHg < 30% were removed as outliers based on 

preliminary residuals plots. The normality of residuals from all analyses was tested using 

Shapiro Wilks tests. To account for baseline differences in isotopic signatures among 

lakes, residual errors were extracted from models δX ~ lake, where X is 13C or 15N 

(residual values herein referred to as δ13Cadj or δ15Nadj). 

Tissue differences. While muscle was used as the primary tissue for most analyses, 

we also compared muscle, liver, and soma %MeHg in a small subset of fish (5 walleye, 5 

suckers). Differences between tissues within each species were tested with paired-

comparisons tests, and differences between species within each tissue were tested with 

two-sample t-tests. Note that %MeHg in gonads was not included in any statistical test 

due to low sample sizes (n = 2-3/species).  
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Within species, among individuals. Relationships between %MeHg in muscle and fish 

size (TL, weight) and age were assessed using linear mixed-effects models (LMEs) with 

lake included as a random effect to account for spatial variability in %MeHg (model: 

%MeHg = size/age + lake). Models were fitted separately for each species, and the 

significance of each predictor was assessed using partial (Type III) sums of squares. To 

linearize the observed relationships between %MeHg and fish TL, weight, and age, all 

three predictor variables were log-transformed. Similar models were also run within 

species using [THg] as a predictor variable; while these latter models may be spurious 

(Pollman and Axelrad 2014) they also offer insight into potential effects of high 

background [Hg(II)] in the environment, which can result in a lower %MeHg (Bloom 

1992; Mieiro et al. 2009). 

Among species. To assess differences in muscle %MeHg across species while 

accounting for fish size, LME models were used including species, weight (log-

transformed), and their interaction as fixed effects and lake as a random effect (model: 

%MeHg = log-weight + species + log-weight*species + lake). Models were fit to three 

sets of data: model 1 used data from large-bodied species only (white sucker, northern 

pike, walleye), model 2 used data from forage fish species only (sculpins, shiners), and 

model 3 used data from all five species. Least squares means (LSMs) of %MeHg were 

estimated for each species at 10, 100, 500, and 1000 g with model 1, at 2, 4 and 8 g with 

model 2; and at 8 g with model 3. These LSMs were used for all interspecific 

comparisons. Similar models were fitted between %MeHg and age using large-bodied 

fish data (forage fish were not aged), again including lake as a random variable (model: 
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%MeHg = log-age + species + log-age*species + lake); these results are presented in the 

SI section. 

Effects of diet and tissue quality. Finally, to assess the effects of diet and tissue 

quality on muscle %MeHg, linear models were constructed using fish weight (log-

transformed), δ13Cadj, δ
15Nadj, C:N, and %N as fixed effects. Models were run using 

various combinations of the data: one within each species, one across large-bodied 

species, one across forage fish species, and one across all species combined. In each case, 

all possible combinations of 3 or less predictor variables were compared using Akaike’s 

Information Criterion corrected for small sample size (AICc) using the AICcmodavg 

package in R (Mazerolle 2017). Coefficient results from the top models (defined as any 

model with a delta AICc value < 4; Burnham & Anderson 2002; Burnham et al. 2011) 

were averaged as per Grueber et al. (2011). Variance inflation factors (VIF) were low (< 

9) in all models except the within-species model for sculpin (VIF = 14-74); sculpin 

results were therefore not presented. Linear relationships between the %MeHg in muscle 

and each predictor variable (δ13Cadj, δ
15Nadj, C:N, %N) were also assessed independently 

within and across species; these results are presented in the SI section. These models 

were run with lake as a random effect using the lme4 package in R (Bates et al. 2018) and 

assessed with partial-F tests (type III SS) and marginal r2 as described previously.  

 

 

4.4 Results 

4.4.1 The %MeHg in fish tissues  
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Muscle. The fish in this study spanned a broad range of sizes, ages, [THg], diets 

(δ13C), and tissue quality (i.e., C:N and %N; Table 4-1). The average %MeHg in muscle 

tissue from all fish across species and sizes was 83.5±19.7%. Individually however, the 

%MeHg in fish muscle varied widely, ranging from 39 to >100% across the five species 

(Table 4-1). Approximately 10% of our samples (15 out of 144) had %MeHg estimates 

above 100%, almost certainly due to small but cumulative errors in the analytical 

processes. Individual fish with estimated %MeHg > 100% were generally larger in size, 

and not restricted to any particular lake (see Table SI-53 in the SI section). Within 

species, the range of %MeHg estimates was broadest in sucker (39 to >100%), and 

narrowest in sculpins (71 to >100%), the species with the smallest sample size (n = 8) 

and range of body sizes in this study (Table 4-1). Across species, several samples had 

%MeHg substantially lower than the commonly assumed 95% (e.g., 42 samples < 80%, 

17 samples < 70%).  

Other tissues. In sucker, the %MeHg in liver was significantly lower than in both 

muscle and soma (paired-comparisons t-test, p = 0.012 and 0.008, respectively; Figure 4-

1), while in walleye %MeHg in liver was significantly lower than in soma (p <0.001) but 

not in muscle (p = 0.078; Figure 4-1). Between the two species, walleye had higher 

%MeHg than sucker in all three tissues but these differences were only statistically 

significant in liver and soma (Figure 4-1). Differences in muscle %MeHg are more 

thoroughly assessed with a larger dataset in sections 4.4.2 and 4.4.3 below. 

 

4.4.2 Relationships between muscle %MeHg and body size and age 
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Percent MeHg in fish muscle was consistently and positively related to measures of 

body size and age but the strength and significance of these relationships varied among 

species. Relationships were significant for shiners, sucker, and pike, with weight 

generally being the strongest predictor of %MeHg within these species (Table 4-2). 

Sculpins also exhibited a clear positive relationship between %MeHg and body size, but 

we were unable to detect a significant effect due to a low sample size (Table 4-2). In 

contrast, walleye muscle %MeHg showed no significant relationship with size or age 

(Table 4-2) and slopes between muscle %MeHg and weight were significantly lower in 

walleye compared to other species (Figure 4-2; ANCOVA interaction term, p = 0.044). A 

similar difference in slopes among species was found when %MeHg was regressed 

against age (ANCOVA interaction term, p = 0.006).  

Relationships between the %MeHg and [THg] within-species were similarly 

significant for sculpins, suckers, and pike, but not walleye or shiners. Based on model 

strength (i.e., r2 values), [THg] did not explain more variability in muscle %MeHg than 

fish size or age (Table 4-2).  

 

4.4.3 Among species differences in muscle %MeHg 

Among large-bodied species, walleye had consistently higher %MeHg than sucker 

and pike when standardized to the same weight (Figure 4-2) or age (Figure SI-9). 

Differences in muscle %MeHg between walleye and the other large-bodied species were 

greatest in small fish and diminished with increasing weight (Figure 4-3). Walleye had 

significantly higher %MeHg than sucker at all body sizes tested and significantly higher 
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%MeHg than northern pike up to 100 g (Figure 4-3). Pike and sucker did not differ 

significantly from each other at any of the standard body sizes tested (Figure 4-3).  

Unlike large-bodied fish, muscle %MeHg in forage fish was not significantly 

different between species when standardized to 2 g (Tukey’s HSD p = 0.69), 4 g (p = 

0.72), or 8 g (p = 0.85; Figure 4-4). Furthermore, the linear relationships between 

%MeHg and weight had similar slopes among these small-bodied species (ANCOVA 

interaction term, p = 0.96). When compared to juveniles of large-bodied species at 8 g, 

shiners and sculpins had muscle %MeHg similar to that of walleye (Tukey’s HSD, p 

=0.816 and 0.979), but 20-27% higher than that of pike or sucker (p = 0.042-0.048; 

Figure 4-4). 

 

4.4.4 The effect of diet, tissue quality, and trophic level on %MeHg in muscle 

Model averaging tests showed that combinations of fish weight and measures of diet, 

trophic level, and/or tissue quality were significantly related to muscle %MeHg in all 

species (Table 4-3). Not surprisingly, weight was a significant predictor of %MeHg in 

fish muscle across all models except within walleye and suckers (Table 4-3). 

Interestingly, δ15Nadj was only included in large-bodied fish models and in the model 

including data from all species, but its effect was not statistically significant and the 

direction of these relationships varied (Table 4-3). Linear relationships between %MeHg 

and δ15Nadj, independent of size or any other predictor, were also not significant in any 

model tested (p = 0.183-0.658), except among forage fish species (p = 0.034, r2 = 0.574; 

shown in SI section). Similar to δ15Nadj, δ
13Cadj was included in large-bodied fish models 

but not forage fish models (Table 4-3). However, δ13Cadj was the strongest predictor of 
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%MeHg in suckers and walleye, though the direction of these relationships were opposite 

in the two models (Table 4-3). In pike and across all large-bodied fish, δ13Cadj was 

negatively related to muscle %MeHg, similar to the results from the walleye model 

(Table 4-3).  

Unlike the isotope ratios, measures of tissue quality were included in all models, both 

within- and among-species (Table 4-3). C:N (an increase of which indicates greater tissue 

lipid content) was a consistent negative predictor of %MeHg in fish muscle, though the 

effect was only statistically significant in forage fish (p = 0.002-0.004; Table 4-3). 

However, %N, a rough proxy for protein-content in fish muscle, was also included as a 

weak negative predictor of %MeHg across models, but again the effect was only 

significant in forage fish (p = 0.005-0.015; Table 4-3). When assessed independently, the 

effect of %N on %MeHg among species was significant and positive (r2 = 0.109, p = 

0.016, shown in SI section), indicating higher %MeHg in fish as protein content 

increases. 

 

4.5 Discussion  

4.5.1 Potential drivers of %MeHg variation in fish tissues 

Overall, many of the fish studied herein had substantially lower %MeHg in their 

muscle tissue than the commonly expected 95% as reported by Bloom (Bloom 1992). 

While Bloom’s estimate is an average across muscle samples (many from marine and 

predatory species), it is commonly applied to fish on an individual basis regardless of 

species, size, age, or trophic ecology. More recent studies have also reported lower-than-

expected %MeHg in muscle from various fish species, particularly those occupying lower 
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trophic levels (Stefansson et al. 2013), such as forage fishes (e.g., 5-100% in Common 

galaxias; Arcagni et al. 2018) juveniles of large-bodied species (e.g., 45-100% in rainbow 

trout; Arcagni et al. 2018), or herbivorous fish (e.g., 66.5% in rabbit fish; (Peng et al. 

2016). These fish generally have relatively low [THg] and it is important to note that 

%MeHg is more sensitive to analytical or other measurement errors when values are low; 

the same absolute deviation in the data will affect low concentrations more than high 

concentrations. 

In general, MeHg is believed to be the dominant form in fish muscle for three key 

reasons: (1) high assimilation rates after ingestion or absorption, (2) efficient transport to 

and strong binding in muscle tissue, and (3) low excretion from the body (Trudel and 

rasmussen 1997; Wang et al. 2010; Peng et al. 2016). However, several studies have 

shown that Hg(II) may also be assimilated into a fish’s body, albeit at lower rates than 

MeHg (Pickhardt et al. 2006; Peng et al. 2016). Furthermore, numerous lab-based studies 

have shown that the rates of these bioenergetic processes are highly variable among 

species. For example, a review by Bradley et al. (2017) reported assimilation efficiencies 

ranging from 10-100% and 2-51% for MeHg and Hg(II), respectively, across 25 studies 

and various fish species. Once assimilated, however, both MeHg and Hg(II) are 

transferred into blood and transported throughout a fish’s body (Bradley et al. 2017 and 

references therein). While the majority of Hg(II) retained is stored in intestines and liver 

tissue, varying amounts are also transported to muscle, though the mechanisms for this 

are not well understood and the internal transport of Hg(II) differs among species and 

with overall Hg body burden (Ribeiro et al. 2002; Cizdziel et al. 2003; Havelková et al. 

2008; Peng et al. 2016). The significant differences in the %MeHg of liver and soma 
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tissues between walleye and sucker found herein similarly suggests varying rates and 

patterns of internal Hg movement among-species (Figure 4-1). Lastly, while Hg(II) is 

eliminated 3-7 times faster than MeHg in fish (Trudel and Rasmussen1997; Wang and 

Wang 2010), excretion rates are variable between species and affected by water 

temperature (Trudel and Rasmussen1997) and chemistry (e.g., dissolved organic carbon 

concentrations; Pickhardt et al. (2006). The species differences in muscle %MeHg 

observed in our study could therefore be due to differences in MeHg and Hg(II) uptake, 

assimilation, inter-organ transport, and excretion. To the best of our knowledge, however, 

no studies have compared the rates of these Hg bioenergetic processes in our study 

species.   

 

4.5.2 Size-related differences in muscle %MeHg 

Results from our study indicate that muscle %MeHg has an ontogenetic pattern, 

increasing as fish age and grow, but at different rates among species. While both [MeHg] 

and [Hg(II)] are known to increase with fish size and age, bioenergetic differences in 

small fish may alter the relative accumulation, distribution, and excretion of each. For 

example, several laboratory studies have shown that smaller fish (including forage fish 

and juveniles of large-bodied species) more readily absorb aqueous Hg which is generally 

composed of 70-95% Hg(II) (Pickhardt et al. 2006; Dang and Wang 2012). These smaller 

fish also excrete more MeHg when compared to larger fish of the same species (Trudel 

and Rasmussen 1997). Smaller fish also grow at relatively faster rates, and somatic 

growth dilution has been shown to lower whole-body [MeHg] more so than [Hg(II)] 

(Wang and Wang 2012; Sandheinrich and Drevnick 2016), which could result in lower 
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overall %MeHg. A recent study by Wang and Wang (Wang and Wang 2018) found that 

diet-elevated growth rates in freshwater tilapia (Oreochromis niloticus) significantly 

lowered MeHg accumulation but not Hg(II), which was controlled by assimilation 

efficiencies independent of growth rate.  

In addition to size and age, we examined relationships between muscle %MeHg and 

muscle [THg] in all species. In most northern environments with no point sources of 

mercury pollution, as in this study, a positive correlation between %MeHg and [THg] 

would be expected because MeHg bioaccumulates and biomagnifies faster than Hg(II) 

(Lavoie et al. 2013). Fish from Hg-contaminated sites will bioconcentrate more Hg(II) 

relative to fish in pristine environments (Dutton and Fisher 2014), and consequently, will 

also have lower %MeHg at a given body size (Mieiro et al. 2009). However, we found 

that [THg] did not explain greater amounts of variation in %MeHg than did size or age 

for most species, with the exception of sculpins (Table 4-2). This suggests that our 

observed %MeHg and size/age relationships were not simply artefacts of relationships 

between %MeHg and [THg]. 

 

4.5.3 The influence of diet and trophic ecology on muscle %MeHg 

Because diet is the main source of Hg in fish, it is possible that the size-related 

changes in muscle %MeHg found herein may be due to ontogenetic changes in diet. 

Mason et al. (Mason et al. 2000) suggested that lower %MeHg (approximately 60-80%) 

in juvenile brown trout when compared to adults (80-110% MeHg) was due to 

consumption of invertebrates, which are known to have highly variable and often low 

(i.e., < 50%) %MeHg (Becker and Bigham 1995; Tremblay et al. 1995; Økelsrud et al. 
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2016). We found relatively weak relationships between δ13Cadj values and muscle 

%MeHg within and among fish species, with the exception of walleye and suckers (Table 

4-3). In most models, δ13Cadj was a negative predictor, suggesting higher muscle %MeHg 

in fish with pelagic-based diets. However, if shifts in diet were the primary determinant 

of the %MeHg and size/age relationships, then we would expect them to be stronger in 

species that exhibit more pronounced ontogenetic dietary shifts. Walleye are known to be 

primarily piscivorous over their lifespan, and this may explain the high and stable 

%MeHg we observed at all walleye sizes and ages. But, we found that muscle %MeHg 

increased with size and age in shiners and sucker, which are both believed to consume 

invertebrates throughout their lives.  

It is well known that both [THg] and [MeHg] in fish are higher in species at higher 

trophic positions and it is possible that among-species differences in %MeHg may also be 

related to trophic position. In this study, however, δ15Nadj did not have a strong influence 

on %MeHg in fish muscle after accounting for the effect of body size. Furthermore, 

piscivorous pike did not have significantly different muscle %MeHg from benthivorous 

suckers, despite drastic differences in their diets. Even when consuming the same prey 

items, mosquitofish and sunfish were found to have significantly different assimilation 

rates of dietary Hg(II) (42-51% and 9-10%, respectively; Pickhardt et al. 2006), 

suggesting that diet is not solely responsible for interspecific variation in muscle 

%MeHg. Other studies have also found that gut passage time has an effect on Hg 

assimilation and excretion (Zhang and Wang 2006; Dang and Wang 2012), which could 

alter %MeHg in tissue regardless of diet quality. It is important to note that data from 

multiple lakes were used for these analyses, and while we baseline-adjusted all isotope 
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values and statistically accounted for site-related variability, it is possible that differences 

in food web structure among the study lakes had an effect in our dataset. 

 

4.5.4 The effect of tissue quality on muscle %MeHg 

Given that the majority of MeHg is bound to the protein-fraction of muscle tissue 

(Amlund et al. 2007; Peng et al. 2016), it was expected that a higher lipid content (i.e., 

higher C:N ratio) and lower protein content (lower %N) would be associated with a lower 

%MeHg in muscle tissue. However, we found surprisingly weak relationships between 

%MeHg and measures of tissue quality in large-bodied fish muscle. In fact, protein 

content was a negative predictor of %MeHg in several models. Recent studies suggest 

that the utility of %N as a proxy for protein content is largely dependent on the type of 

nitrogenous substances present (Fagan et al. 2011) and more direct measures of protein 

content (e.g., amino acid measurements; Thera 2017) should be considered by future 

studies.  

Unlike large-bodied fish, however, forage fish models showed strong significant 

relationships between muscle %MeHg and both C:N and %N. Inorganic Hg has been 

shown to bind with various lipid membranes under certain conditions, particularly when 

bound with chlorine (Girault et al. 1995; Hassanin et al. 2016; Kerek et al. 2017). It is 

unclear why muscle %MeHg would be more affected by measures of tissue quality in 

small-bodied than large-bodied fish but it may be due to the slightly broader range in 

predictor values (e.g., %N ranged from 9-15% in forage fish vs. 12-16% in large-bodied 

fish; Table 4-1). Overall, ranges of C:N and %N values were narrow across species from 

this study. For example, C:N values measured in all fish were close to 3, indicating very 
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low lipid-content among species (Kahilainen et al. 2016). Bloom (Bloom 1992) also 

assessed the relationship between %MeHg and lipid content of fish muscle and found no 

relationship, despite having a 25-fold difference in lipid estimates across samples. 

Nevertheless, further studies could consider higher lipid content fish (i.e., C:N >5), as 

well as other factors that affect Hg speciation in fish muscle such as selenium 

(Bjerregaard et al. 2011) or vitamin E content (Moniruzzaman et al. 2017).  

 

4.6 Conclusions 

Overall, this study showed that more variability in the %MeHg of fish muscle 

exists than is currently being considered by modern studies. Specifically, our results 

indicate that assuming > 95% of THg is MeHg is not appropriate for younger and smaller 

fish in some species. It is, however, likely still an appropriate assumption for walleye of 

all sizes and for larger pike. The inclusion of δ13Cadj, C:N, and %N  in various models 

suggests that diet and tissue quality account for some variability in %MeHg in fish 

muscle, but further research is needed to determine the cause and strength of this effect. 

Indeed, a larger study is warranted to examine %MeHg for wide size and age ranges of 

fish species with varying trophic ecologies and tissue qualities, and across a broader 

range of habitats (e.g., water contaminated with Hg(II) vs. remote systems).  

Results of this study have potentially major implications for future research, 

particularly those studying Hg biomagnification, where [THg] in fish are compared to 

direct measures of [MeHg] in lower trophic levels. Furthermore, because these small-

bodied fish are vital prey items for larger fish, our results fill an important gap in our 

understanding of MeHg bioaccumulation and biomagnification through aquatic food 
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webs. The direct measurement of MeHg in fish muscle would also benefit monitoring 

programs, particularly for a subset of smaller and younger fish.  
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4.7 Tables and Figures 

Table 4-1: Ranges of Hg concentrations, measures of tissue quality, and stable isotopes signatures measured in muscle tissue 

for each study species. Note:  TL = total length; age 0 fish are young-of-the-year (born during sampling year, <1-year-old); 

ages were not determined for sculpins and shiners 

Species n 
[THg] 

(µg/g dry) 

[MeHg] 

(µg/g dry) 
%MeHg 

TL 

(mm) 

Weight 

(g wet) 

Age 

(years) 

δ13C* 

(‰) 
C:N %N 

Sculpins 8 0.13 - 0.74 0.10 - 0.78 71 - 106 43.8 - 92.0 1.4 - 8.9 ND -30.1 - -24.2 3.2 - 3.7 13 - 15 

Shiners 22 0.18 - 0.73 0.11 - 0.76 49 - 102 35.5 - 91.0 0.2 - 7.2 ND -33.5 - -19.6 3.3 - 4.5 9 - 14 

Sucker 42 0.08 - 1.59 0.05 - 1.57 39 - 124 51.8 - 556 1.1 - 1940 0 - 17 -31.2 - -20.7 2.8 - 4.3 12 - 16 

Pike 24 0.10 - 6.41 0.05 - 7.83 46 - 122 55.5 - 800 1.0 - 3150 0 - 11 -30.2 - -17.3 3.1 - 3.4 13 - 15 

Walleye 48 0.17 - 5.96 0.18 - 5.72 68 - 112 89.0 - 770 4.7 - 4748 0 - 20 -31.1 - -22.1 2.8 - 3.4 12 - 16 

*Isotope values are unadjusted. 

 



 

 101 

 
Figure 4-1:The percentage of total Hg as MeHg (%MeHg) in four tissue types from walleye and white sucker from Lake 

Nipissing (n = 5/species for each tissue except gonads, n = 2-3/species). Boxes represent the spread of data within each species 

and tissue, with the median %MeHg shown as a line within. 1Indicates a significant difference between species within a given 

tissue (see Table SI-54 for statistical comparisons). Post-hoc differences within species and among tissues are indicated by 

differing letters (see Table SI-55 for p-values). Note that gonads were not included in any statistical comparisons due to small 

sample sizes.  
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Table 4-2: Model results for the percentage of total Hg as MeHg (%MeHg) in muscle as 

a function of fish size, age, or [THg]. Total length and weight were transformed as log10 

(X), and age and [THg] were transformed as log10 (X+1). Lake was included as a random 

effect in all models. Significant results are bolded. 

   
  

Model 

parameters 
 Predictor effect  Full 

model 

Predictor 

variable 
Species/Group n Intercept Slope  F p-value  R2 

Total 

Length 
Sculpins 8 -45.5 74.2  0.40 0.560  0.26 

 Shiners 22 -67.0 83.7  7.79 0.014  0.57 

 White sucker 42 32.8 23.1  7.17 0.012  0.21 

 Northern pike 24 -16.3 38.4  24.15 <0.001  0.63 

 Walleye 49 87.6 4.1  0.42 0.520  0.13 

Weight Sculpins 8 78.5 15.6  0.10 0.770  0.20 

 Shiners 22 76.6 24.3  8.36 0.011  0.58 

 White sucker 42 72.1 7.2  6.92 0.013  0.21 

 Northern pike 24 50.7 13.1  24.83 < 0.001  0.63 

 Walleye 49 94.2 1.5  0.54 0.470  0.14 

Age Sculpins --- --- ---  --- ---  --- 

 Shiners --- --- ---  --- ---  --- 

 White sucker 42 65.6 18.6  6.78 0.014  0.23 

 Northern pike 24 67.4 32.3  13.32 0.002  0.50 

 Walleye 49 96.5 1.6  0.15 0.700  0.13 

[THg] Sculpins 8 65.8 164  18.90 0.010  0.86 

 Shiners 22 52.1 183  2.91 0.109  0.45 

 White sucker 42 75.6 97.4  10.82 0.002  0.28 

 Northern pike 24 63.9 46.6  11.81 0.003  0.48 

 Walleye 49 96.9 1.7  0.06 0.810  0.13 
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Figure 4-2: Linear relationships between the percent of MeHg (%MeHg) in fish muscle 

and round weight (log10 transformed) within (A) large-bodied fish species, and (B) 

forage fish species. The slopes of these relationships were significantly different among 

species (ANCOVA, interaction term, p = 0.006; see Table SI-61).  
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Figure 4-3: Least squares means of the percent MeHg (%MeHg, ±SE) in muscle, standardized to various body weights, in 

large-bodied fish: white sucker (n = 42), northern pike (n = 24), and walleye (n = 48). AIndicates a significant difference 

(Tukey’s HSD, p < 0.05) between walleye and northern pike; B Indicates a significant difference (Tukey’s HSD, p < 0.05) 

between walleye and white sucker. No differences were found between northern pike and white sucker at any standard weight 

(see Table SI-58 for post-hoc results).  
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Figure 4-4: Least squares means of the percent MeHg (%MeHg, ±SE) in muscle estimated at various weights in small-bodied 

species (sculpins, shiners; n = 8 and 22, respectively) and the juveniles of large-bodied species (walleye, northern pike, white 

sucker; n = 48, 24, and 42, respectively). ASignificant differences were detected at 8 g between shiners and pike, between 

shiners and sucker, between walleye and sucker, and between walleye and pike (Tukey’s HSD, p < 0.05). No differences were 

found between the forage fish species at any standard weight (Tukey’s HSD, p > 0.05; see Table SI-61 and Table SI-61 for all 

post hoc results). 
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Table 4-3: Results from modeling the percent MeHg (%MeHg) in muscle as a function of indices of diet, trophic level, and 

tissue quality. Values presented are standardized model coefficients (±SE) averaged across top-ranking models (delta AICc 

<4). Corresponding p-values are listed below each coefficient. Weight was log-transformed in all models. Significant values 

are bolded. ND = no data because parameter was not included in any of the top models. Large-bodied = 3 large-bodied fish 

species.  

Group Intercept Weight δ13Cadj δ15Nadj %N C:N 

All fish 87.58 ± 1.34 13.25 ± 2.91 -1.25 ± 2.34 -0.03 ± 1.17 0.15 ± 1.72 -0.64 ± 1.88 

(p-value) (<0.001) (<0.001) (0.596) (-0.979) (-0.930) (-0.734) 

Large-bodied 87.02 ± 1.22 10.93 ± 2.75 -1.12 ± 2.13 0.05 ± 1.00 -0.22 ± 1.82 -0.35 ± 1.64 

(p-value) (<0.001) (<0.001) (0.601) (0.961) (0.905) (0.834) 

Suckers 81.50 ± 2.26 -8.92 ± 5.48 15.19 ± 4.92 0.63 ± 2.47 0.13 ± 2.14 -0.06 ± 1.63 

(p-value) (<0.001) (0.112) (0.003) (0.802) (0.953) (0.971) 

Pike 84.81 ± 2.84 25.77 ± 6.76 -1.91 ± 4.83 -2.04 ± 4.52 -0.29 ± 2.62 1.28 ± 3.85 

(p-value) (<0.001) (<0.001) (0.702) (0.661) (0.917) (0.749) 

Walleye 93.93 ± 1.39 0.81 ± 2.06 -6.96 ± 2.86 -0.25 ± 1.43 -0.14 ± 1.31 -0.02 ± 0.96 

(p-value) (<0.001) (0.699) (0.018) (0.866) (0.917) (0.981) 

Forage fish 85.08 13.72 ND ND -22.52 -27.67 

(p-value) (<0.001) (0.006) --- --- (0.015) (0.004) 

Shiners 85.49 15.88 ND ND -31.48 -35.23 

(p-value) (0.001) (0.009) --- --- (0.005) (0.002) 
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 : Thesis conclusions and implications for the Ring of 

Fire Development and subsistence fishers 

5.1 Summary of thesis 

In the Far North of Ontario, Canada, some of the largest and most intact freshwater 

watersheds in the world are facing changes due to planned resource extraction (e.g., the 

Ring of Fire mineral deposit), as well as the continued effects of rapid climate change. 

However, these watersheds are also relied upon to provide subsistence fish to the 31 

remote communities established across northern Ontario. As such, it is vital to establish a 

baseline of Hg concentrations in water and biota of these systems and determine the key 

drivers of Hg bioaccumulation in the Attawapiskat Drainage Basin (ADB), which houses 

a large portion of the Ring of Fire deposit.  

The overall goals of this thesis were to (1) model Hg cycling, accumulation, and 

speciation in relation to large-scale environmental and chemical gradients; (2) measure 

and report [Hg] in subsistence fish and the food webs that support them; and (3) provide a 

summary of findings and baseline data to environmental monitoring programs for the 

Ring of Fire. These goals were largely met in the previous chapters, the conclusions from 

which are summarized below.  

While my thesis focused on the ADB, results presented herein have implications 

both locally, for residents of the Far North of Ontario and the Ring of Fire development, 

as well as for the broader global boreal region. Overall, aqueous and biotic Hg 

concentrations reported were variable and levels in fish sometimes exceeded 

consumption limits set by the federal government (i.e., 0.5 ppm, Health Canada 2007). 
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Not surprisingly, these exceedances were generally in larger piscivores at the top of their 

respective food webs (e.g., walleye and pike). Other key conclusions and outcomes from 

this thesis are discussed as they pertain to each thesis goal: 

 

Goal (1): Model Hg cycling, accumulation, and speciation in relation to large-

scale environmental and chemical gradients 

This thesis was the first study, to the best of my knowledge, to consider the effect 

of watershed-level environmental gradients on Hg bioaccumulation. It was also the first 

to assess the quality of DOM on such a large environmental scale. Overall, gradients of 

physical, chemical (including DOM quality), and ecological parameters were detected 

across the ADB, indicating that a system’s landscape position does indeed affect its 

environmental conditions and biological processes. However, many parameters including 

aqueous and biotic Hg concentrations showed substantial differences between the two 

ecozones of the ADB (i.e., the Boreal Shield and Hudson Bay Lowlands) rather than a 

linear relationship with decreasing landscape position. These regional differences are 

likely influenced by bedrock geology as well as riparian characteristics (i.e., forested vs. 

peatland-based). Regional differences are also an important consideration for future 

monitoring programs; systems in the boreal shield and lowlands may be affected 

differently by future land-use practices and climate-related changes. Continued 

monitoring of systems in both regions should be considered to thoroughly assess the 

impacts of future stressors in the Far North of Ontario. 

 

 

Goal (2):  Measure and report [Hg] in subsistence fish and the food webs that 

support them 
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This thesis project generated [THg] and/or [MeHg] data in over 2500 fish across 30 

lakes and river sites from 2014 to 2016, while also utilizing additional historical data 

throughout. The new samples collected were analyzed in partnership with the Ontario 

Ministry of the Environment and Climate Change (MOECC), the agency responsible for 

monitoring fish contaminant levels and setting fish consumption guidelines across the 

province. These data therefore added vital new information to the updated 2018-2019 

“Guide to Eating Ontario Fish,” refining consumption guidelines in these remote systems 

important to several First Nation communities. Results from these studies and the 

consumption recommendations have been reported to northern Tribal Councils and 

environmental stewards at various conferences and land-use planning meetings, as well 

as through outreach documents (see section 5.3 below). 

 

Goal (3): Provide a summary of findings and baseline data to environmental 

monitoring programs for the Ring of Fire 

Much of the data from the studies presented herein are included in the 

Supplemental Information (SI) section of this thesis. As such, it is readily available for 

use by government agencies, First Nations community organization, and future scientists 

to assist in monitoring the effects of the Ring of Fire development and/or the effects of 

climate change on the limnology and Hg cycling across the ADB. My findings clearly 

identify key factors to focus on as these systems respond to change. For example results 

from Chapter 2 suggest that monitoring programs should consider the effects of nutrients 

and DOC inputs to freshwater systems, both of which were consistent and strong 

predictors of [Hg] in water and/or biota.  
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This thesis also provides particularly valuable data from the uniquely shallow 

lacustrine systems on the Hudson Bay Lowlands, which are logistically difficult to 

sample at present; future development in the Far North may provide easier access to these 

systems, which should be further studied to better understand seasonal changes to their 

limnology and ecological communities and the potentially related effects of both climate- 

and industry-related changes. These programs should also consider measuring [MeHg] 

directly in smaller and less predatory fish in which [THg] is not a suitable proxy. 

 

5.3 Future research  

Given the importance of boreal freshwater watersheds on a global-scale, studies 

conducted across drainage basins such as the ADB will prove important for preserving 

the future health and environmental services provided by boreal systems. Because of the 

regional differences observed between systems located on the shield and lowlands, 

continuous landscape gradients across the ADB were not as strongly pronounced as 

expected. Other watersheds with more homogenous landscapes may show a stronger 

linear effect of system landscape position on physico-chemistry, ecology, and Hg 

accumulation. From these results, I would suggest that future studies on Hg cycling 

should continue to address the effects of [DOC], which was found to be a strong predictor 

of [Hg] in water and various biotic groups. Furthermore, greater attention should be given 

to the quality of DOM; fluorescence and absorbance spectroscopy is a cost-effective and 

timely method which adds novel information to the highly complex relationships between 

Hg and DOC concentrations. Future studies should also consider the size and trophic 
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ecology of a fish before measuring THg as a proxy for MeHg concentrations in muscle 

tissue; the latter should be directly analyzed in small-bodied fish and lower-trophic-level, 

large-bodied species (e.g., white sucker), if possible. However, a larger study examining 

a broader range of species is strongly recommended to fully understand individual-level 

variability in the %MeHg of fish muscle tissue. More direct measures of protein and 

lipid-content should also be explored as potential predictors of this variability. 

 

5.4 Communication needs 

The results and conclusions of contaminants studies such as those presented herein 

need to be carefully and effectively communicated to all interested peoples. Information 

on contaminant concentrations in freshwater fish and the food webs that support them are 

a great concern for residents of remote northern communities, particularly indigenous 

communities for whom fishing holds strong cultural value. Furthermore, because the 

transportation costs of fresh and nutritional foods to remote regions is often high, many 

residents rely on locally-caught freshwater fish for a healthy diet (i.e., high in protein and 

omega-3 fatty acids). As a result, people living in remote northern regions often consume 

larger amounts of wild fish in comparison to more southerly residents, exposing the 

former to potentially higher health risks due to contaminants. While these risks must not 

be under-stated, moderate fish consumption has considerable health benefits (Seabert et 

al. 2014) and the affordable alternative food options available in northern stores are 

limited mostly to non-perishable food items that can be unhealthy in other ways (i.e., 

high sugar, saturated fats, etc.; Gates et al. 2016; Natcher et al. 2016; Jones et al. 2018). It 

is, therefore, important that researchers and monitors who communicate contaminant 
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science and consumption recommendations to subsistence fishers do so without unduly 

discouraging all consumption of fish (Loring et al. 2010). Instead, communicators should 

strive to inform consumers of fish about the risks from contaminants in parallel with its 

health benefits, enabling individuals to make their own informed dietary choices. 

Effective and accurate communication of the risks and benefits of fish consumption 

can, however, be challenging. Below, I have summarized seven points which researchers 

and communicators should consider before discussing the risks of fish consumption with 

subsistence fishers. These points were developed over the course of my thesis work, in 

close collaboration with members of the Science Communication program at Laurentian 

University, MOECC scientists, and other academic researchers.  

(1) It is important to differentiate the population that is highly sensitive to the effects 

of contaminants from the general public. Because it can cross the blood-brain 

barrier, Hg can be transferred from a mother to the developing fetus in her womb 

(Clarkson and Magos 2006). As a neurotoxin, MeHg affects early brain 

development in the fetus and in children; therefore, the message should be that 

women of child-bearing age and children should especially limit their 

consumption of some fish known to carry high [Hg] (e.g., large walleye; 

Strandberg et al. 2018).  

(2) The health benefits of eating fish should be emphasized whenever possible. If 

available, any data on omega-3 fatty acids or other healthy end-points should be 

provided. Encouragement to consume lower-trophic-level species (e.g., lake 

whitefish) and smaller individuals of higher-trophic-level species (e.g., northern 
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pike) may be warranted, particularly for the non-sensitive population (i.e., adult 

men and women not of child-bearing age).  

(3) A clear, adequate amount of background information on Hg (and/or other 

contaminants of concern) cycling should be provided to enable consumers to 

make informed decisions about their own fish consumption. In particular, the 

process of MeHg production, bioaccumulation, and biomagnification should be 

explained so consumers understand why larger, older, and more piscivorous fish 

species tend to have higher [Hg]. The processes of atmospheric-transport and 

methylation should also be discussed; this enables consumers to understand how 

distant sources of Hg can affect concentrations of MeHg in their local fish. 

Furthermore, data from other regions should be shown to emphasize that Hg is 

ubiquitous in similar environments (e.g., other boreal or arctic lakes). 

(4) Language and other communication barriers should be diminished through the use 

of outreach documents translated to local dialects and avoidance of unnecessary 

jargon or excessive detail. Word choices should be selected with care; risks and 

benefits should be described as accurately as possible and all inflammatory and 

ambiguous statements should be avoided. Whenever possible and appropriate, 

pictures and diagrams should be used in place of words and tables. 

(5) Outreach materials should be catered to specific communities. Lakes and river 

sites important to and used by a given community should be used in all examples, 

whenever possible. Furthermore, relevant events of industrial operations near a 

given community should be discussed; any concerns (or lack thereof) should also 

be discussed, whenever possible. When applicable, explain why extreme 
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examples are often the exception and largely irrelevant to the local risks (e.g., 

mercury contamination of the Wabigoon River; Kinghorn et al. 2007).  

(6) Be honest about the limitations of current scientific knowledge. For example, 

consumption advisories do not consider or convey any cumulative effects of 

multiple contaminants in fish tissue, a topic which has not been thoroughly 

explored by researchers to date. In general, consumption restrictions are based on 

any contaminant that exceeds a set threshold based on reference doses, which are 

typically set by federal governments (e.g., Health Canada or the U.S. 

Environmental Protection Agency). 

(7) Engage in a dialogue: ask questions and allow community members to voice their 

thoughts and concerns. Communities may have an understanding of the general 

risks from Hg and other contaminants in their fish but also have relevant and 

important questions about concentrations in specific fish species, harvesting 

locations, tissues types (e.g., liver or brain), or about various deformities observed 

(e.g., cysts on fish). Relevant information from the people that are most closely 

and intimately associated with their main source of food and the surrounding 

landscape can help guide future research and improve outreach information 

regarding consumption advisories. 

(8) Be mindful of other social and economic issues faced by northern First Nation 

communities, the effects of which may be considerable at times (e.g., Skinner et 

al. 2013; Jaglal et al. 2013; Marquina-Márquez et al. 2016). 
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Guided by many of these principles, we have designed informative handouts based on 

the 2017-2018 “Guide to Eating Ontario Fish” published by the Ontario MOECC 

(https://www.ontario.ca/page/eating-ontario-fish-2017-18). This guide is a product of one 

of the most extensive freshwater fish contaminant monitoring programs in North 

America, conveying a considerable amount of valuable information to consumers; 

namely the maximum number of meals per month that can be consumed without concern 

from Hg (or other contaminants) concentrations based on Health Canada contaminant 

intake guidelines. The numbers are calculated based on data from a given waterbody, for 

various fish species and at different body sizes (see the example from Eabamet Lake in 

Figure 5-1). In total, recommendations are made for over 2,000 waterbodies across 

Ontario, including several in the Far North of Ontario which are fished by various First 

Nation communities. The tables in this guide can, however, be confusing to consumers 

(Figure 5-1). An example of a more graphical handout depicting the recommendations 

made by the MOECC guide, including some background information and essential facts 

(e.g., meal size and sensitive populations), is provided in Figure 5-2. We are currently in 

the process of collecting information on fish consumption (e.g., what species and tissue 

types are commonly consumed), Hg concerns, and the use of the MOECC guide, as well 

as feedback on our handouts (i.e., Figure 5-2 and other ideas), in the form of surveys 

distributed to communities across the Far North. The results of this survey will be 

submitted for publication (along with the above communication recommendations) when 

complete.  

Overall, considerably more research into the benefits of freshwater fish consumption 

is needed to properly inform consumers of both the risks and benefits of local fish 
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consumption. Similar to contaminants, the healthy end points (i.e., omega-3 fatty acids) 

in fish tissue vary among species and locations, though some recent studies suggest that 

anadromous fish may have lower contaminants burden and higher levels of  omega-3 

fatty acids when compared to resident fish in the same systems or locations (Heerschap 

2018; Strandberg et al. 2018). Nevertheless, continued collaboration between researchers 

and monitoring programs to update and expand contaminant databases and refine fish 

consumption guidelines will enable people across northern Ontario to make informed 

decisions about their dietary choices. 
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Figure 5-1: Example of a consumption recommendation table taken from the Ontario Ministry of the Environment and 

Climate Change (MOECC)’s 2017-2018 “Guide to Eating Ontario Fish”. Each number represents the meals of fish muscle 

tissue that can be safely eaten for a given species across a size range from Eabamet Lake fish, a vital resource to the 

Eabametoong First Nation community (formerly known as Fort Hope).  
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Figure 5-2: A graphic conveying the consumption recommendations made by the Ontario MOECC in 2017-2018 “Guide to 

Eating Ontario Fish” for Eabamet Lake fish, a vital resource to the Eabametoong First Nation community (formerly known as 

Fort Hope). Additional background information on meal size, sensitive populations, and other background information are also 

included; much of this information is described in text at the beginning of the MOECC guide book.
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Table SI- 1: A list of all physical and chemical parameters considered in this study 

and their associated abbreviations, units, and method detection limits (MDLs). The 

percent (%) of data above the MDL for a given parameter is also presented. 

Parameter Abbreviations Units MDL % above MDL 

Chemical parameters 

Methyl mercury [MeHg] ng/L 0.0006 100 

Total mercury [THg] ng/L 0.05 100 

Dissolved organic carbon DOC mg/L 0.17 100 

Dissolved inorganic carbon DIC mg/L 0.12 100 

Sulfate SO4
2- mg/L 0.36 36 

Total Nitrogen TN mg/L 0.02103 96 

Ammonia + Ammonium NH3+NH4 µg/L 4.15 70 

Nitrate + Nitrite NO2+NO3 µg/L 2.62 89 

Total Phosphorus TP mg/L 0.00018 100 

True Colour Colour TCU 1 96 

Alkalinity Alk mg/L CaCO3 --- --- 

Conductivity Cond uS/cm 0.91 100 

pH --- --- --- --- 

Aluminum2 Al mg/L 0.0005 100 

Arsenic2 As mg/L 0.0005 51 

Calcium2 Ca mg/L 0.00006 100 

Chloride2 Cl µg/L 10 72 

Copper2 Cu µg/L 0.2 53 

Iron2 Fe mg/L 0.01 100 

Magnesium2 Mg mg/L 0.01 100 

Manganese2 Mn µg/L 0.05 100 

Potassium2 K mg/L 0.02 100 

Selenium2 Se mg/L 0.0005 4 

Silicon2 Si mg/L 0.03 96 

Sodium2 Na mg/L 0.01 100 

Titanium2 Ti µg/L 0.5 53 

Physical attributes1 

Latitude Lat. DD --- --- 

Longitude Long. DD --- --- 

Dissolved Oxygen D.O. % --- --- 

Surface temperature Temp ⁰C --- --- 

River order --- --- --- --- 

Secchi depth --- m --- --- 

Elevation --- m --- --- 

Max depth --- m --- --- 

Surface area SA ha --- --- 

Drainage area DA km2 --- --- 

Wetlands area Wetlands km2 --- --- 

Mean basin slope Slope % --- --- 
1Calculated using the Ontario Flow Assessment Tool (OFAT) or NRCAN toporama; 2Total, unfiltered 

concentrations.
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Table SI- 2: Physical characteristics of 27 river sites sampled for this study. Data are grouped as main-stem 

Attawapiskat River sites, Attawapiskat River tributaries, and Muketei River tributaries.  

Waterbody 
Elevation 

(m) 

Long 

(DD) 

Lat 

(DD) 

Surface 

Temp. 

Surface 

D.O. 

Drainage 

Area(km2) 

Wetlands 

Area (km2) 

Slope 

(%) 

River mouth 10 -82.27 52.97 ND ND 49630.5 28528.3 2.1 

Naysh rapids 46 -83.51 52.89 ND ND 45572.4 25301.9 2.2 

Victor 59 -83.91 52.87 19.6 5.6 43374.7 23501.2 2.3 

Streatfield convergence 146 -85.94 52.65 18.7 5.8 1004.9 878.3 1.2 

Missisa convergence 93 -85.44 53.09 20.6 8.0 40062.9 20970.3 2.3 

Muketei convergence 100 -85.26 53.13 ND ND 3929.5 3429.6 1.3 

Canada Lake 158 -86.03 52.47 ND ND 27262.5 10196.8 2.8 

Pym island 175 -86.35 52.16 ND ND 26859.5 9885.6 2.8 

Windsor Lake 231 -87.36 52.19 ND ND 21707.0 6878.9 3.0 

Beteau Lake 210 -87.12 52.07 ND ND 1107.5 231.6 2.8 

Attawapiskat River tributary1 122 -85.44 53.09 20.6 8.0 1599.0 1416.9 1.2 

Attawapiskat River tributary2 145 -85.94 52.70 17.9 6.1 18.6 17.5 1.1 

Attawapiskat River tributary3 152 -85.89 52.72 16.9 7.3 109.3 92.2 1.0 

Attawapiskat River tributary4 166 -86.18 52.38 17.9 6.1 1004.8 878.3 1.2 

Coomer Creek 168 -86.32 52.71 16.9 7.3 208.7 187.6 1.5 

Gleason Creek 126 -85.85 52.95 19.3 8.1 488.7 443.2 1.2 

Highbank Creek 175 -86.17 52.40 22.6 7.4 42.9 24.6 1.3 

McFaulds Creek 147 -85.92 52.80 20.7 6.6 109.2 92.1 1.0 

Koper Creek1 155 -86.22 52.90 22.6 7.4 213.3 193.0 1.3 

Koper Creek2 160 -86.19 52.80 18.1 7.0 177.7 148.9 1.2 

Muketei River 167 -86.36 52.68 17.0 8.0 295.5 280.1 1.7 

Muketei River tributary1 102 -85.30 53.14 19.6 5.6 54.8 47.1 1.4 

Muketei River tributary2 165 -86.34 52.70 17.6 7.4 6.8 6.5 1.5 

Muketei River tributary3 124 -85.83 53.12 17.9 7.1 1.7 1.6 1.2 

Muketei River tributary4 113 -85.49 53.20 25.5 7.6 48.3 39.0 1.2 

Muketei River tributary5 108 -85.43 53.20 16.8 6.9 11.6 7.4 0.9 

Muketei River tributary6 171 -86.34 52.64 16.8 6.9 239.0 188.8 1.2 
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Table SI- 3: Chemical characteristics of 27 river sites sampled for this study. All water samples were taken at a depth of 

1 m. All water chemistry analysis was performed the Ontario MOECC. See Table SI-1 for definitions of abbreviations. 

Waterbody 
[MeHg] 

(ng/L UF) 

[THg] 

(ng/L UF) 

DOC 

(mg/L) 

Colour 

(TCU) 
Fe (mg/L) 

NO2+NO3 

(µg/L) 

NH3+NH4 

(µg/L) 
TN (mg/L) 

River mouth ND ND ND ND ND ND ND ND 

Naysh rapids ND ND ND ND ND ND ND ND 

Victor ND ND 20.1 82 0.26 2.00 62.0 0.47 

Streatfeild con. 0.024 5.85 21.8 220 0.59 26.00 0.3 0.39 

Missisa con. ND ND 13.5 85 ND 2.00 20.0 0.03 

Muketei con. ND ND ND 76 ND 6.00 18.0 0.41 

Canada Lake ND ND ND ND ND ND ND ND 

Pym island ND ND 11.9 63 0.10 2.00 20.0 0.37 

Windsor Lake ND ND ND ND ND ND ND ND 

Beteau Lake ND ND 13.7 94 ND 24.00 10.0 0.47 

A. River trib 1 0.040 5.97 23.8 246 0.72 28.00 8.0 0.43 

A. River trib 2 0.022 3.99 22.6 202 0.69 30.00 0.5 0.35 

A. River trib 3 0.030 6.62 29.1 282 0.90 30.00 0.1 0.41 

A. River trib 4 0.040 2.14 22.6 185 0.50 20.00 0.8 0.43 

Coomer Creek 0.038 2.99 19.7 156 0.43 12.00 0.4 0.37 

Gleason Creek 0.037 3.55 24.2 183 0.61 24.00 12.0 0.41 

Highbank Creek 0.041 2.73 20.3 151 0.50 22.00 0.0 0.43 

McFaulds Creek 0.036 1.82 23.1 186 0.47 22.00 1.2 0.37 

Koper Creek1 0.015 7.35 21.6 191 0.59 24.00 1.1 0.40 

Koper Creek2 0.029 5.16 21.6 185 0.51 24.00 1.2 0.41 

Muketei River 0.041 2.83 21.3 154 0.46 16.00 0.9 0.34 

Muketei trib 1 0.089 2.26 25.4 241 0.51 30.00 0.4 0.39 

Muketei trib 2 0.018 1.54 14.4 74 0.21 6.00 0.5 0.29 

Muketei trib 3 0.039 4.11 22.5 182 0.54 24.00 18.0 0.50 

Muketei trib 4 0.056 3.69 23.8 226 0.62 30.00 8.0 0.47 

Muketei trib 5 0.044 3.22 18.3 149 0.28 16.00 14.0 0.36 

Muketei trib 6 0.040 4.69 21.6 202 0.73 24.00 1.7 0.37 
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Table SI-3-continued:  Chemical characteristics of 27 river sites sampled for this study. See Table SI-1 for definitions of 

abbreviations. 

Waterbody 
TP 

(mg/L) 

Sulfate 

(mg/L) 
pH 

Alk. 

(mg/L) 

Al 

(µg/L) 

Cond. 

(uS/cm) 

Ca 

(mg/L) 

Cl 

(µg/L) 

Cu 

(µg/L) 

DIC 

(me/L) 

River mouth ND ND ND ND ND ND ND ND ND ND 

Naysh rapids ND ND ND ND ND ND ND ND ND ND 

Victor 0.014 9.450 7.87 60.4 53.1 227.0 21.2 21700.0 1.30 14.30 

Streatfeild con. 0.021 0.170 7.19 30.3 112.0 60.8 11.4 170.0 0.30 6.72 

Missisa con. ND 0.150 7.80 55.3 ND 108.0 14.6 440.0 ND ND 

Muketei con. ND ND 7.78 43.4 ND 91.2 14.4 ND ND ND 

Canada Lake ND ND ND ND ND ND ND ND ND ND 

Pym island 0.010 0.700 7.76 44.7 33.7 91.6 15.0 250.0 0.40 10.20 

Windsor Lake ND ND ND ND ND ND ND ND ND ND 

Beteau Lake 0.014 0.450 7.71 36.7 ND 80.4 12.4 140.0 ND 7.66 

A. River trib 1 0.025 0.040 7.48 36.1 128.0 74.7 14.1 130.0 0.40 7.66 

A. River trib 2 0.010 0.110 7.09 19.2 33.6 41.0 8.2 23.0 0.09 5.36 

A. River trib 3 0.022 0.160 6.98 23.5 163.0 50.3 10.3 120.0 0.30 5.58 

A. River trib 4 0.009 0.150 7.17 30.3 49.7 61.7 11.6 28.0 0.08 6.66 

Coomer Creek 0.013 0.030 7.21 29.3 82.6 60.3 10.6 16.0 0.09 6.88 

Gleason Creek 0.016 0.060 7.34 33.6 60.9 67.8 11.8 180.0 0.01 7.40 

Highbank Creek 0.022 0.150 7.43 34.7 77.8 71.8 12.3 150.0 0.30 7.84 

McFaulds Creek 0.011 0.020 6.92 20.2 40.5 43.5 8.3 35.0 0.04 5.26 

Koper Creek1 0.018 0.080 7.14 29.7 98.4 61.8 11.0 150.0 0.05 7.20 

Koper Creek2 0.018 0.140 7.00 28.3 61.0 59.2 10.6 140.0 0.04 7.70 

Muketei River 0.008 0.160 7.38 40.0 34.8 80.8 14.2 260.0 0.07 9.40 

Muketei trib 1 0.014 0.180 6.81 17.2 75.3 39.8 7.6 360.0 0.00 4.86 

Muketei trib 2 0.003 0.160 7.32 48.6 5.3 96.9 16.9 36.0 0.05 12.20 

Muketei trib 3 0.015 0.100 7.23 41.6 54.5 67.3 11.3 450.0 0.10 7.58 

Muketei trib 4 0.020 0.150 7.27 35.3 98.6 75.4 12.5 840.0 0.02 8.20 

Muketei trib 5 0.014 0.400 7.49 27.7 47.4 63.3 9.6 1200.0 0.30 6.00 

Muketei trib 6 0.011 0.070 7.05 27.4 60.5 56.2 10.5 120.0 0.04 7.00 
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Table SI-3-continued: Chemical characteristics of 27 river sites sampled for this study. See Table SI-1 for definitions of 

abbreviations. 

Waterbody 
Mg 

(mg/L) 
Mn (µg/L) K (mg/L) Se (µg/L) Si (mg/L) Na (mg/L) St (µg/L) Ti (µg/L) Zn (µg/L) 

River mouth ND ND ND ND ND ND ND ND ND 

Naysh rapids ND ND ND ND ND ND ND ND ND 

Victor 6.09 12.90 0.68 0.300 1.52 12.90 95.30 2.20 1.50 

Streatfeild con. 1.95 30.90 0.10 0.182 1.08 0.47 20.40 3.70 2.30 

Missisa con. 3.15 ND 0.38 ND 1.64 0.82 ND ND ND 

Muketei con. 2.82 ND 0.40 ND ND 0.69 ND ND ND 

Canada Lake ND ND ND ND ND ND ND ND ND 

Pym island 2.94 8.10 0.45 0.200 1.44 0.61 17.10 1.00 0.30 

Windsor Lake ND ND ND ND ND ND ND ND ND 

Beteau Lake 2.42 ND 0.46 ND 1.26 0.57 ND ND ND 

A. River trib 1 2.17 48.90 0.10 0.184 1.06 0.52 22.60 3.80 2.10 

A. River trib 2 1.06 16.20 0.03 0.066 0.84 0.25 14.00 0.60 2.80 

A. River trib 3 1.41 58.90 0.10 0.134 0.96 0.32 15.80 4.60 3.10 

A. River trib 4 1.78 43.00 0.18 0.151 1.08 0.47 21.30 1.10 1.90 

Coomer Creek 1.75 33.20 0.06 0.130 1.18 0.59 26.70 2.40 1.60 

Gleason Creek 2.06 45.00 0.08 0.182 1.34 0.56 22.50 1.70 1.90 

Highbank Creek 2.20 39.20 0.16 0.071 1.12 0.66 26.80 2.30 1.30 

McFaulds Creek 1.19 15.60 0.05 0.003 0.94 0.41 15.70 0.80 2.70 

Koper Creek1 1.92 59.70 0.09 0.173 1.24 0.63 27.00 3.00 2.20 

Koper Creek2 1.99 50.90 0.12 0.141 1.32 0.61 25.50 1.80 2.50 

Muketei River 2.18 32.60 0.06 0.145 1.44 0.50 23.00 0.80 1.50 

Muketei trib 1 1.07 14.70 0.09 0.129 0.50 0.76 16.30 2.10 1.70 

Muketei trib 2 2.44 22.00 0.04 0.216 1.56 0.43 22.70 0.05 0.90 

Muketei trib 3 1.84 38.50 0.10 0.179 1.18 0.87 19.20 1.50 1.70 

Muketei trib 4 2.13 28.80 0.10 0.111 1.18 1.65 18.60 3.50 1.60 

Muketei trib 5 1.54 12.00 0.14 0.010 0.60 1.95 18.40 1.50 0.90 

Muketei trib 6 1.57 29.00 0.06 0.053 1.30 0.48 21.00 1.70 2.60 
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Table SI- 4: Physical characteristics of 11 Lowland lakes sampled for this study. ^Deep water samples also taken; data 

available upon request. See Table SI-1 for definitions of abbreviations. 

Waterbody 
Elevation 

(m) 

Longitude 

(DD) 

Latitude 

(DD) 

Lake 

Area 

(ha) 

Max 

Depth 

(m) 

Drainage 

Area 

(km2) 

Wetlands 

Area 

(km2) 

Mean 

Slope 

(%) 

Secchi 

Depth 

Surface 

Temp. 

Surface 

D.O. 

Fishtrap 174 -86.41 52.35 2030 1.3 144.3 103.4 1.3 1.0 18.0 9.1 

Goods 194 -86.74 52.53 742 3.7 129.3 101.5 1.5 1.6 17.6 8.7 

Highbank 178 -86.18 52.32 1450 1.8 84.7 57.5 1.4 1.1 18.2 8.2 

Kapiskau 157 -85.30 52.18 180 1.6 675.0 566.0 1.3 0.9 17.5 8.2 

Kitchie 178 -86.52 52.43 2300 ND 683.1 584.4 1.4 ND ND ND 

Koper  170 -86.25 52.72 44 3.8 ND ND ND 1.5 ND ND 

McFaulds 157 -86.07 52.77 957.5 3.2 33.6 22.6 0.9 ND ND ND 

Missisa 168 -85.20 52.31 19212 7.0 576.1 292.2 0.9 0.5 16.5 9.7 

Napken 158 -85.33 51.88 1570 3.4 580.2 463.2 1.5 1.0 18.2 8.4 

Quantz^ 169 -85.38 51.16 727 10.4 79.3 49.1 1.7 1.2 18.6 8.8 

Streatfeild 180 -85.90 52.14 2090 2.1 179.9 141.0 1.1 0.5 17.9 8.8 

Wabimeig 151 -85.59 51.50 5062 1.9 592.9 479.3 1.3 0.6 18.1 9.3 
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Table SI- 5: Chemical characteristics of 11 Lowland lakes sampled for this study. All water samples were taken at a 

depth of 1 m. All water chemistry analysis was performed the Ontario MOECC. ^Deep water samples also taken; data 

available upon request. See Table SI-1 for definitions of abbreviations. 

Waterbody 
[MeHg] 

(ng/L UF) 

[THg] 

(ng/L 

UF) 

DOC 

(mg/L) 

Colour 

(TCU) 

Fe 

(mg/L) 

NO2+NO3 

(µg/L) 

NH3+NH4 

(µg/L) 

TN 

(mg/L) 

Fishtrap 0.017 1.95 13.6 53 0.14 4.00 1.9 0.45 

Goods 0.032 2.73 17.7 105 0.17 4.00 0.3 0.37 

Highbank 0.001 1.60 14.8 74 0.20 1.10 10.0 0.49 

Kapiskau 0.024 2.51 21.1 168 0.61 14.00 16.0 0.41 

Kitchie ND ND 18.5 81 0.12 2.00 28.0 0.49 

Koper  ND ND 10.9 84 0.06 2.00 24.0 0.38 

McFaulds ND ND ND ND ND ND ND ND 

Missisa 0.000 2.24 10.5 38 0.23 6.00 0.2 0.56 

Napken 0.035 2.36 18.4 127 0.23 10.00 18.0 0.39 

Quantz^ 0.028 1.81 16.4 114 0.15 10.00 32.0 0.35 

Streatfeild 0.000 2.94 13.5 87 0.35 0.30 0.7 0.35 

Wabimeig 0.001 2.81 17.2 97 0.20 8.00 0.9 0.43 



 

 152 

Table SI-5 –continued: Chemical characteristics of 11 Lowland lakes sampled for this study. See Table SI-1 for 

definitions of abbreviations. 

Waterbody 
TP 

(mg/L) 

Sulfate 

(mg/L) 
pH 

Alk. 

(mg/L) 

Al 

(µg/L) 

Cond. 

(uS/cm) 

Ca 

(mg/L) 

Cl 

(µg/L) 

Cu 

(µg/L) 

DIC 

(me/L) 

Fishtrap 0.020 0.130 7.57 26.7 29.2 56.7 8.6 260.0 0.03 5.84 

Goods 0.010 0.160 7.43 22.8 32.1 48.0 8.6 110.0 0.01 4.60 

Highbank 0.023 0.060 7.62 31.2 33.0 66.9 10.3 260.0 0.30 7.02 

Kapiskau 0.014 0.040 7.57 43.5 36.4 88.6 15.4 390.0 0.03 10.30 

Kitchie 0.016 0.050 7.50 25.9 30.8 57.0 9.8 150.0 0.60 6.14 

Koper  0.012 0.050 6.71 6.0 29.0 17.8 2.7 190.0 2.70 1.46 

McFaulds ND ND ND ND ND ND ND ND ND ND 

Missisa 0.042 0.040 7.97 57.2 52.7 113.0 18.1 260.0 20.20 14.10 

Napken 0.017 0.050 7.61 33.8 31.4 69.9 12.0 150.0 0.30 7.82 

Quantz^ 0.020 0.040 7.59 30.6 25.4 63.2 10.2 130.0 0.30 6.96 

Streatfeild 0.034 0.030 7.41 21.8 148.0 46.5 7.6 180.0 0.50 4.64 

Wabimeig 0.019 0.060 7.44 19.6 68.8 43.2 7.5 190.0 0.40 4.18 
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Table SI-5 –continued: Chemical characteristics of 11 Lowland lakes sampled for this study. See Table SI-1 for 

definitions of abbreviations. 

Waterbody 
Mg 

(mg/L) 

Mn 

(µg/L) 
K (mg/L) Se (µg/L) Si (mg/L) 

Na 

(mg/L) 
St (µg/L) Ti (µg/L) Zn (µg/L) 

Fishtrap 1.55 22.90 0.17 0.208 0.40 0.54 15.40 1.10 1.20 

Goods 1.27 24.30 0.11 0.106 0.96 0.32 13.90 1.00 1.40 

Highbank 2.08 20.90 0.21 0.241 0.70 0.69 25.70 1.40 1.60 

Kapiskau 2.32 29.30 0.12 0.120 1.36 0.82 29.00 1.40 1.30 

Kitchie 1.65 33.50 0.14 0.100 0.40 0.47 16.80 0.70 1.20 

Koper  0.43 5.50 0.15 0.100 0.06 0.35 6.50 0.20 1.50 

McFaulds ND ND ND ND ND ND ND ND ND 

Missisa 2.95 35.80 0.19 0.064 0.40 0.78 18.90 2.90 1.30 

Napken 1.99 14.90 0.13 0.023 0.86 0.74 19.70 1.00 1.30 

Quantz^ 2.01 7.40 0.19 0.150 0.36 0.49 17.00 0.70 1.60 

Streatfeild 1.33 24.10 0.16 0.170 0.36 0.48 16.10 8.20 2.80 

Wabimeig 1.27 29.00 0.14 0.194 0.12 0.49 11.10 2.70 1.70 
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Table SI- 6: Physical characteristics of 20 Shield lakes sampled for this study. ^Deep water samples also taken; data 

available upon request. See Table SI-1 for definitions of abbreviations. 

Waterbody 
Elevation 

(m) 

Long 

(DD) 

Lat 

(DD) 

Lake 

Area 

(ha) 

Max 

Depth 

(m) 

Drainage 

Area 

(km2) 

Wetlands 

Area 

(km2) 

Slope 

(%) 

Secchi 

Depth 

Surface 

Temp. 

Surface 

D.O. 

Attawapiskat^ 242 -87.90 52.30 28100 23.5 21361.1 6834.9 3.0 1.9 19.3 8.1 

Badesdawa^ 330 -89.71 51.78 3113 14.6 9054.8 2781.1 3.2 1.5 18.5 8.1 

Carpenter^ 381 -90.76 51.19 779 19.0 39.9 8.8 3.5 2.4 19.0 8.2 

Kabania 244 -88.41 52.19 7681.4 22.0 18827.8 6467.1 3.0 1.6 ND ND 

Kapkichi^ 361 -90.40 51.46 1277 13.1 826.9 199.9 3.6 2.2 19.5 8.0 

Lang^ 384 -91.51 51.58 1001 21.1 189.7 50.4 3.1 2.7 18.4 8.2 

Margaree 341 -89.52 51.79 199 3.0 5.3 0.3 2.9 3.0 18.6 8.7 

Menako^ 351 -90.21 52.08 7161 17.7 452.5 173.9 2.8 1.9 18.0 8.5 

Monmonawson 345 -89.48 51.71 676 3.0 87.4 29.3 3.1 1.6 18.9 9.0 

Ozhiski^ 272 -88.57 51.95 6362 19.0 11723.4 3804.9 3.1 1.9 19.9 8.2 

Pickle^ 354 -90.23 51.45 1112 19.2 91.6 19.2 4.0 3.1 18.5 8.5 

Richter 258 -87.88 52.09 480 3.2 119.0 23.4 2.7 2.0 18.7 8.4 

Stark 267 -87.69 51.88 393 3.0 170.3 64.9 2.4 1.8 19.1 8.5 

Tarp 356 -90.11 51.57 1161 3.1 62.6 23.3 2.2 1.0 ND ND 

Totogan 311 -89.20 52.06 2775.9 7.0 351.0 143.5 2.2 2.0 ND ND 

Trading 283 -88.96 51.82 465 4.5 828.6 322.2 3.0 2.4 18.1 8.1 

Unnamed 382 -90.68 51.43 491 1.4 154.1 41.2 3.2 1.4 18.4 8.5 

Wigwascence 297 -89.41 52.45 1525.3 4.0 1960.7 670.4 2.7 1.7 ND ND 

Williams^ 372 -90.78 51.82 4132 13.0 376.7 80.2 3.4 2.6 18.1 8.2 

Wright^ 383 -90.95 51.33 1257 13.0 142.7 25.9 2.8 2.1 18.7 8.3 
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Table SI- 7: Chemical characteristics of 20 Shield lakes sampled for this study. All water samples were taken at a depth 

of 1 m. All water chemistry analysis was performed the Ontario MOECC. ^Deep water samples also taken; data 

available upon request. See Table SI-1 for definitions of abbreviations. 

Waterbody 
[MeHg] 

(ng/L UF) 

[THg] 

(ng/L UF) 

DOC 

(mg/L) 

Colour 

(TCU) 
Fe (mg/L) 

NO2+NO3 

(µg/L) 

NH3+NH4 

(µg/L) 
TN (mg/L) 

Attawapiskat^ 0.023 1.96 13.4 70 0.09 14.00 26.0 0.36 

Badesdawa^ 0.003 2.28 16.0 90 0.14 18.00 16.0 0.40 

Carpenter^ 0.017 1.25 10.7 46 0.07 4.00 8.0 0.31 

Kabania ND ND ND ND ND ND ND ND 

Kapkichi^ 0.024 1.44 12.6 60 0.08 6.00 40.0 0.35 

Lang^ 0.001 1.27 12.9 58 0.04 6.00 14.0 0.36 

Margaree 0.007 0.32 5.4 12 0.03 8.00 22.0 0.30 

Menako^ 0.028 1.53 13.7 65 0.10 6.00 26.0 0.35 

Monmonawson 0.009 1.19 13.0 41 0.10 0.40 22.0 0.50 

Ozhiski^ 0.043 1.95 15.1 83 0.10 16.00 24.0 0.39 

Pickle^ 0.005 0.51 8.4 25 0.05 1.10 12.0 0.28 

Richter 0.002 1.48 13.7 66 0.08 6.00 22.0 0.40 

Stark 0.026 1.46 15.0 75 0.11 1.10 0.9 0.42 

Tarp 0.006 1.90 14.3 69 0.11 6.00 20.0 0.50 

Totogan ND ND ND ND ND ND ND ND 

Trading 0.041 1.59 15.5 83 0.14 16.00 10.0 0.39 

Unnamed 0.025 1.78 16.2 80 0.08 4.00 26.0 0.46 

Wigwascence ND ND ND ND ND ND ND ND 

Williams^ 0.020 1.50 9.7 37 0.06 8.00 22.0 0.32 

Wright^ 0.005 0.83 11.5 44 0.07 4.00 16.0 0.34 
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Table SI-7-continued: Chemical characteristics of 20 Shield lakes sampled for this study. See Table SI-1 for definitions 

of abbreviations. 

Waterbody 
TP 

(mg/L) 

Sulfate 

(mg/L) 
pH 

Alk. 

(mg/L) 

Al 

(µg/L) 

Cond. 

(uS/cm) 

Ca 

(mg/L) 

Cl 

(µg/L) 

Cu 

(µg/L) 

DIC 

(me/L) 

Attawapiskat^ 0.013 0.400 7.72 41.7 30.3 87.4 13.4 120.0 0.30 10.10 

Badesdawa^ 0.011 0.450 7.54 219.0 26.3 70.8 11.6 30.0 0.30 8.12 

Carpenter^ 0.008 0.550 7.64 33.5 8.1 70.8 10.9 120.0 0.07 8.10 

Kabania ND ND ND ND ND ND ND ND ND ND 

Kapkichi^ 0.020 0.550 7.71 195.0 9.0 80.8 13.1 120.0 0.08 9.44 

Lang^ 0.008 0.700 7.51 23.9 15.4 53.3 8.0 110.0 0.30 0.28 

Margaree 0.009 0.110 8.25 105.0 1.6 200.0 31.9 150.0 0.04 26.30 

Menako^ 0.013 0.070 7.41 213.0 11.8 60.0 9.8 47.0 0.09 6.76 

Monmonawson 0.012 0.020 7.54 23.5 19.5 49.5 7.9 29.0 0.04 4.98 

Ozhiski^ 0.013 0.500 7.68 40.3 24.7 82.2 12.3 25.0 0.30 9.26 

Pickle^ 0.010 0.900 7.95 54.9 3.6 114.0 18.2 420.0 0.60 12.60 

Richter 0.013 0.160 7.58 29.5 19.4 62.8 9.6 26.0 0.09 7.14 

Stark 0.010 0.070 7.76 40.9 20.1 85.9 13.8 120.0 0.30 9.28 

Tarp 0.023 0.030 7.23 108.0 25.9 34.7 5.4 42.0 0.02 3.48 

Totogan ND ND ND ND ND ND ND ND ND ND 

Trading 0.008 0.090 7.82 50.3 16.9 101.0 16.0 19.0 0.07 11.80 

Unnamed 0.011 0.130 7.62 44.4 31.0 63.8 10.5 25.0 0.05 6.46 

Wigwascence ND ND ND ND ND ND ND ND ND ND 

Williams^ 0.013 0.650 7.59 32.9 10.0 66.5 9.9 150.0 0.90 7.70 

Wright^ 0.012 0.750 7.62 30.6 8.6 65.7 9.8 150.0 0.02 7.26 
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Table SI-7-continued: Chemical characteristics of 20 Shield lakes sampled for this study. See Table SI-1 for definitions 

of abbreviations. 

Waterbody 
Mg 

(mg/L) 

Mn 

(µg/L) 
K (mg/L) Se (µg/L) Si (mg/L) 

Na 

(mg/L) 
St (µg/L) Ti (µg/L) Zn (µg/L) 

Attawapiskat^ 2.67 12.80 0.39 0.197 1.36 0.51 15.80 0.80 0.10 

Badesdawa^ 2.31 20.50 0.25 0.056 1.32 0.40 12.40 0.80 1.50 

Carpenter^ 1.80 21.80 0.42 0.051 1.16 0.43 11.40 0.11 0.80 

Kabania ND ND ND ND ND ND ND ND ND 

Kapkichi^ 2.34 22.90 0.35 0.026 1.24 0.46 13.30 0.04 1.10 

Lang^ 1.67 9.60 0.36 0.197 1.20 0.48 10.70 0.03 0.80 

Margaree 6.37 23.50 0.86 0.207 2.66 0.89 28.80 0.08 1.00 

Menako^ 1.84 15.90 0.27 0.244 1.14 0.34 10.00 0.15 1.20 

Monmonawson 1.69 20.10 0.17 0.095 0.64 0.29 2.10 0.09 0.90 

Ozhiski^ 2.52 18.20 0.28 0.027 1.36 0.44 15.10 0.70 0.70 

Pickle^ 3.02 17.80 0.52 0.209 1.48 0.66 18.40 0.11 0.20 

Richter 2.02 12.80 0.39 0.115 0.28 0.34 11.10 0.13 0.10 

Stark 2.71 11.90 0.19 0.087 1.26 0.37 16.10 0.02 1.00 

Tarp 1.19 24.10 0.15 0.072 0.46 0.24 6.90 0.24 1.00 

Totogan ND ND ND ND ND ND ND ND ND 

Trading 3.42 18.30 0.20 0.134 1.68 0.41 16.50 0.06 1.30 

Unnamed 1.99 13.60 0.24 0.096 0.96 0.36 12.10 0.12 1.30 

Wigwascence ND ND ND ND ND ND ND ND ND 

Williams^ 1.97 15.70 0.54 0.136 0.68 0.38 11.90 0.04 0.80 

Wright^ 1.82 23.60 0.32 0.171 1.16 0.41 11.30 0.19 1.00 
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Additional details on the Attawapiskat Drainage Basin (ADB): To date, the ADB has 

experienced relatively minimal anthropogenic disturbance. It is sparsely populated (total 

resident population ~ 2500 people) with only one First Nations community (Neskantaga) 

and one municipality (Pickle Lake) on the shield, and one First Nations community on 

the lowlands near James Bay (Attawapiskat). There is no commercial forest harvesting in 

the ADB, no water regulation structures along the entire drainage basin. There is only one 

all-season road, crossing the middle of the shield portion. The south-central shield region 

near Pickle Lake was once an active gold mining area (1928-1995; peaked pre-1970), but 

the only current mining activity in the ADB is the DeBeers Victor diamond mine in the 

lowlands, 100 km west of the James Bay coast. Study lakes were selected, in part, based 

on availability of historic aquatic survey information; most lakes contained both walleye 

and northern pike as apex predators, but a few unexpectedly contained only northern 

pike. 

 

Aging of fish: Ages of large-bodied fishes were determined by counting growth annuli 

on bony structures. Whitefish otoliths were mounted in epoxy, and transverse thin 

sections were cut through the nucleus, mounted on glass slides, polished with fine-grit 

sandpaper, and viewed under a microscope with reflected light. Sucker fin rays were also 

mounted in epoxy, and thin tranverse sections were cut from the proximal end, and 

mounted, polished and read as for whitefish otoliths. Walleye otoliths were prepared by 

the crack-and-burn technique, and burned cross-sections were viewed under a dissecting 

scope using reflected light. Pike cleithra were cleaned of all flesh and dried, then 

examined whole under a dissecting scope using reflected light. 

 

Additional water sampling: In lakes sampled in 2015 with maximum depths greater 

than 4 m (n = 11), water samples were also taken at 1 m above bottom near the deepest 

point in the lake using a Van Dorn water sampler, and analyzed for Hg and chemistry. 

These data are available on request. Further AIC modeling was performed with these 

samples (see below). 

 

Baseline corrections of isotopes: 

Baseline-corrections were done within-site by subtracting δ13C or δ15N values measured 

in clams from a given lake or river site from that of the fish (n = 21 sites with baseline 

clam data). In an additional eight sites where clams were not found, but stable isotope 

data were available for other invertebrate taxa, we first estimated clam δ13C and δ15N 

based on values from these other invertebrates (from amphipods in seven lakes, and from 

crayfish in one lake) using the following linear relationships developed across ADB sites 

where both taxa were present: 

(1) Clam δ13C = -10.394943 + 0.788606 x Amphipod δ13C, (n = 15 sites) 

(2) Clam δ13C = -10.002771 + 0.808212 x Crayfish δ13C, (n = 11 sites) 

(3) Clam δ15N = 1.790228 + 0.850963 x Amphipod δ15N, (n = 15 sites) 

(4) Clam δ15N = -1.750317 + 0.934888 x Crayfish δ15N, (n = 11 sites) 

 

Converting [THg] between analytical methods:  Conversion of wet-weight [THg] 

determinations ([THg]w, measured via CVF-AAS) to dry-weight [THg] values ([THg]D, 

as measured via TDA-AAS) was carried out with the following species-specific linear 
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equations generated from fish samples from across northern Ontario that were analyzed 

with both methods (T.A. Johnston, unpubl. data, Ontario Ministry of Natural Resources 

and Forestry): 

(1) Lake Whitefish (n = 104): 

[THg]D = -0.017641 + (4.119734 x [THg]W) 

(2) Northern Pike (n = 189): 

[THg]D = -0.071315 + (4.4371164 x [THg]W) 

(3) White sucker (n = 302): 

 [THg]D = -0.020080 + (4.689174 x [THg]W) 

(4) Walleye (n = 863): 

[THg]D = -0.378613 + (4.970530 x [THg]W) 

 

Table SI- 8: Mean ± SD whole body [MeHg] (ppm dry; n = number of composite 

samples) of various invertebrate taxa from all sites sampled in this study. 

^Zooplankton were not collected on river sites 
Site Region Amphipods Mayflies Caddisflies Zooplankton^ 

Beteau Lake River 0.029±0.000 (1) 0.024±0.000 (1) 0.076±0.000 (1) ND 

Missisa con. River ND 0.024±0.000 (1) ND ND 

Muketei con. River ND 0.052±0.000 (1) ND ND 

Naysh 

Rapids 

River 

ND 0.063±0.000 (1) ND ND 

Streatfeild 

con. 

River 

ND 0.049±0.012 (2) ND ND 

Victor River ND 0.051±0.037 (2) ND ND 
Fishtrap Lowland 0.021±0.004 (3) ND 0.024±0.022 (3) 0.021±0.001 (1) 

Goods Lowland 0.010±0.004 (2) 0.023±0.018 (2) 0.047±0.001 (1) 0.029±0.006 (4) 

Highbank Lowland 0.006±0.005 (3) 0.007±0.009 (2) 0.026±0.011 (2) 0.018±0.003 (3) 

Kapiskau Lowland 0.024±0.016 (4) 0.024±0.011 (5) 0.022±0.007 (2) 0.004±0.001 (2) 

Napken Lowland 0.052±0.045 (3) ND 0.030±0.020 (2) 0.005±0.001 (3) 

Quantz Lowland 0.041±0.001 (1) 0.028±0.009 (3) 0.022±0.006 (3) 0.005±0.001 (1) 

Carpenter Shield 0.030±0.001 (1) 0.024±0.006 (2) 0.017±0.008 (2) 0.030±0.008 (3) 

Kapkichi Shield 0.053±0.016 (3) 0.025±0.010 (3) 0.019±0.001 (1) 0.032±0.001 (1) 

Lang Shield 0.013±0.001 (1) ND ND 0.030±0.002 (4) 

Menako Shield 0.022±0.001 (2) 0.023±0.001 (1) 0.049±0.007 (3) ND 

Ozhiski Shield ND 0.028±0.001 (1) 0.018±0.005 (4) 0.030±0.002 (3) 

Pickle Shield 0.029±0.001 (2) ND ND ND 

Richter Shield ND ND 0.022±0.006 (2) 0.050±0.001 (3) 

Tarp Shield 0.018±0.006 (2) ND 0.033±0.001 (1) 0.016±0.001 (2) 

Trading Shield ND 0.013±0.001 (1) 0.069±0.001 (1) ND 

Williams Shield 0.032±0.001 (1) 0.107±0.001 (1) ND 0.018±0.008 (3) 
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Table SI- 9: Mean ± SD predicted muscle [THg] at 500 g (ppm dry; n = number of 

individual fish) for large-bodied fish species sampled in this study. 
Site Region Year of 

collection 
Walleye Northern Pike White Sucker Lake whitefish 

Beteau Lake River 2014 1.09±0.17 (21) 0.86±0.26 (19) 0.18±0.07 (8) 0.69±0.02 (3) 
Canada Lake River 2016 1.67±0.18 (28) ND ND ND 

Missisa con. River 2011, 2013 1.63±0.22 (33) 0.73±0.12 (21) 0.44±0.02 (15) ND 

Muketei con. River 2013 1.45±0.25 (24) 0.67±0.20 (11) 0.43±0.06 (7) ND 

Pym Island River 2013 1.11±0.25 (20) 0.59±0.12 (21) 0.29±0.08 (10) 1.32±0.06 (5) 

River mouth River 
2009, 

2013-2015 
2.11±0.28 (11) 1.04±0.12 (24) ND 

0.66±0.03 (51) 

Streatfeild 

con. 
River 

2013 
1.56±0.17 (20) 0.60±0.19 (8) 0.35±0.04 (4) 

ND 

Windsor Lake River 2016 1.80±0.16 (28) 0.87±0.10 (24) 0.56±0.04 (16) 0.51±0.05 (14) 
Victor River 2015 1.49±0.17 (21) 0.93±0.14 (23) 0.23±0.05 (17) 0.52±0.05 (13) 

Fishtrap Lowland 2013 0.66±0.10 (39) 0.71±0.14 (24) 0.21±0.03 (21) 0.20±0.03 (11) 

Goods Lowland 2014 1.58±0.13 (22) 0.73±0.09 (19) 0.15±0.05 (19) 0.39±0.02 (14) 

Highbank Lowland 2014 0.41±0.11 (22) 0.68±0.16 (21) 0.11±0.03 (19) 0.12±0.01 (21) 

Kapiskau Lowland 2015 0.94±0.13 (18) 0.77±0.06 (16) 0.32±0.04 (17) ND 

Kitchie Lowland 2013 ND 0.33±0.09 (16) 0.14±0.02 (19) ND 

Koper Lowland 2013 ND 0.88±0.07 (10) ND ND 

McFaulds Lowland 2012 ND 0.32±0.07 (20) 0.13±0.07 (13) ND 

Missisa Lowland 2014 1.63±0.26 (21) 0.69±0.07 (22) 0.16±0.03 (19) 0.29±0.03 (12) 

Napken Lowland 2015 1.87±0.13 (20) 1.09±0.27 (11) 0.27±0.04 (14) ND 

Quantz Lowland 2011, 2015 1.61±0.16 (21) 0.62±0.13 (20) 0.25±0.04 (10) ND 

Streatfeild Lowland 2014, 2015 0.93±0.09 (22) 0.52±0.06 (20) 0.13±0.04 (22) ND 

Wabimeig Lowland 2015 1.56±0.09 (20) 0.85±0.11 (13) 0.23±0.02 (18) ND 

Attawapiskat Shield 2014 1.29±0.14 (23) 0.70±0.32 (16) 0.29±0.03 (26) 0.25±0.02 (17) 

Badesdawa Shield 2009 2.19±0.22 (15) 1.46±0.14 (15) 0.33±0.11 (10) 0.13±0.04 (7) 

Carpenter Shield 2014 1.49±0.14 (21) 0.76±0.16 (11) 0.25±0.06 (14) 0.85±0.04 (15) 

Kabania Shield 2015 2.42±0.52 (5) ND ND ND 

Kapkichi Shield 2014 1.35±0.15 (23) 0.88±0.13 (13) 0.42±0.05 (12) 0.44±0.02 (21) 

Lang Shield 2012, 2015 1.90±0.26 (19) 1.16±0.15 (22) 0.32±0.06 (19) 0.27±0.05 (10) 

Menako Shield 2012 1.22±0.20 (20) 0.34±0.25 (20) 0.29±0.05 (19) 0.19±0.01 (15) 

Monmon. Shield 2015 ND 0.38±0.08 (20) 0.13±0.01 (20) ND 

Ozhiski Shield 2014 1.92±0.14 (22) 1.32±0.23 (21) 0.28±0.03 (14) 0.48±0.07 (9) 

Pickle Shield 2009 1.04±0.13 (10) 0.62±0.13 (15) 0.23±0.04 (9) 0.40±0.06 (15) 

Richter Shield 2014 1.42±0.14 (21) 0.54±0.16 (20) 0.27±0.03 (20) 0.13±0.02 (10) 

Tarp Shield 2015 0.33±0.11 (20) 0.52±0.07 (16) 0.16±0.01 (4) ND 

Totogan Shield 2012 0.76±0.08 (20) 0.58±0.17 (10) ND ND 

Trading Shield 2015 2.24±0.19 (21) 1.54±0.15 (16) 0.35±0.11 (11) ND 

Wigwascence Shield 2012 0.93±0.12 (19) 0.42±0.12 (20) 0.30±0.04 (20) ND 

Williams Shield 2015 1.00±0.12 (20) 0.82±0.13 (20) 0.09±0.04 (19) ND 

Wright Shield 2012 1.23±0.14 (20) 0.46±0.14 (20) 0.19±0.03 (19) 0.21±0.02 (20) 
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Table SI- 10: QAQC results for various analytical procedures. Blank concentrations ([ ]), relative percent differences 

(RPD), and percent recovery (%Rec) are presented as mean ± standard deviation (SD), pooled across all sample runs 

for each analysis. THg and MeHg in biota data from this study, as well as the QAQC data presented below, were part 

of larger datasets. Note: DMA = direct mercury analyzer, MDL = method detection limit, CRM = certified reference 

materials, NA = not applicable. Table adapted from Lescord et al. (2018a). 
QA/QC measure [THg] Water [MeHg] Water [THg] Biota [MeHg] Biota 

MDL 
ng/g or 

L 
0.052 0.00063 2.504 0.125 

Daily standards 
n 21 14 ----- 97 

%Rec 101.2±8.6 100.0±7.6 ----- 98.8±9.2 

Method Blanks  
n 14 8 77 95 

ng/g 0.002±0.002 0.009±0.006 0.09±0.08 6.6±35.1 

Initial precision 

replicates (IPRs) 

n 15 8 ----- 76 

%Rec 95.2±4.6 97.3±3.1 ----- 98.5±11.3 

Operating precision 

replicates (OPRs) 

n 22 9 ----- 135 

%Rec 93.8±3.8 100.8±7.7 ----- 99.8±8.3 

Certified reference 

material (CRMs)1 

n ----- ----- 67 50 

%RPD ----- ----- 1.2±4.6 -4.7±10.7 

Digestion duplicates 
n 6 8 ----- 77 

%RPD 3.0±28.3 1.8±8.2 ----- -3.7±29.1 

Analytical duplicates 
n ----- ----- 61 79 

%RPD ----- ----- 0.48±6.6 10.6±23.8 

Sample spikes 
n 17 16 32 ----- 

%Rec 104.4±26.5 116.6±19.8 97.0±4.7 ----- 

Analytical Method: 
 Tekran© 2700 THg 

System, EPA 245.7 

Tekran 2600 MeHg 

System, EPA 1630 

Milestone DMA-

80, EPA 7473 

Tekran 2600 MeHg 

System, EPA 1630 
1DORM-4, NRC 2015 (http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/dorm_4.html), 2Calculated assuming 

a sample volume of 0.025 L, 3Calculated assuming a sample volume of 0.040 L, 4Calculated assuming a sample dry weight of 

0.02g, 5Calculated assuming a sample dry weight of 0.05g.  

 

http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/dorm_4.html
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Table SI- 11: Quality assurance and control results for stable carbon (C) and 

nitrogen (N) isotope analysis. Data are based on a larger data set including samples 

from multiple projects analyzed simultaneously (see Lescord et al. 2018b). 
QA/QC measure δ13C (‰) δ15N (‰) 

Certified reference 

material (CRMs)1,2 

948 953 

<0.01±0.01 0.2±7.5 

Analytical duplicates 
263 263 

<0.01±0.06 <0.01±0.18 

Analytical Method: 

Continuous Flow-Isotope Ratio 

Mass Spectrometry 

(CF-IRMS) 
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Table SI- 12: Mean ± SD C and N stable isotope ratios for foot muscle of clams 

(Unionidae) sampled in this study. 

Site Region n δ13C (‰) δ15N (‰) Comments 

Canada Lake River 0 ND ND   

Missisa con. River 18 -31.83±0.12 4.83±0.04   

River Mouth River 0 ND ND   

Muketei con. River 19 -32.84±0.07 4.16±0.07   

Pym Island River 10 -32.32±0.10 4.72±0.08   

Streatfeild con. River -- -32.75 4.25 Estimated from crayfish 

Beteau Lake River 3 -32.66±0.32 5.19±0.22   

Windsor Lake River 0 ND ND   

Victor River 30 -32.27±0.04 4.46±0.06   

Fishtrap Lowland 10 -29.50±0.12 2.72±0.13  

Goods Lowland 10 -31.12±0.06 4.09±0.09  

Highbank Lowland -- -30.7 3.69 Estimated from amphipod 

Kapiskau Lowland 10 -33.80±0.08 5.52±0.08  

Kitchie Lowland 0 ND ND  

Koper Lowland 0 ND ND  

McFaulds Lowland 0 ND ND  

Missisa Lowland -- -29.64 3.14 Estimated from amphipod 

Napken Lowland 12 -32.38±0.12 4.30±0.06  

Quantz Lowland 30 -32.29±0.14 3.55±0.06  

Streatfeild Lowland -- -34.31 3.19 Estimated from amphipod 

Wabimeig Lowland 0 ND ND  

Attawapiskat Shield -- -33.19 4.29 Estimated from amphipod 

Badesdawa Shield 0 ND ND  

Carpenter Shield 10 -31.51±0.08 4.97±0.14  

Kabania Shield 0 ND ND  

Kapkichi Shield 10 -31.73±0.06 4.77±0.10  

Lang Shield 20 -31.71±0.08 3.47±0.09  

Menako Shield -- -32.56 4.1 Estimated from amphipod 

Monmonawson Shield 5 -23.32±0.24 2.25±0.05  

Ozhiski Shield 1 -32.66±0.00 5.90±0.00  

Pickle Shield -- -30.54 4.77 Estimated from amphipod 

Richter Shield 19 -30.49±0.04 5.34±0.05  

Tarp Shield -- -27.49 4.25 Estimated from amphipod 

Totogan Shield 10 -32.03±0.06 3.86±0.05  

Trading Shield 10 -33.41±0.07 4.76±0.08  

Wigwascence Shield 3 -33.13±0.20 5.40±0.18  

Williams Shield 4 -29.03±0.21 4.52±0.08  

Wright Shield 10 -30.42±0.05 3.70±0.10  
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Table SI- 13: Mean ± SD whole body δ13C (n = number of composite samples) for 

invertebrate taxa examined in this study. 
Site Region Amphipod Caddisflies Mayflies Zooplankton 

Beteau Lake River -27.92 (1) -28.58(1) -31.42(1) --- 
Canada Lake River --- --- --- --- 
Missisa con. River --- -29.82(1) -30.20±2.59 (2) --- 
Muketei con. River --- -29.40(1) -28.59(1) --- 

Naysh rapids River --- --- --- --- 

Pym island River --- --- --- --- 
River mouth River --- --- --- --- 
Streatfeild 

con. 
River 

--- --- --- --- 
Windsor Lake River -25.19 (1) -22.87 (1) -27.59±0.74 (3) --- 
Victor River --- --- --- --- 

Fishtrap Lowland -27.27±2.71 (3) -25.95±1.86 (3) --- -26.16 (1) 

Goods Lowland -23.98±1.49 (2) -24.14 (1) -24.97±1.85 (2) -31.70±0.16 (4) 

Highbank Lowland -25.75±1.43 (3) -26.32±5.15 (2) -23.80±1.44 (2) -26.78±0.18 (3) 

Kapiskau Lowland -30.31±0.57 (4) -29.39±0.06 (2) -32.38±1.57 (5) -32.84±0.03 (2) 

Kitchie Lowland --- --- --- --- 

Koper Lowland --- --- --- --- 

McFaulds Lowland --- --- --- --- 

Missisa Lowland -24.41 (1) --- -23.89 (1) -23.31±0.49 (4) 

Napken Lowland -28.63±0.35 (3) -28.45±1.82 (2) --- -35.51±0.20 (3) 

Quantz Lowland -29.00 (1) -29.12±0.74 (3) -27.11±1.95 (3) -31.55 (1) 

Streatfeild Lowland --- --- --- --- 

Wabimeig Lowland --- --- --- --- 

Attawapiskat Shield -28.90 (1) -28.86±0.24 (3) -30.63±1.91 (4) --- 

Badesdawa Shield --- --- --- --- 

Carpenter Shield -26.73 (1) -25.11±2.26 (2) -26.35±1.51 (2) -31.21±0.14 (3) 

Kabania Shield --- --- --- --- 

Kapkichi Shield -27.24±0.22 (3) -27.20 (1) -26.71±2.01 (3) -32.86 (1) 

Lang Shield -23.70 (1) --- --- -31.76±3.67 (4) 

Margaree Shield --- --- --- --- 

Menako Shield -28.11±0.18 (2) -31.16±1.32 (3) -29.29 (1) -33.38±0.06 (3) 

Monmon. Shield --- --- --- --- 

Ozhiski Shield --- -28.32±0.32 (4) -29.42 (1) -33.03±0.52 (3) 

Pickle Shield -26.34±2.65 (2) --- --- -30.82±0.11 (3) 

Richter Shield --- -27.23±0.64 (2) --- -31.48±0.26 (3) 

Tarp Shield -21.68±3.14 (2) -24.35 (1) --- -25.83±0.64 (2) 

Totogan Shield --- --- --- --- 

Trading Shield --- -37.43 (1) -29.69 (1) -34.20±0.22 (3) 

Wigwascence Shield --- --- --- --- 

Williams Shield -24.35 (1) --- -21.57 (1) -32.49±0.36 (3) 

Wright Shield -27.92 (1) -28.58 (1) -31.42 (1) -26.16 (1) 
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Table SI- 14: Mean ± SD whole body δ15N (n = number of composite samples) for 

invertebrate taxa examined in this study. 
Site Region Amphipod Caddisflies Mayflies Zooplankton 

Beteau Lake River 3.51 (1) 3.98 (1) 3.37 (1) --- 
Canada Lake River --- --- --- --- 
Missisa con. River --- 4.66 (1) 3.27±0.18 (2) --- 
Muketei con. River --- 2.97 (1) 4.19 (1) --- 
Pym Island River --- --- --- --- 
River mouth River --- --- --- --- 
Streatfeild con. River --- --- --- --- 
Windsor Lake River --- --- 3.84±0.09 (2) --- 

Victor River 
3.54 (1) 1.85 (1) 3.47±0.34 (3) --- 

Fishtrap Lowland --- --- --- 2.51 (1) 

Goods Lowland 0.89±0.81 (3) 1.47±1.33 (3)  4.44±0.13 (4) 

Highbank Lowland 1.83±0.32 (2) 3.13 (1) 2.11±0.21 (2) 1.95±0.00 (3) 

Kapiskau Lowland 2.23±0.66 (3) 2.50±0.57 (2) 2.32±0.25 (2) 4.78±0.16 (2) 

Kitchie Lowland 4.18±0.57 (4) 4.44±0.38 (2) 3.75±0.83 (5) --- 

Koper Lowland --- --- --- --- 

McFaulds Lowland --- --- --- --- 

Missisa Lowland --- --- --- 1.59±0.20 (4) 

Napken Lowland 1.59 (1) --- 1.98 (1) 3.64±0.11 (3) 

Quantz Lowland 3.57±1.19 (3) 3.71±1.01 (2) --- 3.24 (1) 

Streatfeild Lowland 3.61 (1) 3.43±0.54 (3) 2.87±0.22 (3) --- 

Wabimeig Lowland --- --- --- --- 

Attawapiskat Shield --- --- --- --- 

Badesdawa Shield 2.94 (1) 3.27±0.73 (3) 3.27±0.46 (4) --- 

Carpenter Shield --- --- --- 5.45±0.28 (3) 

Kabania Shield 3.16 (1) 3.70±0.36 (2) 2.85±0.56 (2) --- 

Kapkichi Shield --- --- --- 5.35 (1) 

Lang Shield 4.33±0.38 (3) 2.93 (1) 3.46±0.34 (3) 5.70±0.70 (4) 

Menako Shield 1.86 (1) --- --- --- 

Monmon. Shield --- --- --- 4.72±0.01 (3) 

Ozhiski Shield 2.72±0.33 (2) 4.21±0.39 (3) 2.80 (1) --- 

Pickle Shield --- --- --- 7.18±0.11 (3) 

Richter Shield --- 4.01±1.93 (4) 4.34 (1) 4.73±0.08 (3) 

Tarp Shield 3.31±0.85 (2)  --- 3.67±0.09 (3) 

Totogan Shield --- 4.55±1.10 (2) --- 4.28±0.09 (2) 

Trading Shield 2.89±1.11 (2) 4.95 (1) --- --- 

Wigwascence Shield --- --- --- 5.53±0.25 (3) 

Williams Shield --- 4.06 (1) 3.80 (1) --- 

Wright Shield --- --- --- 4.49±0.41 (3) 
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Table SI- 15: Mean ± SD body condition (residual loge mass; n = number of 

individual fish) of large-bodied fish species examined in this study..  
Site Region Walleye Northern Pike White Sucker Lake Whitefish 

Beteau Lake River 0.05±0.02 (21) 0.08±0.04 (20) 0.07±0.03 (18) 0.04±0.03 (3) 

Canada Lake River -0.02±0.01 (82) --- -0.03±0.02 (16) --- 

Missisa con. River -0.04±0.02 (33) 0.03±0.02 (21) -0.08±0.02 (15) --- 

Muketei con. River -0.03±0.02 (24) 0.10±0.03 (11) -0.10±0.05 (7) --- 

Naysh rapids River --- --- --- --- 

Pym island River 0.01±0.02 (20) 0.04±0.02 (21) <0.01±0.01 (11) -0.27±0.06 (5) 

River mouth River 0.03±0.03 (11) 0.08±0.03 (24) --- -0.02±0.02 (88) 

Streatfeild 
con. 

River 
<0.01±0.02 (20) 0.14±0.03 (8) -0.07±0.02 (4) --- 

Windsor Lake River -0.01±0.02 (39) 0.08±0.02 (39) -0.02±0.03 (16) -0.11±0.02 (31) 

Victor River -0.02±0.02 (23) -0.01±0.04 (22) -0.04±0.01 (17) -0.12±0.04 (14) 

Fishtrap Lowland 0.01±0.01 (40) -0.05±0.04 (26) -0.02±0.02 (21) -0.07±0.02 (11) 

Goods Lowland 0.02±0.02 (22) 0.01±0.03 (19) 0.06±0.01 (20) 0.05±0.02 (14) 

Highbank Lowland 0.03±0.02 (21) -0.19±0.05 (21) 0.08±0.02 (20) 0.22±0.04 (21) 

Kapiskau Lowland -0.02±0.04 (18) 0.05±0.03 (16) 0.06±0.02 (16) --- 

Kitchie Lowland --- 0.03±0.02 (16) -0.01±0.01 (40) --- 

Koper Lowland --- -0.02±0.02 (10) --- --- 

McFaulds Lowland --- 0.02±0.01 (45) -0.03±0.02 (18) --- 

Missisa Lowland -0.07±0.02 (21) -0.06±0.03 (22) -0.10±0.03 (20) -0.15±0.03 (12) 

Napken Lowland 0.05±0.01 (20) 0.01±0.04 (11) <0.01±0.01 (14) --- 

Quantz Lowland 0.07±0.02 (23) -0.02±0.02 (20) 0.08±0.02 (20) --- 

Streatfeild Lowland -0.05±0.02 (23) -0.08±0.02 (20) 0.03±0.02 (20) --- 

Wabimeig Lowland -0.02±0.02 (51) 0.00±0.03 (13) -0.12±0.05 (18) --- 

Attawapiskat Shield 0.05±0.03 (34) 0.05±0.02 (32) 0.03±0.02 (31) 0.01±0.05 (17) 

Badesdawa Shield 0.04±0.02 (21) -0.10±0.03 (17) 0.07±0.02 (16) 0.11±0.02 (7) 

Carpenter Shield -0.03±0.02 (21) -0.08±0.04 (11) -0.02±0.01 (14) 0.09±0.03 (16) 

Kabania Shield 0.07±0.05 (6) --- --- --- 

Kapkichi Shield 0.02±0.02 (23) -0.07±0.03 (13) -0.05±0.03 (12) 0.03±0.02 (21) 

Lang Shield -0.04±0.00 (14) -0.01±0.02 (29) -0.03±0.01 (58) -0.09±0.04 (10) 

Margaree Shield --- --- --- --- 

Menako Shield <0.01±0.01 (21) 0.01±0.02 (20) -0.04±0.02 (20) 0.03±0.02 (15) 

Monmon. Shield --- -0.01±0.03 (20) -0.05±0.02 (21) --- 

Ozhiski Shield -0.02±0.03 (23) <0.01±0.02 (20) 0.06±0.02 (15) 0.14±0.04 (9) 

Pickle Shield 0.27±0.02 (10) 0.08±0.03 (20) -0.04±0.02 (20) -0.10±0.01 (20) 

Richter Shield -0.02±0.01 (21) -0.07±0.04 (20) 0.03±0.01 (20) 0.09±0.02 (10) 

Tarp Shield 0.04±0.02 (20) -0.09±0.06 (16) 0.10±0.06 (4) --- 

Totogan Shield 0.04±0.00 (12) 0.03±0.02 (46) 0.02±0.01 (92) 0.21±0.03 (11) 

Trading Shield 0.05±0.02 (21) -0.08±0.03 (16) 0.01±0.02 (11) --- 

Wigwascence Shield 0.04±0.01 (20) -0.03±0.02 (20) 0.03±0.02 (20) --- 

Williams Shield 0.02±0.02 (20) -0.03±0.03 (20) -0.02±0.03 (19) --- 

Wright Shield -0.02±0.02 (20) 0.06±0.03 (20) 0.03±0.01 (20) <0.01±0.02 (20) 
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Table SI- 16: Mean ± SD lifetime growth rate at 1000 g (g / year; n = number of 

individual fish) for large-bodied fish species examined in this study. 
Site Region Walleye Northern Pike White Sucker Lake Whitefish 

Beteau Lake River 102.53±4.65 (21) 146.93±10.50 (20) 144.09±8.18 (18) 109.78±11.39 (3) 

Canada Lake River 80.28±2.18 (82) --- 136.23±4.86 (16) --- 

Missisa outlet River 89.02±4.35 (33) 152.35±7.33 (21) 150.97±3.80 (15) --- 

Muketei 

outlet 
River 

85.71±3.78 (24) 215.92±16.37 (11) 199.43±1.83 (7) --- 

Naysh rapids River --- --- --- --- 

Pym island River 98.36±3.62 (20) 179.88±11.77 (21) 128.50±6.34 (11) 89.71±7.35 (5) 

River mouth River 86.87±11.03 (11) 236.73±17.06 (24) --- 134.53±2.82 (88) 

Streatfeild 

outlet 
River 

69.69±3.78 (20) 235.06±24.38 (8) 113.42±6.99 (4) --- 

Windsor Lake River 90.21±3.51 (39) 236.17±13.67 (39) 118.51±3.31 (16) 111.46±4.14 (31) 

Victor River --- --- --- --- 

Fishtrap 

Lowland 89.98±3.49 (40) 127.08±10.10 (26) 176.82±14.39 

(21) 

146.74±9.96 (11) 

Goods Lowland 68.87±2.10 (22) 146.75±7.68 (19) 123.08±7.00 (20) 103.76±3.42 (14) 

Highbank Lowland 125.90±6.79 (21) 163.55±7.95 (21) 165.51±9.86 (20) 218.70±8.45 (21) 

Kapiskau Lowland 91.48±6.01 (18) 161.46±8.33 (16) 118.03±4.66 (16) --- 

Kitchie Lowland --- 161.50±6.50 (16) 0.00±0.00 (40) --- 

Koper Lowland --- 88.73±6.35 (10) --- --- 

McFaulds Lowland --- 258.09±7.16 (45) 63.86±4.28 (18) --- 

Missisa Lowland 47.66±2.68 (21) 175.72±8.07 (22) 88.57±5.51 (20) 121.42±3.44 (12) 

Napken Lowland 49.58±1.87 (20) 199.58±18.30 (11) 115.16±8.11 (14) --- 

Quantz Lowland 74.81±4.30 (23) 219.71±9.45 (20) 134.89±5.53 (20) --- 

Streatfeild Lowland 69.06±2.84 (23) 137.12±6.83 (20) 100.21±6.81 (20) --- 

Wabimeig Lowland 29.25±1.98 (51) 148.50±6.59 (13) 120.76±3.88 (18) --- 

Attawapiskat Shield 89.38±4.11 (34) 154.54±6.62 (32) 119.12±3.40 (31) 91.79±5.83 (17) 

Badesdawa Shield 87.60±4.37 (21) 151.56±6.47 (17) 132.31±7.78 (16) 147.53±9.99 (7) 

Carpenter Shield 85.11±4.49 (21) 211.89±20.37 (11) 106.42±4.48 (14) 144.04±7.55 (16) 

Kabania Shield 73.12±5.08 (6) --- --- --- 

Kapkichi Shield 91.98±3.90 (23) 178.86±11.86 (13) 120.05±9.07 (12) 89.34±3.08 (21) 

Lang Shield 73.78±3.16 (14) 184.78±11.31 (29) 121.43±4.48 (58) 59.23±6.39 (10) 

Margaree Shield --- --- --- --- 

Menako Shield 66.64±3.86 (21) 176.14±9.28 (20) 118.41±6.70 (20) 105.26±7.59 (15) 

Monmon. Shield --- 241.42±15.16 (20) 143.97±2.03 (21) 0.00±0.00 (0) 

Ozhiski Shield 76.68±2.98 (23) 179.06±9.33 (20) 135.29±6.28 (15) 76.65±10.88 (9) 

Pickle Shield 165.09±9.64 (10) 278.88±18.92 (20) 92.17±4.03 (20) 85.51±4.12 (20) 

Richter Shield 68.07±3.27 (21) 178.25±8.33 (20) 124.81±6.54 (20) 144.26±8.63 (10) 

Tarp Shield 38.48±3.50 (20) 220.59±16.78 (16) 269.14±3.73 (4) --- 

Totogan Shield 64.71±1.06 (12) 184.12±6.25 (46) 111.64±2.83 (92) 155.53±7.93 (11) 

Trading 

Shield 77.87±4.87 (21) 201.87±8.79 (16) 117.79±10.37 

(11) 

--- 

Wigwascence Shield 77.26±4.25 (20) 164.28±9.03 (20) 120.71±5.07 (20) --- 

Williams Shield 68.40±3.22 (20) 246.93±10.93 (20) 128.43±4.18 (19) --- 

Wright 

Shield 84.69±4.12 (20) 256.90±18.37 (20) 131.69±6.49 (20) 139.79±10.40 

(20) 
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Table SI- 17: Mean ± SD muscle δ13Ccor at 500 g (n = number of individual fish 

sampled) for large-bodied fish species examined in this study. 
Site Region Walleye Northern Pike White Sucker Lake Whitefish 

Beteau Lake River 4.89±0.41 (10) 5.79±0.24 (10) 4.34±0.25 (10) 8.23±0.32 (3) 
Canada Lake River --- --- --- --- 

Missisa outlet River 3.82±0.45 (10) 3.13±0.25 (10) 2.23±0.39 (10) --- 

Muketei 

outlet 
River 

4.81±0.13 (10) 4.11±0.17 (11) 2.67±0.61 (7) 
--- 

Naysh rapids River --- --- --- --- 

Pym island River 4.81±0.32 (15) 4.51±0.19 (20) 3.45±0.61 (11) 7.72±0.25 (5) 
River mouth River --- --- --- --- 

Streatfeild 

outlet 
River 

4.22±0.15 (10) 4.53±0.24 (8) 4.72±0.62 (4) 
--- 

Windsor Lake River 4.54±0.08 (26) 3.81±0.19 (12) 3.24±0.34 (10) 9.92±0.54 (20) 
Victor River         

Fishtrap Lowland 6.50±0.09 (11) 6.73±0.08 (10) 5.35±0.58 (11) 4.38±0.81 (11) 

Goods Lowland 2.76±0.24 (10) 2.95±0.23 (10) 3.19±0.35 (10) 1.66±0.23 (10) 

Highbank Lowland 5.28±0.19 (10) 5.46±0.10 (10) 4.69±0.26 (10) 5.26±0.17 (10) 

Kapiskau Lowland 3.09±0.09 (10) 3.08±0.10 (10) -0.36±0.43 (10) --- 

Kitchie Lowland --- --- --- --- 

Koper Lowland --- --- --- --- 

McFaulds Lowland --- --- --- --- 

Missisa Lowland 6.99±0.10 (10) 6.40±0.17 (10) 5.96±0.24 (10) 6.00±0.15 (12) 

Napken Lowland 2.80±0.14 (10) 3.06±0.18 (10) 2.08±0.53 (10) --- 

Quantz Lowland 3.18±0.12 (12) 2.99±0.09 (10) 2.29±0.40 (10) --- 

Streatfeild Lowland 6.57±0.07 (13) 5.01±0.30 (10) 5.05±0.13 (10) --- 

Wabimeig Lowland --- --- --- --- 

Attawapiskat Shield 4.00±0.14 (32) 4.77±0.14 (24) 4.81±0.35 (19) 5.38±0.35 (15) 
Badesdawa Shield --- --- --- --- 

Carpenter Shield 3.88±0.21 (11) 4.49±0.11 (11) 2.75±0.31 (10) -0.46±0.69 (9) 
Kabania Shield --- --- --- --- 

Kapkichi Shield 2.59±0.10 (14) 3.40±0.16 (10) 2.90±0.46 (10) 1.59±0.13 (12) 

Lang Shield 4.07±0.18 (9) 5.52±0.11 (12) 5.03±0.44 (10) 4.74±0.64 (10) 
Margaree Shield --- --- --- --- 

Menako Shield 4.73±0.10 (10) 5.85±0.13 (10) 5.49±0.31 (10) 5.54±0.29 (10) 
Monmon. Shield --- --- --- --- 

Ozhiski Shield 3.45±0.18 (13) 3.82±0.19 (10) 4.36±0.40 (10) 3.57±0.59 (9) 

Pickle Shield 2.92±0.19 (10) 1.96±0.26 (10) 4.19±0.56 (10) 1.89±0.36 (10) 

Richter 

Shield 

2.78±0.17 (10) 3.50±0.18 (9) 4.49±0.52 (9) 

-3.69±0.30 

(10) 

Tarp Shield 3.73±0.17 (10) 3.37±0.12 (10) 2.87±0.22 (4) --- 

Totogan Shield 3.38±0.31 (12) 4.39±0.26 (10) --- --- 

Trading Shield 3.50±0.17 (11) 4.02±0.10 (10) 2.26±0.40 (10) --- 

Wigwascence Shield 5.12±0.15 (10) 5.79±0.10 (10) 5.62±0.32 (10) --- 

Williams Shield 3.41±0.23 (10) 2.30±0.36 (10) 2.19±0.48 (10) --- 

Wright Shield 4.76±0.34 (10) 3.37±0.30 (10) 2.90±0.60 (10) 2.33±0.68 (10) 
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Table SI- 18: Mean ± SD muscle δ15Ncor at 500 g (n = number of individual fish 

sampled) for large-bodied fish species examined in this study. 
Site Region Walleye Northern Pike White Sucker Lake Whitefish 

Beteau Lake River 5.24±0.17 (10) 4.87±0.22 (10) 2.65±0.27 (10) 3.23±0.10 (3) 
Canada Lake River --- --- --- --- 

Missisa outlet River 5.52±0.09 (10) 4.80±0.17 (10) 2.82±0.14 (10) --- 

Muketei 

outlet 
River 

6.45±0.07 (10) 5.74±0.09 (11) 2.62±0.16 (7) 
--- 

Naysh rapids River --- --- --- --- 

Pym island River 5.47±0.19 (15) 4.66±0.16 (20) 2.01±0.21 (11) 5.29±0.21 (5) 
River mouth River --- --- --- --- 

Streatfeild 

outlet 
River 

6.20±0.17 (10) 5.02±0.15 (8) 2.71±0.09 (4) 
--- 

Windsor Lake River 6.14±0.08 (26) 5.27±0.04 (12) 2.95±0.12 (10) 5.44±0.15 (20) 
Victor River --- --- --- --- 

Fishtrap Lowland 6.79±0.11 (11) 5.54±0.05 (10) 2.94±0.18 (11) 4.58±0.10 (11) 

Goods Lowland 6.82±0.15 (10) 6.19±0.18 (10) 2.88±0.17 (10) 4.12±0.14 (10) 

Highbank Lowland 6.04±0.10 (10) 5.45±0.08 (10) 1.82±0.12 (10) 2.84±0.05 (10) 

Kapiskau Lowland 5.45±0.08 (10) 5.03±0.07 (10) 2.05±0.15 (10) --- 

Kitchie Lowland --- --- --- --- 

Koper Lowland --- --- --- --- 

McFaulds Lowland --- --- --- --- 

Missisa Lowland 6.61±0.09 (10) 6.10±0.06 (10) 3.02±0.10 (10) 4.26±0.13 (12) 

Napken Lowland 6.71±0.07 (10) 6.79±0.12 (10) 3.84±0.19 (10) --- 

Quantz Lowland 7.40±0.17 (12) 6.90±0.19 (10) 4.38±0.12 (10) --- 

Streatfeild Lowland 6.50±0.07 (13) 6.37±0.11 (10) 2.71±0.08 (10) --- 

Wabimeig Lowland --- --- --- --- 

Attawapiskat Shield 6.72±0.12 (32) 6.39±0.11 (24) 4.47±0.24 (19) 4.92±0.26 (15) 
Badesdawa Shield --- --- --- --- 

Carpenter Shield 6.43±0.13 (11) 5.80±0.15 (11) 4.37±0.19 (10) 5.21±0.10 (9) 
Kabania Shield --- --- --- --- 

Kapkichi Shield 6.61±0.11 (14) 6.43±0.07 (10) 4.11±0.32 (10) 4.24±0.07 (12) 

Lang Shield 6.05±0.10 (9) 6.01±0.11 (12) 3.29±0.12 (10) 4.85±0.16 (10) 
Margaree Shield --- --- --- --- 

Menako Shield 6.24±0.17 (10) 5.90±0.16 (10) 3.35±0.24 (10) 3.79±0.10 (10) 
Monmon. Shield --- --- --- --- 

Ozhiski Shield 5.51±0.11 (13) 5.26±0.13 (10) 4.11±0.28 (10) 4.30±0.15 (9) 

Pickle Shield 6.28±0.14 (10) 6.33±0.09 (10) 3.20±0.21 (10) 5.94±0.30 (10) 

Richter Shield 6.99±0.11 (10) 6.01±0.14 (9) 1.91±0.20 (9) 5.87±0.18 (10) 

Tarp Shield 6.13±0.12 (10) 5.41±0.13 (10) 3.15±0.12 (4) --- 

Totogan Shield 7.02±0.07 (12) 6.86±0.17 (10) --- --- 

Trading Shield 6.16±0.10 (11) 6.47±0.18 (10) 3.31±0.09 (10) --- 

Wigwascence Shield 5.42±0.14 (10) 5.22±0.08 (10) 2.49±0.14 (10) --- 

Williams Shield 5.85±0.09 (10) 5.46±0.25 (10) 3.22±0.16 (10) --- 

Wright Shield 6.97±0.15 (10) 6.73±0.14 (10) 4.06±0.12 (10) 4.89±0.30 (10) 
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Table SI- 19: Loadings from Principal Components Analysis (PCA) of water 

chemistry and drainage basin characteristics using data from all lake and river sites 

examined in this study. 

Parameter PC1 PC2 PC3 PC4 PC5 PC6 

DOC 0.302 -0.117 0.069 -0.034 0.012 -0.102 

Sulfate -0.195 -0.059 -0.121 -0.219 -0.419 0.117 

TN 0.096 0.098 -0.088 0.200 0.380 -0.409 

TP 0.119 0.039 -0.384 0.414 -0.088 -0.139 

NH3+NH4 -0.203 0.009 -0.082 -0.028 -0.026 -0.482 

NO2+NO3 0.254 -0.202 0.060 -0.115 -0.196 -0.155 

Colour 0.300 -0.145 0.010 -0.045 -0.086 -0.052 

pH -0.283 -0.068 -0.159 0.130 0.129 -0.080 

Conductivity -0.174 -0.423 -0.016 0.028 0.119 0.078 

Alkalinity -0.119 -0.086 0.121 0.002 -0.094 -0.349 

Al 00.250 -0.035 -0.190 0.291 -0.146 0.000 

As 0.250 -0.146 0.051 0.019 -0.199 -0.219 

Ca -0.094 -0.470 0.064 0.052 0.117 0.115 

Cl 0.058 -0.115 -0.552 -0.321 0.129 0.016 

Cu -0.096 -0.031 -0.327 0.216 -0.418 0.137 

Fe 0.295 -0.152 0.024 0.038 -0.053 0.033 

Mg -0.179 -0.387 0.033 0.132 0.113 -0.044 

Mn 0.203 -0.156 0.050 0.293 -0.018 0.062 

K -0.267 0.030 -0.110 0.015 -0.291 -0.021 

Se -0.012 -0.045 -0.062 0.379 -0.016 0.371 

Na 0.082 -0.157 -0.511 -0.321 0.148 -0.064 

D.O. -0.208 0.133 -0.130 0.319 0.232 -0.071 

DIC -0.120 -0.435 0.087 0.017 0.129 0.046 

Wetlands -0.062 -0.174 0.065 0.119 -0.311 -0.383 

Slope -0.285 -0.002 0.103 -0.029 -0.172 -0.120 

Eigen-Value 9.51 3.73 2.10 1.93 1.71 1.49 

Proportion of 

Variance 
0.38 0.15 0.08 0.08 0.07 0.06 
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Table SI- 20: Loadings from Principal Components Analysis (PCA) of water 

chemistry and drainage basin characteristics using data from all lakes examined in 

this study. 

Parameter PC1 PC2 PC3 PC4 PC5 PC6 

DOC 0.212 0.258 0.205 -0.088 -0.039 0.059 

Sulfate -0.256 -0.073 -0.131 0.154 -0.274 0.222 

TN 0.176 -0.035 0.169 -0.252 0.304 0.034 

TP 0.190 0.040 -0.186 0.231 0.027 -0.489 

NH3+NH4 -0.142 0.028 0.263 0.052 -0.082 -0.476 

NO2+NO3 -0.065 0.285 0.285 0.137 -0.060 0.126 

Colour 0.179 0.317 0.108 0.009 -0.137 -0.014 

pH -0.242 0.140 -0.151 -0.232 0.259 -0.014 

Conductivity -0.233 0.268 -0.124 -0.151 0.093 -0.028 

Alkalinity -0.096 0.052 0.203 0.053 -0.358 -0.406 

Al 0.230 0.033 -0.115 0.230 0.092 -0.126 

As 0.106 0.318 0.147 0.191 -0.108 0.196 

Ca -0.198 0.303 -0.119 -0.180 0.046 -0.040 

Cl 0.032 0.146 -0.476 0.010 -0.091 0.093 

Cu -0.075 0.007 -0.249 0.306 0.088 -0.168 

Fe 0.203 0.286 -0.117 0.009 -0.184 -0.002 

Mg -0.228 0.248 -0.009 -0.165 0.213 -0.114 

Mn 0.141 0.069 -0.142 -0.044 -0.316 0.296 

K -0.277 -0.125 -0.118 0.147 -0.058 -0.012 

Se 0.025 -0.053 -0.278 0.233 0.181 -0.044 

Na 0.040 0.298 -0.292 0.059 -0.092 -0.027 

D.O. 0.213 -0.175 -0.090 -0.050 0.241 0.066 

DIC -0.187 0.281 -0.080 -0.156 0.102 -0.122 

Wetlands -0.096 0.191 0.215 0.347 0.295 0.204 

Slope -0.300 -0.098 0.099 -0.039 -0.080 -0.007 

Surface Area -0.087 0.099 0.117 0.413 0.377 0.104 

Max. Depth -0.252 -0.012 0.055 0.320 -0.147 0.114 

Secchi Depth -0.303 -0.114 -0.031 -0.067 -0.095 0.133 

Eigen-Value 8.9 5.3 3.2 2.7 1.5 1.2 

Proportion of 

Variance 
0.32 0.19 0.11 0.10 0.05 0.04 
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Table SI- 21: Among-region (i.e., Shield lakes vs. Lowland lakes vs. river sites) 

comparisons of physico-chemical parameters. 

Parameter 

Kruskal Wallis p-

value 

Post-Hoc comparison p-values 

Shield vs. 

Lowland 

Shield vs. 

River 

Lowland vs. 

River 

Al <0.001 <0.001 <0.001 0.030 

Alk 0.042 0.036 0.340 0.535 

As <0.001 0.167 <0.001 0.015 

Ca 0.098 0.999 0.570 0.110 

Cl 0.003 0.003 0.011 0.936 

Colour <0.001 0.002 <0.001 0.013 

Cond. 0.330 0.590 0.999 0.510 

Cu 0.237 0.620 0.999 0.290 

D.O. <0.001 0.038 <0.001 <0.001 

DIC 0.043 0.043 0.372 0.736 

DOC <0.001 0.181 <0.001 <0.001 

D. area 0.388 0.830 0.999 0.530 

Fe <0.001 0.047 <0.001 <0.001 

K <0.001 <0.001 <0.001 0.999 

Max depth 0.022 0.022 NA NA 

Mg 0.163 0.170 0.999 0.610 

Mn 0.198 0.999 0.330 0.430 

Na <0.001 0.999 <0.001 0.012 

NH3/NH4 0.004 0.163 0.002 0.845 

NO2+NO3 0.002 0.207 0.064 0.001 

pH 0.045 0.999 0.042 0.397 

Se 0.811 0.999 0.999 0.999 

Secchi <0.001 <0.001 NA NA 

Slope <0.001 <0.001 <0.001 0.999 

Sulfate <0.001 <0.001 0.010 0.015 

S. Area 0.757 0.757 NA NA 

TN 0.059 0.999 0.120 0.150 

TP 0.007 0.004 0.290 0.193 

Wetlands  0.223 0.999 0.280 0.920 
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Table SI- 22: Linear relationships between various physicochemical measurements 

in surface water of lakes and river sites and system elevation across the ADB. 

Significant results are bolded. *Sample sizes differed among models because not all 

chemical measurements were taken at all sites. 

Parameter Equation n* p-value r2 

Lake and River sites 

MeHgsurface y = <0.001x + 0.046 44 <0.001 0.228 

THgsurface y = -0.011x + 4.969 44 <0.001 0.378 

Ca y = -0.002x + 11.562 48 0.603 -0.015 

D.O. y = 0.004x + 6.893 27 0.202 0.001 

DOC y = -0.035x + 24.771 49 <0.001 0.445 

Mean Slope y = 0.007x + 0.597 27 <0.001 0.563 

Na y = -0.001x + 0.867 47 0.001 0.187 

NO2NO3 y = -0.051x + 23.651 27 <0.001 0.218 

pH y = 0.001x + 7.171 49 0.003 0.155 

Sulfate y = 0.001x -0.069 27 <0.001 0.264 

TN y = 0.028x + 384.092 49 0.815 -0.020 

TP y = -0.018x + 18.614 27 0.046 0.065 

Lakes only 

MeHgsurface y = <0.001x + 0.0197 24 0.667 0.008 

THgsurface y = -0.005x + 3.158 24 <0.001 0.462 

MeHgdeep y = <0.001x + 0.0216 8 0.787 0.009 

THgdeep y = -0.005x + 3.077 8 0.065 0.255 

Ca y = 0.005x + 9.181 49 0.533 -0.024 

D.O. y = -0.002x + 8.917 27 0.112 0.061 

DOC y = -0.019x + 19.468 47 0.001 0.312 

Mean Slope y = 0.009x + 0.057 27 <0.001 0.753 

Na y = -0.007x + 0.649 48 0.016 0.180 

NO2NO3 y = -0.003x + 7.363 27 0.794 -0.037 

pH y = 0.001x + 7.373 43 0.178 0.034 

Sulfate y = 0.002x -2.717 24 <0.001 0.367 

TN 

y = -0.152x + 

439.240 
56 

0.296 0.005 

TP y = -0.030x + 22.604 26 0.021 0.164 
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Table SI- 23: Within-group and among-region comparisons in [Hg] (i.e., Shield 

lakes vs. Lowland lakes vs. river sites) in water, invertebrates, fish, as well as TMSs 

and TMIs). *Zooplankton were sampled in lakes only 

Model 
Kruskal Wallis p-

value 

Post-Hoc comparisons 

Shield-

Lowland 

Shield-

River 

Lowland-

River 

Water [THg] (Surface) <0.001 0.002 <0.001 0.023 

Water [MeHg] (Surface) <0.001 0.999 0004 0.008 

Water [THg] (Deep, lakes only) 0.527 --- --- --- 

Water [MeHg] (Deep, lakes only) 0.633 --- --- --- 

Invertebrate [MeHg], amphipods 0.464 0.999 0.999 0.970 

Invertebrate [MeHg], caddisflies 0.063 0.999 0.063 0.129 

Invertebrate [MeHg], mayflies 0.238 0.450 0.999 0.430 

Invertebrate [MeHg], zooplankton* 0.032 0.032 --- --- 

Fish [THg] @ 500g, white sucker 0.011 0.152 0.194 0.005 

Fish [THg] @ 500g, lake whitefish 0.024 0.928 0.039 0.015 

Fish [THg] @ 500g, northern pike 0.811 0.999 0.999 0.999 

Fish [THg] @ 500g, walleye 0.499 0.999 0.999 0.760 

TMSs 0.710 0.999 0.999 0.999 

TMIs 0.968 0.999 0.999 0.999 

 

 

Table SI-23-continued: Post hoc comparisons for [THg] in fish (standardized to 500g) 

using convers test 
 White sucker Whitefish Northern pike 

Whitefish 0.056 --- <0.001 

Northern pike <0.001 <0.001 --- 

Walleye <0.001 <0.001 <0.001 

  

 
Figure SI- 1: Mercury concentrations in water from lakes and river sites at differing 

depths across the Attawapiskat Drainage Basin. Each data point represented 1 

measure/lake or river site. Note that all river sites were sampled as a surface grab. 

Lakes that were >4m in maximum depth were samples both at the surface and deep 

points (1m off bottom at the deepest accessible part). Lakes that were <4m in 

maximum depth were only samples at the surface.  
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Table SI- 24: Within-group and among-region comparisons in ecological end-points 

(i.e., Shield lakes vs. Lowland lakes vs. river sites) in invertebrates and fish. Fish 

isotope values and body condition were standardized to 500g round weight; LGR 

was standardized to 1kg round weight. *Zooplankton were sampled in lakes only. 

Note: cond. = condition; LGR = lifetime growth rate. 

Model 

Kruskal 

Wallis p-

value 

Post-Hoc comparisons 

Shield-

Lowland 

Shield-

River 

Lowland-

River 

Invertebrate δ15N, amphipods 0.558 0.999 0.999 0.940 

Invertebrate δ15N, caddisflies 0.249 0.400 0.690 0.999 

Invertebrate δ15N, mayflies 0.054 0.377 0.602 0.041 

Invertebrate δ15N, zooplankton* 0.006 0.003 --- --- 

Fish δ15Ncor @ 500g, white sucker 0.006 0.065 0.002 0.541 

Fish δ15Ncor @ 500g, lake whitefish 0.231 0.400 0.999 0.480 

Fish δ15Ncor @ 500g, northern pike 0.010 0.999 0.008 0.014 

Fish δ15Ncor @ 500g, walleye 0.128 0.730 0.740 0.130 

Invertebrate δ13C, amphipods 0.591 0.999 0.999 0.999 

Invertebrate δ13C, caddisflies 0.560 0.999 0.999 0.930 

Invertebrate δ13C, mayflies 0.219 0.999 0.790 0.290 

Invertebrate δ13C, zooplankton* 0.380 0.400 --- --- 

Fish δ13Ccor, white sucker 0.766 0.999 0.999 0.999 

Fish δ13Ccor, lake whitefish 0.027 0.999 0.012 0.094 

Fish δ13Ccor, northern pike 0.923 0.999 0.999 0.999 

Fish δ13Ccor, walleye 0.189 0.999 0.230 0.999 

Fish LGR, white sucker 0.300 0.999 0.520 0.540 

Fish LGR, lake whitefish 0.121 0.130 0.999 0.740 

Fish LGR, northern pike 0.042 0.053 0.999 0.133 

Fish LGR, walleye 0.187 0.999 0.290 0.360 

Fish cond., white sucker 0.116 0.999 0.380 0.130 

Fish cond., lake whitefish 0.430 0.999 0.730 0.900 

Fish cond., northern pike 0.001 0.999 <0.001 0.002 

Fish cond., walleye 0.362 0.999 0.440 0.999 
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Table SI- 25: Regression statistics for food web metric calculations including trophic magnification slopes (TMSs) and 

intercepts (TMIs) within lakes or river sites. Note: Amp = amphipods, Cad = caddisflies, May = mayflies, Stone = 

stoneflies, WS = white suckers, NP = northern pike, Wall = walleye, Shiner, = shiners.  

Waterbody Type TMS TMI p-value r2 Taxa included (n): 

Attawapiskat Lake 0.211 -2.133 <0.001 0.817 Amp (2), Cad (5), May (6), NP (20), Shiner (8), Wall (24), WS (23) 

Beteau River Site 0.225 -2.251 <0.001 0.714 Amp (1), Cad (1), May (1), NP (10), Stone (1), Wall (10), WS (8) 

Carpenter Lake 0.233 -2.362 <0.001 0.885 Amp (1), Cad (2), May (2), NP (11), Shiner (3), Wall (11), WS (10) 

Fishtrap Lake 0.215 -1.939 <0.001 0.869 Amp (3), Cad (3), NP (12), Shiner (7), Wall (12), WS (11) 

Goods Lake 0.229 -2.229 <0.001 0.873 Amp (2), Cad (1), May (2), NP (10), Shiner (8), Wall (10), WS (10) 

Highbank Lake 0.292 -2.682 <0.001 0.823 Amp (3), Cad (2), May (2), NP (11), Shiner (5), Wall (10), WS (10) 

Kapkichi Lake 0.213 -2.246 <0.001 0.866 Amp (3), Cad (1), May (3), NP (10), Shiner (2), Wall (16), WS (10) 

Lang Lake 0.282 -2.455 <0.001 0.723 Amp (1), NP (15), Shiner (4), Stone (1), Wall (10), WS (11) 

Missisa Lake 0.261 -2.324 <0.001 0.760 Amp (1), May (1), NP (10), Shiner (6), Wall (13), WS (11) 

Missisa outflow River Site 0.245 -2.313 <0.001 0.855 Cad (1), May (1), NP (10), Stone (2), Wall (10), WS (10) 

Muketei outflow River Site 0.248 -2.372 <0.001 0.833 May (1), NP (11), Stone (2), Wall (10), WS (7), Amp (3) 

Napken Lake 0.221 -2.220 <0.001 0.887 Amp (3), Cad (2), NP (10), Shiner (2), Wall (10), WS (10) 

Ozhiski Lake 0.244 -2.572 <0.001 0.809 Cad (4), May (1), NP (10), Shiner (5), Wall (12), WS (9) 

Richter River Site 0.164 -1.829 <0.001 0.655 Cad (2), NP (10), Wall (10), WS (10) 

Streatfeild Lake 0.227 -2.220 <0.001 0.722 Amp (2), Cad (1), NP (10), Shiner (1), Wall (14), WS (13) 

Streatfeild outflow River Site 0.231 -2.147 <0.001 0.849 May (2), NP (8), Wall (10), WS (4) 

Trading Lake 0.265 -2.594 <0.001 0.808 Cad (1), May (1), NP (10), Shiner (2), Wall (12), WS (14) 

Victor Lake 0.218 -2.024 <0.001 0.896 May (2), NP (12), Stone (3), Wall (15), WS (10) 

Williams Lake 0.158 -1.626 <0.001 0.529 Amp (1), May (1), NP (10), Shiner (4), Wall (13), WS (11) 
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Table SI- 26: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

aqueous [THg] in the surface waters of lakes only. The intercept value was 0.220. VIF vales were all <10 and no models 

were excluded due to multicollinearity. 
Model # and Metrics  Standardized Coefficients 

 R2 Wt.  Slope Ca Na pH DOC SO4 TP TN NO2+NO3 DO 

517 0.67 0.82  --- --- --- --- 0.245 --- 0.167 --- --- --- 

41 0.66 0.18  -0.246 --- --- --- --- --- --- --- 0.152 --- 

VIF:  8.4 10.2 4.1 9.8 6.5 5.3 3.8 2.7 2.0 3.1 

Mean±SE (full):  -0.05±0.10 --- --- --- 0.20±0.10 --- 0.14±0.07 --- 0.03±0.06 --- 

p-value (full):  0.641 --- --- --- 0.051 --- 0.071 --- 0.652 --- 

Mean±SE (cond.):  -0.25±0.04 --- --- --- 0.24±0.04 --- 0.17±0.04 --- 0.15±0.04 --- 

p-value (cond.):  <0.001 --- --- --- <0.001 --- <0.001 --- 0.001 --- 

Importance:  0.18 --- --- --- 0.82 --- 0.82 --- 0.18 --- 

N:  1 --- --- --- 1 --- 1 --- 1 --- 
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Table SI- 27: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

aqueous [MeHg] in the surface waters of lakes only. The intercept value was -2.157. VIF vales were all <10 and no 

models were excluded due to multicollinearity. 
Model # and Metrics  Standardized Coefficients 
 R2 Wt.  Slope Ca Na pH DOC 

513 0.48 0.20  --- --- --- --- --- 

545 0.53 0.15  --- --- --- --- --- 

517 0.53 0.14  --- --- --- --- 0.367 

514 0.52 0.12  --- 0.334 --- --- --- 

641 0.51 0.11  --- --- --- --- --- 

577 0.50 0.07  --- --- --- 0.225 --- 

529 0.49 0.07  --- --- 0.232 --- --- 

521 0.49 0.06  -0.196 --- --- --- --- 

515 0.48 0.05  --- --- --- --- --- 

769 0.48 0.05  --- --- --- --- --- 

VIF:  8.4 10.2 4.1 9.8 6.5 

Mean±SE (full):  -0.01±0.09 0.04±0.14 0.02±0.10 0.02±0.09 0.05±0.16 

p-value (full):  0.911 0.783 0.880 0.866 0.748 

Mean±SE (cond.):  -0.20±0.35 0.33±0.26 0.23±0.30 0.23±0.26 0.37±0.25 

p-value (cond.):  0.594 0.221 0.47 0.419 0.174 

Importance:  0.06 0.12 0.06 0.07 0.14 

N:  1 1 1 1 1 
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Table SI-27 continued. 
Model # and Metrics  Standardized Coefficients 

 R2 Wt.  SO4 TP TN NO2+NO3 DO 

513 0.48 0.20  --- -1.197 --- --- --- 

545 0.53 0.15  --- -1.130 --- 0.375 --- 

517 0.53 0.14  --- -1.165 --- --- --- 

514 0.52 0.12  --- -1.236 --- --- --- 

641 0.51 0.11  -0.338 -1.326 --- --- --- 

577 0.50 0.07  --- -1.225 --- --- --- 

529 0.49 0.07  --- -1.315 --- --- --- 

521 0.49 0.06  --- -1.326 --- --- --- 

515 0.48 0.05  --- -1.123 --- --- -0.132 

769 0.48 0.05  --- -1.198 0.002 --- --- 

VIF:  5.3 3.8 2.7 2.0 3.1 

Mean±SE (full):  -0.04±0.14 -1.21±0.28 0.0002±0.06 0.06±0.17 -0.01±0.08 

p-value (full):  0.800 <0.001 0.999 0.744 0.934 

Mean±SE (cond.):  -0.34±0.28 -1.21±0.28 0. 0002±0.29 0.38±0.26 -0.13±0.32 

p-value (cond.):  0.25 <0.001 0.996 0.169 0.698 

Importance:  0.11 1 0.05 0.15 0.05 

N:  1 10 1 1 1 

 

Table SI- 28: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

aqueous [THg] in surface waters of lakes and river sites. The intercept value was 0.359. VIF vales were all <10 and no models 

were excluded due to multicollinearity. 
Model # and Metrics  Standardized Coefficients 

 R2 Wt.  Slope Ca Na pH DOC SO4
2- TP TN NO2+NO3 DO 

517 0.73 0.61  --- --- --- --- 0.379 --- 0.155 --- --- --- 

41 0.72 0.39  -0.226 --- --- --- --- --- --- --- 0.250 --- 

VIF:  5.5 2.0 1.7 8.5 9.8 3.5 2.1 1.9 7.4 4.5 

Mean±SE (full):  -0.09±0.11 --- --- --- 0.23±0.19 --- 0.10±0.08 --- 0.10±0.13 --- 

p-value (full):  0.445 --- --- --- 0.214 --- 0.246 --- 0.442 --- 

Mean±SE (cond.):  -0.23±0.05 --- --- --- 0.38±0.04 --- 0.16±0.04 --- 0.25±0.05 --- 

p-value (cond.):  <0.001 --- --- --- <0.001 --- <0.001 --- <0.001 --- 

Importance:  0.39 --- --- --- 0.61 --- 0.61 --- 0.39 --- 

N:  1 --- --- --- 1 --- 1 --- 1 --- 
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Table SI- 29: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

aqueous [MeHg] in surface waters of lakes and river sites. The intercept value was -1.864. VIF vales were all <10 and no 

models were excluded due to multicollinearity. 
Model # and Metrics  Standardized Coefficients 

 R2 Wt.  Slope Ca Na pH DOC SO4 TP TN NO2+NO3 DO 

545 0.56 0.65  --- --- --- --- --- --- -0.825 --- 0.811 --- 

517 0.55 0.35  --- --- --- --- 0.793 --- -0.819 --- --- --- 

VIF:  5.5 2.0 1.7 8.5 9.8 3.5 2.1 1.9 7.4 4.5 

Mean±SE (full):  --- --- --- --- 0.28±0.39 --- -0.82±0.16 --- 0.52±0.41 --- 

p-value (full):  --- --- --- --- 0.474 --- <0.001 --- 0.199 --- 

Mean±SE (cond.):  --- --- --- --- 0.79±0.16 --- -0.82±0.16 --- 0.81±0.16 --- 

p-value (cond.):  --- --- --- --- <0.001 --- <0.001 --- <0.001 --- 

Importance:  --- --- --- --- 0.35 --- 1 --- 0.65 --- 

N:  --- --- --- --- 1 --- 2 --- 1 --- 
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Table SI- 30: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

caddisfly [MeHg]. The intercept value was -1.559. Note that due to high VIF values, DOC was excluded from the global model 

and no models including both SO4 and DOC (Pearson’s r = 0.622) were considered.  

Model 
  Standardized Coefficients 

R2 Wt.  Slope Ca Na pH DOC SO4 TP TN NO2+NO3 

131 0.55 0.18  --- --- --- -0.186  NA --- --- --- --- 

3 0.35 0.14  --- --- --- ---  NA --- --- --- --- 

1281 0.53 0.13  --- --- --- ---  NA -0.233 -0.192 --- --- 

4 0.50 0.09  --- -0.191 --- ---  NA --- --- --- --- 

289 0.49 0.08  --- --- -0.185 ---  NA -0.249 --- --- --- 

67 0.49 0.08  --- --- --- ---  NA --- --- --- -0.183 

257 0.27 0.06  --- --- --- ---  NA -0.189 --- --- --- 

259 0.47 0.06  --- --- --- ---  NA -0.136 --- --- --- 

1 0.00 0.05  --- --- --- ---  NA --- --- --- --- 

11 0.43 0.04  --- --- --- ---  NA --- --- --- --- 

35 0.42 0.03  --- --- -0.097 ---  NA --- --- --- --- 

19 0.41 0.03  -0.096 --- --- ---  NA --- --- --- --- 

1027 0.40 0.03  --- --- --- ---  NA --- -0.08359 --- --- 

VIF:  73.6 19.2 6.6 4.9  NA 71.8 3.0 2.9 13.6 

Mean±SE (full):  0.00±0.02 -0.02±0.06 -0.02±0.06 -0.03±0.08  NA -0.07±0.11 -0.03±0.07  --- -0.01±0.06 

p-value (full):  0.904 0.799 0.768 0.682  NA 0.544 0.721  --- 0.816 

Mean±SE (cond.):  -0.10±0.09 -0.19±0.11 -0.16±0.10 -0.19±0.09  NA -0.21±0.10 -0.17±0.09  --- -0.18±0.11 

p-value (cond.):  0.355 0.128 0.136 0.059  NA 0.049 0.094  --- 0.147 

Importance:  0.03 0.09 0.12 0.18  NA 0.34 0.15  --- 0.08 

N:  1 1 2 1  NA 4 2  --- 1 
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Table SI-30 continued.  

Model 
  Standardized Coefficients 

R2 Wt.  DO δ13C δ15N 

131 0.55 0.18  --- -0.299 --- 

3 0.35 0.14  --- -0.216 --- 

1281 0.53 0.13  --- --- --- 

4 0.50 0.09  --- -0.343 --- 

289 0.49 0.08  --- --- --- 

67 0.49 0.08  --- -0.338 --- 

257 0.27 0.06  --- --- --- 

259 0.47 0.06  --- -0.175 --- 

1 0.00 0.05  --- --- --- 

11 0.43 0.04  0.109 -0.249 --- 

35 0.42 0.03  --- -0.212 --- 

19 0.41 0.03  --- -0.238 --- 

1027 0.40 0.03  --- -0.192 --- 

VIF:  9.0 43.3 11.6 

Mean±SE (full):  0.01±0.03 -0.18±0.15  --- 

p-value (full):  0.888 0.260  --- 

Mean±SE (cond.):  0.11±0.09 -0.27±0.11  --- 

p-value (cond.):  0.297 0.029  --- 

Importance:  0.04 0.68  --- 

N:  1 9  --- 
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Table SI- 31: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

amphipod [MeHg]. The intercept value was -1.644. Note that due to high VIF values, no models including both SO4 and 

drainage basin slope (Pearson r = 0.898), SO4 and DOC (r = -0.690), slope and DOC (r = -0.642), slope and TN (r = -0.802), or 

TP and TN (r = 0.843) were considered.  

Model 
  Standardized Coefficients 

R2 Wt.  Slope Ca Na pH DOC SO4 TP TN NO2+NO3 

34 0.63 0.25  --- --- --- --- --- --- --- --- 0.303 

1026 0.63 0.23  --- --- --- --- --- --- --- -0.301 --- 

514 0.63 0.23  --- --- --- --- --- --- --- 0.322 --- 

1153 0.57 0.09  --- --- --- --- --- 0.282   -0.329 --- 

3 0.41 0.07  0.371 --- --- --- --- --- ---   --- 

1027 0.53 0.05  0.279 --- --- --- --- --- --- -0.224 --- 

161 0.53 0.05  --- --- --- --- --- 0.343 --- --- 0.308 

2 0.36 0.04  --- --- --- --- --- --- --- --- --- 

VIF:  129.5 14.9 10.3 29.5 60.0 39.8 32.6 29.6 3.0 

Mean±SE (full):  0.09±0.15 --- --- --- --- 0.07±0.15 --- -0.11±0.16 0.04±0.11 

p-value (full):  0.566 --- --- --- --- 0.622 --- 0.501 0.718 

Mean±SE (cond.):  0.30±0.11 --- --- --- --- 0.32±0.12 --- -0.30±0.12 0.30±0.12 

p-value (cond.):  0.014 --- --- --- --- 0.013 --- 0.022 0.025 

Importance:  0.29 --- --- --- --- 0.23 --- 0.37 0.14 

N:  2 --- --- --- --- 1 --- 3 2 
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Table SI-31 continued.  

Model 
  Standardized Coefficients 

R2 Wt.  DO δ13C δ15N 

34 0.63 0.25  --- -0.389 --- 

1026 0.63 0.23  --- -0.313 --- 

514 0.63 0.23  --- -0.470 --- 

1153 0.57 0.09  --- --- --- 

3 0.41 0.07  --- --- 0.371 

1027 0.53 0.05  --- --- 0.279 

161 0.53 0.05  --- --- --- 

2 0.36 0.04  --- -0.349 --- 

VIF:  11.8 7.1 24.3 

Mean±SE (full):  --- -0.29±0.20 0.04±0.12 

p-value (full):  --- 0.165 0.742 

Mean±SE (cond.):  --- -0.39±0.13 0.33±0.14 

p-value (cond.):  --- 0.006 0.028 

Importance:  --- 0.74 0.12 

N:  --- 4 2 
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Table SI- 32: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

mayfly [MeHg]. The intercept value was -1.621. Note that due to high VIF values, DOC was excluded from all models and no 

models including both Mean slope and SO4 (Pearson’s r = 0.793) were considered.  

Model 
  Standardized Coefficients 

R2 Wt.  Slope Ca Na pH DOC SO4 TP TN NO2+NO3 

513 0.61 0.29  --- --- --- ---  NA --- --- -0.556 --- 

577 0.71 0.24  --- --- --- ---  NA --- --- -0.534 0.226 

515 0.68 0.11  --- --- --- ---  NA --- --- -0.496 --- 

385 0.65 0.06  --- --- --- -0.390  NA 0.456 --- --- --- 

769 0.65 0.06  --- --- --- ---  NA 0.156 --- -0.469 --- 

641 0.65 0.06  --- --- --- -0.141  NA --- --- -0.498 --- 

1537 0.64 0.05  --- --- --- ---  NA --- 0.188 -0.708 --- 

545 0.63 0.05  --- --- 0.150 ---  NA --- --- -0.671 --- 

521 0.63 0.05  --- --- --- ---  NA --- --- -0.526 --- 

529 0.63 0.04  -0.122 --- --- ---  NA --- --- -0.639 --- 

VIF:  17.4 8.9 6.1 13.5  NA 5.8 4.0 8.9 10.8 

Mean±SE (full):  -0.01±0.05 --- 0.01±0.05 -0.03±0.11  NA 0.04±0.12 0.01±0.07 -0.52±0.20 0.05±0.11 

p-value (full):  0.917 --- 0.909 0.774  NA 0.771 0.895 0.017 0.647 

Mean±SE (cond.):  -0.12±0.19 --- 0.15±0.21 -0.27±0.19  NA 0.31±0.21 0.19±0.23 -0.55±0.16 0.23±0.12 

p-value (cond.):  0.566 --- 0.532 0.186  NA 0.172 0.472 0.002 0.099 

Importance:  0.04 --- 0.05 0.12  NA 0.12 0.05 0.94 0.24 

N:  1 --- 1 2  NA 2 1 9 1 
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Table SI-32 continued.  

Model 
  Standardized Coefficients 

R2 Wt.  DO δ13C δ15N 

513 0.61 0.29  --- --- --- 

577 0.71 0.24  --- --- --- 

515 0.68 0.11  -0.192 --- --- 

385 0.65 0.06  --- --- --- 

769 0.65 0.06  --- --- --- 

641 0.65 0.06  --- --- --- 

1537 0.64 0.05  --- --- --- 

545 0.63 0.05  --- --- --- 

521 0.63 0.05  --- --- 0.098 

529 0.63 0.04  --- --- --- 

VIF:  6.5 7.2 9.1 

Mean±SE (full):  -0.02±0.07 --- 0.01±0.04 

p-value (full):  0.787 --- 0.913 

Mean±SE (cond.):  -0.19±0.13 --- 0.10±0.14 

p-value (cond.):  0.209 --- 0.548 

Importance:  0.11 --- 0.04 

N:  1 --- 1 
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Table SI- 33: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

zooplankton [MeHg]. The intercept value was -1.843. Note that due to high VIF values, no models including both SO4 and 

slope (Pearson’s r = 0.824), or DOC and slope (r = 0.581) were considered.  

Model 
  Standardized Coefficients 

R2 ∆  Slope Ca Na pH DOC SO4 TP TN NO2+NO3 

19 0.76 0.74  --- --- -0.662 --- --- --- --- --- --- 

17 0.66 0.26  --- --- -0.749 --- --- --- --- --- --- 

VIF:  65.2 12.4 7.0 13.3 29.0 14.0 6.0 11.7 4.8 

Mean±SE (full):   ---  --- -0.68±0.14  ---  ---  ---  ---  ---  --- 

p-value (full):   ---  --- 5.87E-06  ---  ---  ---  ---  ---  --- 

Mean±SE (cond.):   ---  --- -0.68±0.14  ---  ---  ---  ---  ---  --- 

p-value (cond.):   ---  --- <0.001  ---  ---  ---  ---  ---  --- 

Importance:   ---  --- 1  ---  ---  ---  ---  ---  --- 

N:   ---  --- 2  ---  ---  ---  ---  ---  --- 

 

 

Table SI-33 continued.  

Model 
  Standardized Coefficients 

R2 ∆  DO δ13C δ15N 

19 0.76 0.74  -0.306 --- --- 

17 0.66 0.26  --- --- --- 

VIF:  10.3 11.6 18.2 

Mean±SE (full):  -0.23±0.17  ---  --- 

p-value (full):  0.211  ---  --- 

Mean±SE (cond.):  -0.31±0.13  ---  --- 

p-value (cond.):  0.032  ---  --- 

Importance:  0.74  ---  --- 

N:  1  ---  --- 
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Table SI- 34: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of [THg] 

in white sucker. The intercept value was 0.6595. Note that due to high VIF values, no models including both SO4 and slope 

(Pearson’s r = 0.828), TN and slope (r = -0.696), or pH and Ca (r = 0.876) were considered. 

Model 
  Standardized Coefficients 

R2 ∆  Slope Ca Na pH DOC SO4 TP TN 

13 0.46 0.29  0.289 --- --- --- 0.258 --- --- --- 

33 0.29 0.12  --- --- --- --- --- --- --- --- 

41 0.39 0.09  0.125 --- --- --- --- --- --- --- 

4129 0.39 0.08  --- --- --- --- --- --- --- --- 

545 0.38 0.08  --- --- --- --- --- --- -0.121 --- 

1057 0.37 0.06  --- --- --- --- --- --- --- --- 

4101 0.36 0.06  --- --- --- --- 0.152 --- --- --- 

4097 0.22 0.05  --- --- --- --- --- --- --- --- 

514 0.34 0.05  --- 0.147 --- --- --- --- -0.186 --- 

289 0.34 0.04  --- --- --- --- --- --- --- -0.087 

513 0.20 0.04  --- --- --- --- --- --- -0.170 --- 

35 0.33 0.04  --- --- --- --- --- --- --- --- 

VIF:  50.1 18.9 5.2 19.7 14.5 7.1 5.7 7.9 

Mean±SE (full):  0.09±0.14 0.01±0.03  ---  --- 0.08±0.13  --- -0.02±0.07 <0.01±0.02 

p-value (full):  0.500 0.854  ---  --- 0.518  --- 0.718 0.882 

Mean±SE (cond.):  0.25±0.11 0.15±0.08  ---  --- 0.24±0.09  --- -0.15±0.09 -0.09±0.08 

p-value (cond.):  0.032 0.096  ---  --- 0.019  --- 0.109 0.322 

Importance:  0.38 0.04  ---  --- 0.35  --- 0.16 0.04 

N:  2 1  ---  --- 2  --- 3 1 
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Table SI-34 continued.  

Model 
  Standardized Coefficients 

R2 ∆  TN NO2+NO3 DO δ13C δ15N Condition 

13 0.46 0.29  --- --- --- --- --- --- 

33 0.29 0.12  --- 0.206 --- --- --- --- 

41 0.39 0.09  --- 0.191 --- --- --- --- 

4129 0.39 0.08  --- 0.167 --- --- 0.126 --- 

545 0.38 0.08  --- 0.171 --- --- --- --- 

1057 0.37 0.06  --- 0.234 --- --- --- -0.111 

4101 0.36 0.06  --- --- --- --- 0.216 --- 

4097 0.22 0.05  --- --- --- --- 0.178 --- 

514 0.34 0.05  --- --- --- --- --- --- 

289 0.34 0.04  -0.087 0.211 --- --- --- --- 

513 0.20 0.04  --- --- --- --- --- --- 

35 0.33 0.04  --- 0.178 -0.085 --- --- --- 

VIF:  7.9 4.1 11.2 2.8 3.6 3.6 

Mean±SE (full): 
 <0.01±0.0

2 
0.10±0.11 

<0.01±0.0

2 
 --- 0.03±0.08 -0.01±0.03 

p-value (full):  0.882 0.390 0.893  --- 0.681 0.842 

Mean±SE (cond.):  -0.09±0.08 0.19±0.08 -0.08±0.09  --- 0.17±0.09 -0.11±0.08 

p-value (cond.):  0.322 0.033 0.363  --- 0.086 0.212 

Importance:  0.04 0.52 0.04  --- 0.19 0.06 

N:  1 7 1  --- 3 1 



 

 190 

Table SI- 35: Linear models included (i.e., delta AICc <4) in model averaging to determine important predictors of 

[THg] in northern pike. The intercept value was -0.1240. Note that due to high VIF values, no models including both 

SO4 and slope (Pearson’s r = 0.828), TN and slope (r =  -0.697), or pH and Ca (r = 0.876) were considered. 

Model 
  Standardized Coefficients 

R2 ∆  Slope Ca Na pH DOC SO4 TP 

33 0.33 0.23  --- --- --- --- --- --- --- 

97 0.43 0.20  --- --- --- --- --- --- --- 

545 0.36 0.07  --- --- --- 0.06181 --- --- --- 

1057 0.36 0.07  --- --- --- --- --- 0.05703 --- 

35 0.35 0.06  --- --- --- --- --- --- --- 

41 0.34 0.05  0.03852 --- --- --- --- --- --- 

4129 0.34 0.05  --- --- --- --- --- --- -0.0351 

2081 0.33 0.05  --- --- --- --- --- --- --- 

49 0.33 0.05  --- --- 0.01958 --- --- --- --- 

289 0.33 0.05  --- --- --- --- --- --- --- 

161 0.33 0.05  --- --- --- --- --- --- --- 

34 0.33 0.04  --- 0.01162 --- --- --- --- --- 

37 0.33 0.04  --- --- --- --- -0.01137 --- --- 

VIF:  42.5 36.6 5.7 50.0 17.3 27.5 7.7 

Mean±SE (full): 
 <0.01±0.0

2 

<0.01±0.0

2 

<0.01±0.0

1 

<0.01±0.0

2 

<0.01±0.0

2 

<0.01±0.0

2 

<0.01±0.0

2 

p-value (full):  0.915 0.975 0.956 0.861 0.977 0.872 0.925 

Mean±SE (cond.):  0.04±0.07 0.01±0.07 0.02±0.07 0.06±0.07 -0.01±0.08 0.06±0.07 -0.04±0.07 

p-value (cond.):  0.599 0.882 0.790 0.396 0.892 0.433 0.645 

Importance:  0.05 0.04 0.05 0.07 0.04 0.07 0.05 

N:  1 1 1 1 1 1 1 
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Table SI-35 continued.  

Model 
  Standardized Coefficients 

R2 ∆  TN NO2+NO3 DO δ13C δ15N Condition 

33 0.33 0.23  --- 0.1821 --- --- --- --- 

97 0.43 0.20  --- 0.2123 --- --- --- -0.1076 

545 0.36 0.07  --- 0.1709 --- --- --- --- 

1057 0.36 0.07  --- 0.1912 --- --- --- --- 

35 0.35 0.06  --- 0.1647 -0.05255 --- --- --- 

41 0.34 0.05  --- 0.1776 --- --- --- --- 

4129 0.34 0.05  --- 0.1719 --- --- --- --- 

2081 0.33 0.05  0.02397 0.1807 --- --- --- --- 

49 0.33 0.05  --- 0.1816 --- --- --- --- 

289 0.33 0.05  --- 0.1802 --- --- -0.01947 --- 

161 0.33 0.05  --- 0.1783 --- -0.01941 --- --- 

34 0.33 0.04  --- 0.1781 --- --- --- --- 

37 0.33 0.04  --- 0.1875 --- --- --- --- 

VIF:  12.5 8.0 9.1 4.5 4.0 11.1 

Mean±SE (full):  <0.01±0.02 0.19±0.07 <0.01±0.02 <0.01±0.02 <0.01±0.02 -0.02±0.05 

p-value (full):  0.946 0.013 0.889 0.957 0.957 0.689 

Mean±SE (cond.):  0.02±0.07 0.19±0.07 -0.05±0.07 -0.02±0.07 -0.02±0.07 -0.11±0.06 

p-value (cond.):  0.744 0.013 0.492 0.795 0.792 0.127 

Importance:  0.05 1 0.06 0.05 0.05 0.2 

N:  1 13 1 1 1 1 
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Table SI- 36: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of walleye. 

The intercept value was 0.0984. Note that due to high VIF values, no models including both SO4 and slope (Pearson’s r = 0.828), 

TN and slope (r = -0.697), or pH and Ca (r = 0.876) were considered. 

Model 
  Standardized Coefficients 

R2 ∆  Slope Ca Na pH DOC SO4 TP TN 

33 0.27 0.18  --- --- --- --- --- --- --- --- 

4129 0.36 0.10  --- --- --- --- --- --- --- --- 

49 0.35 0.10  --- --- -0.104 --- --- --- --- --- 

289 0.34 0.08  --- --- --- --- --- --- --- -0.093 

41 0.32 0.06  0.082 --- --- --- --- --- --- --- 

2081 0.32 0.06  --- --- --- --- --- --- --- --- 

161 0.31 0.06  --- --- --- --- --- 0.077 --- --- 

2049 0.17 0.05  --- --- --- --- --- --- --- --- 

37 0.30 0.05  --- --- --- --- -0.075 --- --- --- 

1 0.00 0.04  --- --- --- --- --- --- --- --- 

35 0.29 0.04  --- --- --- --- --- --- --- --- 

545 0.28 0.04  --- --- --- --- --- --- -0.042 --- 

97 0.28 0.04  --- --- --- 0.033 --- --- --- --- 

1057 0.27 0.03  --- --- --- --- --- --- --- --- 

34 0.27 0.03  --- 0.012 --- --- --- --- --- --- 

3073 0.26 0.03  --- --- --- --- --- --- --- --- 

18 0.26 0.03  --- 0.186 -0.201 --- --- --- --- --- 

VIF:  31.9 16.7 5.0 27.0 23.4 8.4 5.4 8.9 

Mean±SE (full):  0.01±0.03 0.01±0.04 -0.02±0.05 <0.01±0.02 <0.01±0.03 <0.01±0.03 <0.01±0.02 -0.01±0.03 

p-value (full):  0.861 0.889 0.774 0.948 0.892 0.872 0.934 0.835 

Mean±SE (cond.):  0.08±0.08 0.09±0.13 -0.13±0.09 0.03±0.08 -0.07±0.09 0.08±0.08 -0.04±0.08 -0.09±0.08 

p-value (cond.):  0.335 0.492 0.195 0.711 0.442 0.370 0.640 0.266 

Importance:  0.06 0.06 0.12 0.04 0.05 0.06 0.04 0.08 

N:  1 2 2 1 1 1 1 1 
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Table 36 continued. 

Model 
  Standardized Coefficients 

R2 ∆  NO2+NO3 DO δ13C δ15N Condition 

33 0.27 0.18  0.190 --- --- --- --- 

4129 0.36 0.10  0.224 --- --- 0.112 --- 

49 0.35 0.10  0.193 --- --- --- --- 

289 0.34 0.08  0.196 --- --- --- --- 

41 0.32 0.06  0.180 --- --- --- --- 

2081 0.32 0.06  0.155 --- -0.084 --- --- 

161 0.31 0.06  0.202 --- --- --- --- 

2049 0.17 0.05  --- --- -0.149 --- --- 

37 0.30 0.05  0.226 --- --- --- --- 

1 0.00 0.04  --- --- --- --- --- 

35 0.29 0.04  0.207 0.049 --- --- --- 

545 0.28 0.04  0.178 --- --- --- --- 

97 0.28 0.04  0.184 --- --- --- --- 

1057 0.27 0.03  0.189 --- --- --- -0.017 

34 0.27 0.03  0.186 --- --- --- --- 

3073 0.26 0.03  --- --- -0.207 --- -0.128 

18 0.26 0.03  --- --- --- --- --- 

VIF:  4.3 6.5 6.3 2.8 3.9 

Mean±SE (full):  0.16±0.10 <0.01±0.02 -0.02±0.06 0.01±0.04 <0.01±0.03 

p-value (full):  0.125 0.924 0.759 0.796 0.891 

Mean±SE (cond.):  0.19±0.08 0.05±0.08 -0.13±0.10 0.11±0.08 -0.07±0.10 

p-value (cond.):  0.029 0.591 0.198 0.194 0.522 

Importance:  0.85 0.04 0.14 0.1 0.06 

N:  13 1 3 1 2 
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Table SI- 37: Linear models included (i.e., with delta AICc <4) in model averaging 

to determine important predictors of TMIs. The intercept value was -2.245. Note 

that due to high VIF values, no models including both SO4 and slope (Pearson’s r = 

0.831) or pH and Ca (r = 0.961) were considered. 

Model 
  Standardized Coefficients 

R2 ∆  Slope Ca Na pH DOC 

1 0 0.23  --- --- --- --- --- 

5 0.11 0.10  --- --- --- --- -0.194 

2 0.09 0.09  --- -0.181 --- --- --- 

17 0.09 0.09  --- --- -0.180 --- --- 

65 0.06 0.07  --- --- --- -0.151 --- 

257 0.06 0.07  --- --- --- --- --- 

3 0.03 0.05  --- --- --- --- --- 

33 0.02 0.05  --- --- --- --- --- 

129 0.02 0.05  --- --- --- --- --- 

259 0.26 0.05  --- --- --- --- --- 

9 0.00 0.05  0.035 --- --- --- --- 

513 0.00 0.04  --- --- --- --- --- 

69 0.24 0.04  --- --- --- -0.229 -0.262 

6 0.23 0.04  --- -0.208 --- --- -0.220 

VIF:  15.3  141.7 12.1  285.6 25.9 

Mean±SE (full):  <0.01±0.04 -0.02±0.08 -0.02±0.07 -0.02±0.08 -0.04±0.11 

p-value (full):  0.969 0.794 0.832 0.813 0.739 

Mean±SE (cond.):  0.03±0.17 -0.19±0.16 -0.18±0.16 -0.18±0.17 -0.22±0.16 

p-value (cond.):  0.854 0.297 0.321 0.339 0.239 

Importance:  0.04 0.12 0.09 0.11 0.17 

N:  1 2 1 2 3 
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Table SI- 37 continued. 

Model 
  Standardized Coefficients 

R2 ∆  SO4 TP TN NO2+NO3 DO 

1 0 0.23  --- --- --- --- --- 

5 0.11 0.10  --- --- --- --- --- 

2 0.09 0.09  --- --- --- --- --- 

17 0.09 0.09  --- --- --- --- --- 

65 0.06 0.07  --- --- --- --- --- 

257 0.06 0.07  --- --- -0.146 --- --- 

3 0.03 0.05  --- --- --- --- 0.095 

33 0.02 0.05  --- --- --- -0.090 --- 

129 0.02 0.05  0.074 --- --- --- --- 

259 0.26 0.05  --- --- -0.386 --- 0.356 

9 0.00 0.05  --- --- --- --- --- 

513 0.00 0.04  --- -0.009 --- --- --- 

69 0.24 0.04  --- --- --- --- --- 

6 0.23 0.04  --- --- --- --- --- 

VIF:  12.9 4.4 13.7 82.6 8.2 

Mean±SE (full):  <0.01±0.04 <0.01±0.04 -0.03±0.11 <0.01±0.04 0.02±0.10 

p-value (full):  0.935 0.992 0.804 0.922 0.834 

Mean±SE (cond.):  0.07±0.17 -0.01±0.17 -0.24±0.22 -0.09±0.17 0.22±0.23 

p-value (cond.):  0.694 0.964 0.308 0.635 0.385 

Importance:  0.05 0.04 0.11 0.05 0.1 

N:  1 1 2 1 2 
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Table SI- 38: Linear models included (i.e., with delta AICc <4) in model averaging to determine important predictors of 

TMSs. The intercept value was 0.2296. Note that due to high VIF values, no models including both SO4 and slope 

(Pearson’s r = 0.831) or pH and Ca (r = 0.961) were considered. 

Model 
  Standardized Coefficients 

R2 ∆  Slope Ca Na pH DOC 

1 0.00 0.18  --- --- --- --- --- 

17 0.20 0.17  --- --- 0.035 --- --- 

257 0.17 0.13  --- --- --- --- --- 

9 0.07 0.06  -0.020 --- --- --- --- 

2 0.05 0.05  --- 0.017 --- --- --- 

65 0.05 0.05  --- --- --- 0.017 --- 

5 0.05 0.05  --- --- --- --- 0.017 

129 0.03 0.04  --- --- --- --- --- 

513 0.02 0.04  --- --- --- --- --- 

3 0.01 0.04  --- --- --- --- --- 

33 0.00 0.04  --- --- --- --- --- 

259 0.25 0.03  --- --- --- --- --- 

21 0.24 0.03  --- --- 0.034 --- 0.015 

529 0.24 0.03  --- --- 0.046 --- --- 

273 0.22 0.03  --- --- 0.024 --- --- 

19 0.22 0.03  --- --- 0.040 --- --- 

261 0.21 0.03  --- --- --- --- 0.016 

VIF:  82.6 141.7 12.1 --- --- 

Mean±SE (full):  <0.01±0.01 <0.01±0.01 0.01±0.02 <0.01±0.01 <0.01±0.01 

p-value (full):  0.880 0.897 0.63 0.899 0.856 

Mean±SE (cond.):  -0.02±0.02 0.02±0.02 0.04±0.02 0.02±0.02 0.02±0.02 

p-value (cond.):  0.409 0.476 0.156 0.485 0.502 

Importance:  0.05 0.05 0.28 0.05 0.1 

N:  1 1 5 1 3 
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Table SI-38 continued. 

Model 
  Standardized Coefficients 

R2 ∆  SO4 TP TN NO2+NO3 DO 

1 0.00 0.18  --- --- --- --- --- 

17 0.20 0.17  --- --- --- --- --- 

257 0.17 0.13  --- --- 0.032 --- --- 

9 0.07 0.06  --- --- --- --- --- 

2 0.05 0.05  --- --- --- --- --- 

65 0.05 0.05  --- --- --- --- --- 

5 0.05 0.05  --- --- --- --- --- 

129 0.03 0.04  -0.014 --- --- --- --- 

513 0.02 0.04  --- 0.012 --- --- --- 

3 0.01 0.04  --- --- --- --- 0.006 

33 0.00 0.04  --- --- --- -0.003 --- 

259 0.25 0.03  --- --- 0.052 --- 0.029 

21 0.24 0.03  --- --- --- --- --- 

529 0.24 0.03  --- -0.018 --- --- --- 

273 0.22 0.03  --- --- 0.015 --- --- 

19 0.22 0.03  --- --- --- --- 0.011 

261 0.21 0.03  --- --- 0.032 --- --- 

VIF:  13.7 8.2   4.4 12.9 

Mean±SE (full):  <0.01±0.01 <0.01±0.01 0.01±0.02 <0.01±0.00 <0.01±0.01 

p-value (full):  0.92 0.995 0.703 0.983 0.918 

Mean±SE (cond.):  -0.01±0.02 0.00±0.03 0.03±0.02 0.00±0.02 -0.01±0.03 

p-value (cond.):  0.577 0.981 0.225 0.906 0.725 

Importance:  0.04 0.07 0.21 0.03 0.1 

N:  1 2 4 1 3 
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Table SI- 39: Physicochemical predictors of [THg] and [MeHg] in water from lakes and river sites across the ADB. 

Results shown are the ranges of model strength (i.e., r2 and weight) and the full averaged coefficients of each predictor 

across all linear models with a ΔAICc value <4, for each subset of data (i.e., group: surface or deep water from lakes 

and/or river sites). Models included in each group are listed in the SI file. Statistically significant predictors (p < 0.05 

based on constrained coefficients) are bolded and reddened (see SI file for exact p-values).  

Group (n) 
 Model metrics  

Equation (standardized full coefficients) 
 r2 Weight  

Surface, all 
sites (43) 

 0.55-0.56 0.35-0.65  [MeHg] = (0.28*DOC) + (-0.82*TP) + (0.52*NO2/NO3) -1.864 

 0.72-0.73 0.39-0.61  [THg] = (-0.09*Slope) + (0.23*DOC) + (0.10*TP) + (0.10*NO2/NO3) + 0.359 

Surface, river 
only (18) 

 
0.03-0.35 0.03-0.23 

 [MeHg] = (<0.001*Slope) - (0.01*Ca) + (0.10*Na) + (<0.01*pH) + (0.04*DOC) + (<0.01*SO4) + 
(0.01*TN) + (0.01*NO2/NO3) + (<0.01*D.O.) 

 
0.48-0.51 0.06-0.33 

 [THg] = (<0.001*Slope) + (<0.001*Ca) - (<0.001*Na) + (<0.001*pH) + (<0.001*DOC) + 
(<0.001*SO4) + (0.27*TP) + (<0.001*TN) + (0.01*NO2/NO3) + (<0.001*D.O.) 

Surface, lakes 
only (25) 

 
0.48-0.53 0.05-0.20 

 [MeHg] = (-0.20*Slope) + (0.33*Ca) + (0.23*Na) + (0.23*pH) + (0.37*DOC) - (0.34*SO4)  –
(1.21*TP) + (0. 0002*TN) + (0.38*NO2/NO3) - (0.13*D.O.) - 2.157  

 0.66-0.70 0.18-0.82  [THg] = (-0.05*Slope) + (0.20*DOC) + (0.14*TP) + (0.03*NO2/NO3) + 0.220 

Deep, lakes* 
only (13) 

 0.21-0.54 0.12-0.35  [MeHg] = (0.16*Slope) + (0.15*Ca) + (0.04*Na) - (0.10*SO4) 

 0.77-0.87 0.39-0.61  [THg] = (0.37*DOC) - (0.08*D.O.)  

*In the deep water models, TN removed due to a high VIF value and strong correlations (Pearson r >0.8) with numerous 

parameters 
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SI information for Chapter 3  

Table SI- 40: Physical and chemical characteristics of 20 river sites sampled for this study. Dissolved organic carbon (DOC) and 

iron concentrations, as well as pH were measured in surficial waters by the Ontario MOECC. Stream orders were determined 

using the MOECC CABIN database. Water temperature (Temp) and dissolved oxygen (DO) were measured in field at time of 

water collection. Secchi depths were not taken on river sites. *Sites only have DOM and biotic data 

Site Name 

Long 

(DD) 

Lat 

(DD) 

Stream 

order 

Secchi 

depth (m) 

Max 

depth (m) 

Temp 

(°C) 

DO 

(mg/L) 
pH 

Iron 

(mg/L) 

DOC 

(mg/L) 

Attawapiskat River tributary1 -85.44 53.09 Fifth N/A N/A 19.6 5.6 7.48 0.72 23.8 

Attawapiskat River tributary2 -85.94 52.70 First N/A N/A 20.6 8.0 7.09 0.69 22.6 

Attawapiskat River tributary3 -85.89 52.72 Second N/A N/A 19.3 8.1 6.98 0.90 29.1 

Attawapiskat River tributary4 -86.18 52.38 First N/A N/A 17.9 6.1 7.17 0.50 22.6 

Coomer Creek -86.32 52.71 Third N/A N/A 16.9 7.3 7.21 0.43 19.7 

Gleason Creek -85.85 52.95 Third N/A N/A 20.7 6.6 7.34 0.61 24.2 

Highbank Creek -86.17 52.40 Third N/A N/A 17.3 7.5 7.43 0.50 20.3 

Koper Creek1 -86.22 52.90 Third N/A N/A 22.6 7.4 7.14 0.59 21.6 

Koper Creek2 -86.18 52.80 Third N/A N/A 18.1 7.0 7.00 0.51 21.6 

McFaulds Creek -85.92 52.80 Second N/A N/A 16.6 8.4 6.92 0.47 23.1 

Muketei River -86.36 52.68 Third N/A N/A 17.0 8.0 7.38 0.46 21.3 

Muketei River tributary1 -85.30 53.14 First N/A N/A 16.3 5.6 6.81 0.51 25.4 

Muketei River tributary2 -86.34 52.70 First N/A N/A 17.6 7.4 7.32 0.21 14.4 

Muketei River tributary3 -85.83 53.12 Third N/A N/A 17.9 7.1 7.23 0.54 22.5 

Muketei River tributary4 -85.49 53.20 Third N/A N/A 25.5 7.6 7.27 0.62 23.8 

Muketei River tributary5 -85.43 53.20 First N/A N/A 16.8 6.9 7.49 0.28 18.3 

Muketei River tributary6 -86.34 52.64 Second N/A N/A 20.8 7.0 7.05 0.73 21.6 

Streatfield River -85.94 52.65 Third N/A N/A 18.7 5.8 7.19 0.59 21.8 

Victor Mine* -83.91 52.87 Sixth N/A N/A 19.6 5.6 7.87 0.26 20.1 

Missisa Outflow* -85.44 53.09 Sixth N/A N/A 20.6 8.0 7.48 0.72 23.8 
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Table SI- 41:Physical and chemical characteristics of 9 Lowland lakes sampled for this study. Dissolved organic carbon (DOC) 

and iron concentrations were measured by the Ontario MOECC and averaged between surface (1m from surface) and deep water 

samples (1m off bottom). Lake size and depth were obtained from the Ontario Ministry of Natural Resources and Forestry 

(MNRF). Surface water temperatures (Temp), dissolved oxygen levels (DO), and Secchi depths were measured in field at time of 

water collection. Secchi depths are means of two or more readings by different personnel. 

Waterbody 
Long (DD) Lat (DD) 

Lake area 

(ha) 

Secchi 

depth (m) 

Maximum 

depth (m) 

Temp 

(°C) 

DO 

(mg/L) 
pH 

Iron 

(mg/L) 

DOC 

(mg/L) 

Fishtrap -86.41 52.35 2030 1.0 1.3 18.0 9.1 7.57 0.14 13.6 

Goods -86.74 52.53 742 1.6 3.7 17.6 8.7 7.43 0.17 17.7 

Highbank -86.18 52.32 1450 1.1 1.8 18.2 8.2 7.62 0.20 14.8 

Kapiskau* -85.30 52.18 180 0.9 1.6 17.5 8.2 7.57 0.61 21.1 

Missisa -85.20 52.31 19212 0.5 7.0 16.5 9.7 7.97 0.23 10.5 

Napken* -85.33 51.88 1570 1.0 3.4 18.2 8.4 7.61 0.23 18.4 

Quantz* -85.38 51.16 727 1.2 10.4 18.6 8.8 7.58 0.16 16.4 

Streatfeild -85.90 52.14 2090 0.5 2.1 17.9 8.8 7.41 0.35 13.5 

Wabimeig* -85.59 51.50 5062 0.6 1.9 18.1 9.3 7.44 0.20 17.2 

*Outside of the Attawapiskat Watershed, part of the Albany system. 
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Table SI- 42: Physical and chemical characteristics of 18 Shield lakes sampled for this study. Dissolved organic carbon 

(DOC) and iron concentrations were measured by the Ontario MOECC and averaged between surface (1m from 

surface) and deep water samples (1m off bottom). Lake size and depth were obtained from the Ontario Ministry of 

Natural Resources and Forestry (MNRF). Surface water temperatures (Temp), dissolved oxygen levels (DO), and 

Secchi depths were measured in field at time of water collection. Secchi depths are means of two or more readings by 

different personnel. ^Removed as an outlier for PCA, LASSO, and RDA analyses (as per Cooks distance). 

Waterbody 

Long 

(DD) 

Lat 

(DD) 

Lake 

area (ha) 

Secchi 

depth (m) 

Maximum 

depth (m) 

Temp 

(°C) 

DO 

(mg/L) 
pH 

Iron 

(mg/L) 

DOC 

(mg/L) 

Asselin -88.01 51.98 269 1.7 3.0 19.0 9.0 7.61 0.06 13.0 

Attawapiskat -87.90 52.30 28100 1.9 23.5 19.3 8.1 7.72 0.09 13.4 

Badesdawa -89.71 51.78 3113 1.5 14.6 18.5 8.1 7.55 0.16 16.0 

Carpenter -90.76 51.19 779 2.4 19.0 19.0 8.2 7.39 0.24 10.7 

Kapkichi -90.40 51.46 1277 2.2 13.1 19.5 8.0 7.67 0.20 12.6 

Lang -91.51 51.58 1001 2.7 21.1 18.4 8.2 7.22 0.10 12.9 

Margaree^ -89.52 51.79 199 3.0 3.0 18.6 8.7 8.25 0.03 5.4 

Menako -90.21 52.08 7161 1.9 17.7 18.0 8.5 7.36 0.11 13.7 

Monmonawson -89.48 51.71 676 1.6 3.0 18.9 9.0 7.54 0.10 13.0 

Ozhiski -88.57 51.95 6362 1.9 19.0 19.9 8.2 7.51 0.15 15.1 

Pickle -90.23 51.45 1112 3.1 19.2 18.5 8.5 7.66 0.24 8.4 

Richter -87.88 52.09 480 2.0 3.2 18.7 8.4 7.58 0.08 13.7 

Stark -87.69 51.88 393 1.8 3.0 19.1 8.5 7.76 0.11 15.0 

Tarp -90.11 51.57 1161 1.0 3.1 ND ND 7.23 0.11 14.3 

Trading -88.96 51.82 465 2.4 4.5 18.1 8.1 7.82 0.14 15.5 

Unnamed -90.68 51.43 491 1.4 1.4 18.4 8.5 7.62 0.08 16.2 

Williams -90.78 51.82 4132 2.6 13.0 18.1 8.2 7.60 0.06 9.7 

Wright -90.95 51.33 1257 2.1 13.0 18.7 8.3 7.61 0.07 11.5 
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Table SI- 43: QA/QC results for various analytical procedures. Blank concentrations ([ ]), relative percent differences 

(RPD), and percent recovery are presented as mean ± standard deviation (SD), pooled across all sample runs for each 

analysis. THg and MeHg in biota data from this study, as well as the QAQC data presented below, were part of larger 

datasets. Note: DMA = direct mercury analyzer, MDL = method detection limit, CRM = certified reference materials, 

NA = not applicable.  
QA/QC measure [THg] Water [MeHg] Water [THg] Biota [MeHg] Biota 

MDL ng/g or L 
0.052 0.00063 2.504 0.125 

Daily standards n 21 14 ----- 97 

%Rec 101.2±8.6 100.0±7.6 ----- 98.8±9.2 

Method Blanks  n 14 8 77 95 

ng/g 0.002±0.002 0.009±0.006 0.09±0.08 6.6±35.1 

Initial precision 

replicates (IPRs) 

n 15 8 ----- 76 

%Rec 95.2±4.6 97.3±3.1 ----- 98.5±11.3 

Operating precision 

replicates (OPRs) 

n 22 9 ----- 135 

%Rec 93.8±3.8 100.8±7.7 ----- 99.8±8.3 

Certified reference 

material (CRMs)1 

n ----- ----- 67 50 

%RPD ----- ----- 1.2±4.6 -4.7±10.7 

Digestion duplicates 
n 6 8 ----- 77 

%RPD 103.0±28.3 -1.8±8.2 ----- -3.7±29.1 

Analytical duplicates 
n ----- ----- 61 79 

%RPD ----- ----- 0.48±6.6 10.6±23.8 

Sample spikes 
n 17 16 32 ----- 

%Rec 104.4±26.5 116.6±19.8 97.0±4.7 ----- 

Analytical Method: 

 Tekran© 2700 

THg System, 

EPA245.7 

Tekran 2600 

MeHg System, 

EPA 1630 

Milestone DMA-

80, EPA 7473 

Tekran 2600 

MeHg System, 

EPA 1630 
1DORM-4, NRC 2015 (http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/dorm_4.html), 2Calculated assuming 

a sample volume of 0.025 L, 3Calculated assuming a sample volume of 0.040 L, 4Calculated assuming a sample dry weight of 

0.02g, 5Calculated assuming a sample dry weight of 0.05g

http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/dorm_4.html
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Section SI-3.1: Further analytical and QA/QC procedures for Chapter 3 

THg and MeHg in Water: For THg analysis of water samples, 25.0±0.01g of 

unfiltered water was weighed into clean glass vials and spiked with 125 µL of BrCl. 

After sitting overnight (or a minimum of 8 hours) in an ultra-clean fume-hood, 60µL of 

SnCl2 and 30µL of HA was added to each sample. Samples were analyzed using cold 

vapour atomic fluorescence spectroscopy (CVAFS) on a Tekran© 2700 THg System. 

Final instrument readings (reported in parts-per-thousand, PPT) were divided by 0.025 L 

(the volume of 25 g of water) to obtain results in ng/L. None of the resulting [THg] data 

were below the MDL (0.05 ng/L). Once calculated, these [THg] were blanks-corrected by 

subtracting the average method blank concentration (0.002±0.002 ng/L) from each result. 

Similar to method blanks, instrument calibration blanks and reagent blank concentrations 

were consistent and low, averaging 0.005±0.001 and 0.004±0.003 ng/L, respectively. A 

duplicate, spiked sample, and method blank were run every 10 samples. After building a 

calibration curve but prior to sample measurement, initial precision replicates (IPRs) 

were run to ensure accurate instrument readings. Similarly, operating precision replicates 

(OPRs) were run every 20 samples to ensure ongoing analytical accuracy.  Average 

recoveries of all QA/QC measures are presented in Table SI-2.   

For analysis of [MeHg] in water, 40.0±0.01g of unfiltered water was weighed into 

clean glass vials and spiked with 180 µL of APDC (ammonium 

pyrrolidinedithiocarbamate), 30 µL of ascorbic acid, and 225 µL of buffer solution. 

Samples were volatilized using 30 µL of sodium tetraethylborate (NaBet4) and analyzed 

using CVAFS on a Tekran© 2600 MeHg System paired with a gas chromatograph (GC). 

Final instrument readings (reported in parts-per-thousand, PPT) were divided by 0.040 L 

(the volume of 40 g of water) to obtain results in ng/L. None of the resulting [MeHg] data 

were below the MDL (0.0006 ng/L). Once calculated, these [MeHg] were blank-

corrected by subtracting the average method blank concentration (0.009±0.006 ng/L) 

from each result. The same QA/QC procedure described for THg analysis above were 

also implemented during MeHg measurement, the recoveries of which are presented in 

Table SI-2. Field/travel blanks were also collected and analyzed for both THg and MeHg 

(n = 5, all values <MRLs). 

THg in biota: Total [Hg] in fish was measured using a Milestone DMA-80 as per 

EPA method 7473 (EPA 2007). Briefly, for each fish approximately 30-75 mg of dried 

and ground muscle tissue was measured into a nickel sample boat and placed on the 

DMA auto-sampler. Approximately 10% of samples were duplicated, and blanks and 

certified reference material (DORM-4, NRC 2015) were analyzed every 10 samples (see 

QA/QC results in Table SI-2). 

MeHg in biota: To analyze invertebrates and forage fish for [MeHg], a KOH 

digestion was used (Bloom & Fitzgerald 1988): approximately 50-100 mg of dried and 

ground biotic tissue was weighed into digestion tubes. 10.0 mL of 25% KOH (in 

methanol) solution was added and the tubes were placed on a hot block. The temperature 

was slowly raised to approximately 105 ◦C over the first hour and allowed to gently boil 

for an additional 3 hours.  Once cooled, sample volumes were brought to 50.0 mL and 

digests were frozen until analysis. All digests were warmed to room temperature and 

gently shaken just prior to preparation for analysis. Once warmed, approximately 30-50 

µL of sample digest was added to approximately 30 g of distilled water and 225 µL of 

buffer solution in an auto-sampler tube. Samples were volatilized using 30 µL of NaBet4 
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and tightly sealed until analyzed using the same CVAFS-GC set up as for water samples. 

All results were blank-corrected by subtracting the mean method blank concentrations 

measured in a given batch. 
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Figure SI- 2: Emission and excitation matrices (EEMs) of the 7 components detected in the PARAFAC model. 

Component were identified using OpenFluor and have been labeled with their associated DOM traits. 
  

C1 - LMW terrestrial 
humic acid

C2 - HMW microbial 
humic acid

C3 - HMW terrestrial 
humic acid C4 – Fulvic acid

C5 – Reduced humic 
acid

C6 - Tryptophan-like C7 - Tyrosine-like
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Table SI- 44:Mean, median, and inter-quartile range (IQR) values of DOM indices, PARAFAC components, and 

mercury concentrations in water (ng/L unfiltered) and biota (μg/g dry weight) by region. Values for DOM quality and 

mercury in water were calculated by averaging 1 samples/system within a region; data for biotic mercury 

concentrations were calculated by averaging system means within a region. *Indicates a significant difference in a given 

parameter across regions; see SI section for significance levels and pairwise comparisons. ^n represents the number of 

systems means, not the number of individual fish within a species/group. 

1standardized to 74.3 mm total length; 2standardized to 374.5 mm total length; 3standardized to 547.6 mm total length; 4standardized to 385.9 mm total 

length. 

Parameter Shield Lakes Lowland Lakes River sites 
 Mean ± SD Median IQR n Mean ± SD Median IQR n Mean ± SD Median IQR n 

[DOC] (mg/L)* 13.2±2.2 13.4 2.4 18 15.9±3.2 16.4 4.1 9 22.2±3.0 22.2 2.3 20 
mHIX* 0.88±0.06 0.89 0.07 18 0.87±0.10 0.89 0.04 9 0.95±0.03 0.96 0.03 20 
FI* 1.72±0.13 1.74 0.17 18 1.69±0.18 1.63 0.10 9 1.59±0.06 1.60 0.05 20 
β:α* 0.44±0.05 0.43 0.06 18 0.42±0.06 0.42 0.05 9 0.34±0.02 0.33 0.02 20 
SUVA* 3.31±0.31 3.39 0.38 18 3.36±0.46 3.51 0.54 9 4.19±0.47 4.25 0.48 20 
SAC* 22.8±3.6 24.1 4.6 18 24.0±3.9 25.1 4.9 9 33.6±4.3 34.4 4.3 20 
E2:E3 5.14±0.50 4.90 0.55 18 4.86±0.46 4.85 0.54 9 4.30±0.19 4.22 0.24 20 
C1 proportion* 0.41±0.04 0.41 0.05 18 0.38±0.04 0.39 0.02 9 0.32±0.07 0.34 0.02 20 
C2 proportion* 0.35±0.04 0.35 0.05 18 0.33±0.03 0.33 0.03 9 0.26±0.06 0.27 0.02 20 
C3 proportion* 0.04±0.02 0.04 0.02 18 0.06±0.03 0.06 0.03 9 0.11±0.03 0.12 0.02 20 
C4 proportion* 0.04±0.02 0.04 0.03 18 0.05±0.02 0.04 0.03 9 0.09±0.02 0.09 0.01 20 
C5 proportion* 0.11±0.02 0.11 0.03 18 0.12±0.03 0.12 0.02 9 0.15±0.04 0.16 0.01 20 
C6 proportion* 0.03±0.02 0.02 0.01 18 0.03±0.02 0.02 0.03 9 <0.01±<0.01 0.00 0.00 20 
C7 proportion 0.03±0.04 0.02 0.04 18 0.05±0.05 0.04 0.09 9 0.03±0.03 0.02 0.03 20 
Surface water [THg]* 1.49±0.43 1.48 0.52 18 2.33±0.47 2.36 0.78 9 3.92±1.70 3.62 2.29 18 
Surface water [MeHg]* 0.017±0.013 0.020 0.020 18 0.015±0.015 0.020 0.028 9 0.038±0.016 0.040 0.012 18 

Zooplankton[MeHg] 0.043±0.071 0.019 0.021 10^ 0.015±0.500 0.010 0.022 9^ ND ND ND 0^ 

Caddisflies[MeHg] 0.032±0.018 0.026 0.018 8^ 0.026±0.010 0.023 0.005 8^ 0.084 0.084 <0.001 1^ 
Amphipods[MeHg] 0.027±0.014 0.029 0.014 8^ 0.021±0.017 0.019 0.022 9^ ND ND ND 0^ 
Mayflies[MeHg] 0.018±0.011 0.026 0.014 5^ 0.037±0.030 0.024 0.007 8^ 0.042±0.016 0.051 0.014 3^ 
Shiners[THg]1 0.26±1.69 0.23 0.15 8^ 0.26±1.69 0.30 0.20 6^ ND ND ND 0^ 
W. Sucker[THg]2 0.31±1.48 0.29 0.18 11^ 0.24±1.33 0.23 0.07 9^ 0.42±1.24 0.41 0.10 4^ 
N. Pike[THg]3 1.27±1.54 1.35 0.91 10^ 1.11±1.15 1.07 0.22 8^ 0.98±1.10 0.97 0.12 4^ 
Walleye[THg]4 1.12±1.81 1.35 0.52 8^ 1.16±1.58 1.05 0.97 9^ 1.32±0.50 1.63 0.29 4^ 
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Table SI- 45: Results from Kruskal Wallis and Conover post-hoc tests (Pohlert 2016) 

comparing DOM indices and DOC concentrations in surface waters across river sites 

and lakes listed in Table 5. Note: KW = Kruskal Wallis. *Indicates a significant result. 
[DOC] (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.046 < 0.001* 

Lowland lakes 0.046 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

mHIX (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.999 < 0.001* 

Lowland lakes 0.999 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

FI (KW p = 0.001) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.245 0.004* 

Lowland lakes 0.245 --- 0.309 

River sites 0.004* 0.309 --- 

β:α (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.980 < 0.001* 

Lowland lakes 0.980 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

SAC (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.999 < 0.001* 

Lowland lakes 0.999 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

SUVA (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.999 < 0.001* 

Lowland lakes 0.999 --- < 0.001* 

River sites < 0.001* < 0.001* --- 
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Table SI-45 continued: Results from Kruskal Wallis and Conover post-hoc tests 

(Pohlert 2016) comparing PARAFAC components in surface waters across river sites 

and lakes listed in Table 5.Note: KW = Kruskal Wallis. *Indicates a significant result. 
C1 (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.303 < 0.001* 

Lowland lakes 0.303 --- 0.012* 

River sites < 0.001* 0.012* --- 

C2 (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.150 < 0.001* 

Lowland lakes 0.150 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

C3 (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.230 < 0.001* 

Lowland lakes 0.230 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

C4 (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.500 < 0.001* 

Lowland lakes 0.500 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

C5 (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.440 < 0.001* 

Lowland lakes 0.440 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

C6 (KW p < 0.001*) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.930 < 0.001* 

Lowland lakes 0.930 --- < 0.001* 

River sites < 0.001* < 0.001* --- 

C7 (KW p = 0.381) 

Conover pos-hoc test Shield lakes Lowland lakes River sites 

Shield lakes --- 0.520 0.999 

Lowland lakes 0.520 --- 0.940 

River sites 0.999 0.940 --- 
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Table SI- 46: Rotated loadings of each DOM quality parameter and [DOC] on the first 

3 principal components (PCs) resulting from a PCA run using all DOM data across the 

ADB (n = 44, 1 outliers removed).^all PARAFAC proportion data were logit 

transformed 

Parameter: PC1 PC2 PC3 PC4 

FI -0.220 -0.084 -0.484 0.697 

SAC 0.288 0.059 -0.348 -0.233 

mHIX 0.253 -0.416 0.096 0.018 

β:α -0.299 0.145 -0.062 -0.181 

SUVA 0.291 -0.008 -0.252 -0.276 

E2:E3 -0.194 -0.214 0.639 0.223 

C1^ -0.244 -0.420 -0.079 -0.202 

C2^ -0.290 -0.234 -0.123 -0.128 

C3^ 0.314 -0.034 0.105 0.159 

C4^ 0.303 -0.078 0.082 0.309 

C5^ 0.298 -0.021 0.286 -0.151 

C6^ -0.283 0.207 0.058 -0.250 

C7^ -0.045 0.675 0.170 0.150 

[DOC] 0.297 0.113 -0.084 0.122 

Eigen Value: 9.74 1.91 1.15 9.74 

Variance explained (%): 69.5 13.7 8.2 69.5 
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Table SI-46b: Rotated loadings of each DOM quality parameter and [DOC] on the first 

3 principal components (PCs) resulting from a PCA run using all DOM data across 

lakes within the ADB (n = 26, river sites excluded).^all PARAFAC proportion data 

were logit transformed 

Parameter: PC1 PC2 PC3 PC4 

FI -0.249 0.173 -0.172 0.721 

SAC 0.223 0.071 -0.528 -0.157 

mHIX 0.278 0.356 0.125 -0.043 

β:α -0.310 -0.159 -0.170 -0.162 

SUVA 0.274 0.135 -0.377 -0.242 

E2:E3 0.005 0.063 0.661 -0.029 

C1^ -0.181 0.494 0.072 -0.160 

C2^ -0.264 0.363 -0.133 -0.085 

C3^ 0.357 -0.026 0.065 0.129 

C4^ 0.342 0.024 0.040 0.302 

C5^ 0.333 -0.065 0.175 -0.300 

C6^ -0.289 -0.248 0.005 -0.310 

C7^ -0.074 -0.553 -0.020 0.072 

[DOC] 0.306 -0.206 -0.096 0.190 

Eigen Value: 5.48 3.28 2.91 1.68 

Variance explained (%): 53.6 19.2 15.1 5.1 
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Table SI-46c: Rotated loadings of each DOM quality parameter and [DOC] on the first 

3 principal components (PCs) resulting from a PCA run using all DOM data across 

river sites within the ADB (n = 18, all lakes excluded).^all PARAFAC proportion data 

were logit transformed 

Parameter: PC1 PC2 PC3 PC4 

FI -0.120 -0.147 0.507 -0.072 

SAC 0.322 0.127 -0.318 -0.301 

mHIX 0.211 -0.447 -0.102 0.060 

β:α -0.376 0.093 -0.086 -0.065 

SUVA 0.274 0.096 -0.309 -0.530 

E2:E3 -0.235 -0.176 0.198 -0.561 

C1^ -0.084 -0.460 -0.349 0.082 

C2^ -0.295 -0.317 -0.178 0.108 

C3^ 0.371 -0.094 0.252 -0.027 

C4^ 0.245 -0.222 0.471 -0.239 

C5^ 0.308 0.138 -0.106 -0.018 

C6^ -0.256 0.265 -0.079 -0.174 

C7^ -0.070 0.500 0.172 0.103 

[DOC] 0.329 0.061 0.053 0.427 

Eigen Value: 4.88 3.67 2.27 2.18 

Variance explained (%): 42.5 24.0 9.2 8.5 
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Figure SI- 3: A) Scatter plot of first two principal components (PC1, PC2) of a PCA on all 

DOM indices, PARAFAC components and [DOC] measured in Shield lakes (green squares, 

n = 17) and Lowland lakes (orange circles, n = 9) from across the ADB. PC1 and PC2 

explained 53.6 and 19.2% of the variability in these data, respectively. Vectors show the 

influence of the various measures of DOM composition and [DOC] across the watershed. 

B) The same scatter plot as in A but with sites colour-coded by Secchi depth (darker colour 

indicates deeper Secchi reading).  C) The same scatter plot as in A but with sites colour-

coded by maximum depth (darker colour indicates greater depth). 
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Figure SI- 4: Scatter plot of first two principal components (PC1, PC2) of a PCA on all 

DOM indices, PARAFAC components and [DOC] measured in river sites (n = 18) from 

across the ADB.  PC1 and PC2 explained 42.5 and 24.0% of the variability in these data, 

respectively. Vectors show the influence of the various measures of DOM composition and 

[DOC] across the watershed.  
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Table SI- 47: Pearson correlations between Hg concentrations, DOM indices, PARAFAC components, and [DOC] 

across 18 river sites, 17 Shield lakes, and 9 Lowland lakes. ^all proportion data were logit transformed.*p<0.05. 
 THg MeHg FI SAC mHIX β:α SUVA E2:E3 

THg  --- 0.222 -0.295 0.765* 0.431* -0.659* 0.735* -0.621* 

MeHg 0.222  --- -0.357* 0.422* 0.531* -0.449* 0.463* -0.166 

FI -0.295 -0.357*  --- -0.498* -0.524* 0.594* -0.550* 0.184 

SAC 0.765* 0.422* -0.498*  --- 0.623* -0.780* 0.979* -0.822* 

mHIX 0.431* 0.531* -0.524* 0.623*  --- -0.845* 0.695* -0.240 

β:α -0.659* -0.449* 0.594* -0.780* -0.845*  --- -0.795* 0.448* 

SUVA 0.735* 0.463* -0.550* 0.979* 0.695* -0.795*  --- -0.708* 

E2:E3 -0.621* -0.166 0.184 -0.822* -0.240 0.448* -0.708*  --- 

C1^ -0.661* -0.465* 0.559* -0.680* -0.282 0.580* -0.648* 0.548* 

C2^ -0.747* -0.464* 0.678* -0.781* -0.522* 0.830* -0.759* 0.538* 

C3^ 0.728* 0.549* -0.670* 0.813* 0.810* -0.922* 0.835* -0.493* 

C4^ 0.712* 0.559* -0.579* 0.773* 0.820* -0.898* 0.806* -0.450* 

C5^ 0.610* 0.525* -0.825* 0.728* 0.775* -0.876* 0.770* -0.368* 

C6^ -0.607* -0.456* 0.490* -0.768* -0.867* 0.916* -0.784* 0.478* 

C7^ 0.016 -0.099 -0.069 -0.124 -0.605* 0.276 -0.191 -0.044 

[DOC] 0.792* 0.498* -0.569* 0.848* 0.634* -0.829* 0.809* -0.663* 
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Table SI-47 continued: Pearson correlations between Hg concentrations, DOM indices, PARAFAC components, and 

[DOC] across 18 river sites, 17 Shield lakes, and 9 Lowland lakes. ^all proportion data were logit transformed.*p<0.05. 
 C1* C2* C3* C4* C5* C6* C7* [DOC] 

THg -0.661* -0.747* 0.728* 0.712* 0.610* -0.607* 0.016 0.792* 

MeHg -0.465* -0.464* 0.549* 0.559* 0.525* -0.456* -0.099 0.498* 

FI 0.559* 0.678* -0.670* -0.579* -0.825* 0.490* -0.069 -0.569* 

SAC -0.680* -0.781* 0.813* 0.773* 0.728* -0.768* -0.124 0.848* 

mHIX -0.282 -0.522* 0.810* 0.820* 0.775* -0.867* -0.605* 0.634* 

β:α 0.580* 0.830* -0.922* -0.898* -0.876* 0.916* 0.276 -0.829* 

SUVA -0.648* -0.759* 0.835* 0.806* 0.770* -0.784* -0.191 0.809* 

E2:E3 0.548* 0.538* -0.493* -0.450* -0.368* 0.478* -0.044 -0.663* 

C1^  --- 0.879* -0.762* -0.723* -0.710* 0.484* -0.428* -0.790* 

C2^ 0.879*  --- -0.885* -0.827* -0.871* 0.706* -0.193 -0.890* 

C3^ -0.762* -0.885*  --- 0.984* 0.942* -0.873* -0.168 0.892* 

C4^ -0.723* -0.827* 0.984*  --- 0.887* -0.877* -0.210 0.842* 

C5^ -0.710* -0.871* 0.942* 0.887*  --- -0.753* -0.137 0.825* 

C6^ 0.484* 0.706* -0.873* -0.877* -0.753*  --- 0.323* -0.765* 

C7^ -0.428* -0.193 -0.168 -0.210 -0.137 0.323*  --- -0.020 

[DOC] -0.790* -0.890* 0.892* 0.842* 0.825* -0.765* -0.020  --- 
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Table SI- 48: Pearson correlations between Hg concentrations, DOM indices, PARAFAC components, and [DOC] 

across 17 Shield lakes and 9 Lowland lakes. All proportion data were logit transformed.*p<0.05. 
 THg MeHg FI SAC mHIX β:α SUVA E2:E3 

THg  --- -0.163 -0.075 0.429* 0.131 -0.269 0.346 -0.355 

MeHg -0.163  --- -0.177 0.046 0.381 -0.169 0.213 0.283 

FI -0.075 -0.177  --- -0.273 -0.415* 0.506* -0.426* -0.222 

SAC 0.429* 0.046 -0.273  --- 0.395* -0.353 0.943* -0.704* 

mHIX 0.131 0.381 -0.415* 0.395*  --- -0.806* 0.617* 0.261 

β:α -0.269 -0.169 0.506* -0.353 -0.806*  --- -0.502* -0.215 

SUVA 0.346 0.213 -0.426* 0.943* 0.617* -0.502*  --- -0.438* 

E2:E3 -0.355 0.283 -0.222 -0.704* 0.261 -0.215 -0.438*  --- 

C1^ -0.473* -0.258 0.440* -0.265 0.099 0.147 -0.251 0.139 

C2^ -0.466* -0.200 0.675* -0.219 -0.207 0.586* -0.260 -0.077 

C3^ 0.529* 0.344 -0.625* 0.500* 0.734* -0.816* 0.657* 0.109 

C4^ 0.537* 0.383 -0.469* 0.496* 0.746* -0.795* 0.655* 0.100 

C5^ 0.290 0.327 -0.850* 0.378 0.688* -0.767* 0.564* 0.239 

C6^ -0.402* -0.192 0.309 -0.520* -0.815* 0.861* -0.638* -0.032 

C7^ 0.125 -0.094 -0.103 -0.191 -0.681* 0.366 -0.323 -0.111 

[DOC] 0.676* 0.257 -0.529* 0.532* 0.430* -0.564* 0.570* -0.163 
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Table SI-48 continued: Pearson correlations between Hg concentrations, DOM indices, PARAFAC components, and 

[DOC] across 17 Shield lakes and 9 Lowland lakes. All proportion data were logit transformed.*p<0.05, **p<0.01, 

^p<0.001. 
 C1 C2 C3 C4 C5 C6 C7 [DOC] 

THg -0.473* -0.466* 0.529* 0.537* 0.290 -0.402* 0.125 0.676* 

MeHg -0.258 -0.200 0.344 0.383 0.327 -0.192 -0.094 0.257 

FI 0.440* 0.675* -0.625* -0.469* -0.850* 0.309 -0.103 -0.529* 

SAC -0.265 -0.219 0.500* 0.496* 0.378 -0.520* -0.191 0.532* 

mHIX 0.099 -0.207 0.734* 0.746* 0.688* -0.815* -0.681* 0.430* 

β:α 0.147 0.586* -0.816* -0.795* -0.767* 0.861* 0.366 -0.564* 

SUVA -0.251 -0.260 0.657* 0.655* 0.564* -0.638* -0.323 0.570* 

E2:E3 0.139 -0.077 0.109 0.100 0.239 -0.032 -0.111 -0.163 

C1  --- 0.776* -0.544* -0.499* -0.480* 0.044 -0.606* -0.735* 

C2 0.776*  --- -0.737* -0.642* -0.763* 0.386 -0.404* -0.747* 

C3 -0.544* -0.737*  --- 0.976* 0.904* -0.751* -0.184 0.845* 

C4 -0.499* -0.642* 0.976*  --- 0.808* -0.777* -0.233 0.797* 

C5 -0.480* -0.763* 0.904* 0.808*  --- -0.571* -0.148 0.738* 

C6 0.044 0.386 -0.751* -0.777* -0.571*  --- 0.404* -0.500* 

C7 -0.606* -0.404* -0.184 -0.233 -0.148 0.404*  --- 0.076 

[DOC] -0.735* -0.747* 0.845* 0.797* 0.738* -0.500* 0.076  --- 
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Table SI- 49: Pearson correlations between Hg concentrations, DOM indices, PARAFAC components, and [DOC] 

across 18 river sites. All proportion data were logit transformed. *p<0.05, **p<0.01, ^p<0.001. 
 MeHg THg FI SAC mHIX β:α SUVA E2:E3 

THg 1.000 -0.310 0.221 0.575* -0.012 -0.524* 0.556* -0.239 

MeHg -0.310 1.000 -0.515* 0.111 0.202 -0.115 -0.028 -0.536* 

FI 0.221 -0.515* 1.000 -0.333 -0.058 0.010 -0.285 0.307 

SAC 0.575* 0.111 -0.333 1.000 0.212 -0.670* 0.952* -0.484* 

mHIX -0.012 0.202 -0.058 0.212 1.000 -0.561* 0.188 -0.058 

β:α -0.524* -0.115 0.010 -0.670* -0.561* 1.000 -0.540* 0.547* 

SUVA 0.556* -0.028 -0.285 0.952* 0.188 -0.540* 1.000 -0.201 

E2:E3 -0.239 -0.536* 0.307 -0.484* -0.058 0.547* -0.201 1.000 

C1 -0.196 0.147 0.152 -0.233 0.604* 0.033 -0.188 0.247 

C2 -0.531* 0.110 0.274 -0.631* 0.136 0.562* -0.558* 0.415 

C3 0.418 0.029 -0.158 0.527* 0.595* -0.845* 0.445 -0.366 

C4 0.349 -0.279 0.088 0.247 0.557* -0.598* 0.258 0.048 

C5 0.409 0.072 -0.328 0.587* 0.204 -0.616* 0.505* -0.464 

C6 0.068 -0.411 0.162 -0.308 -0.750* 0.607* -0.236 0.249 

C7 0.020 0.013 -0.151 -0.002 -0.839* 0.310 -0.053 -0.208 

[DOC] 0.427 0.342 -0.178 0.496* 0.343 -0.763* 0.298 -0.716* 
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Table SI-49 continued: Pearson correlations between Hg concentrations, DOM indices, PARAFAC components, and 

[DOC] across 18 river sites. All proportion data were logit transformed.*p<0.05, **p<0.01, ^p<0.001. 
 C1* C2* C3* C4* C5* C6* C7* [DOC] 

THg -0.196 -0.531* 0.418 0.349 0.409 0.068 0.020 0.427 

MeHg 0.147 0.110 0.029 -0.279 0.072 -0.411 0.013 0.342 

FI 0.152 0.274 -0.158 0.088 -0.328 0.162 -0.151 -0.178 

SAC -0.233 -0.631* 0.527* 0.247 0.587* -0.308 -0.002 0.496* 

mHIX 0.604* 0.136 0.595* 0.557* 0.204 -0.750* -0.839* 0.343 

β:α 0.033 0.562* -0.845* -0.598* -0.616* 0.607* 0.310 -0.763* 

SUVA -0.188 -0.558* 0.445 0.258 0.505* -0.236 -0.053 0.298 

E2:E3 0.247 0.415 -0.366 0.048 -0.464 0.249 -0.208 -0.716* 

C1 1.000 0.677* -0.198 -0.037 -0.297 -0.186 -0.837* -0.182 

C2 0.677* 1.000 -0.589* -0.326 -0.697* 0.144 -0.425 -0.648* 

C3 -0.198 -0.589* 1.000 0.803* 0.681* -0.639* -0.279 0.663* 

C4 -0.037 -0.326 0.803* 1.000 0.224 -0.590* -0.390 0.299 

C5 -0.297 -0.697* 0.681* 0.224 1.000 -0.132 -0.050 0.607* 

C6 -0.186 0.144 -0.639* -0.590* -0.132 1.000 0.365 -0.502* 

C7 -0.837* -0.425 -0.279 -0.390 -0.050 0.365 1.000 0.025 

[DOC] -0.182 -0.648* 0.663* 0.299 0.607* -0.502* 0.025 1.000 
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Figure SI- 5: LASSO path plots showing the standardized coefficients in relation to 

decreasing penalty parameter (lambda). Vertical lines represent the degrees of freedom 

of a given model after the addition or removal of one of the 7 explanatory parameters. 

The 2 panels show LASSO paths for[MeHg] and [THg] in surface waters using the 6 

measures of DOM quality and [DOC] as explanatory variables. Final model coefficients 

were selected based on Marlow’s Cp and are presented in the main manuscript. 
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Figure SI- 6: LASSO path plots showing the standardized coefficients in relation to decreasing penalty parameter 

(lambda). Vertical lines represent the degrees of freedom of a given model after the addition or removal of one of the 7 

explanatory parameters.  The 4 panels show LASSO paths for[MeHg] in invertebrate groups (3 benthic invertebrate 

orders and bulk zooplankton) using the 6 measures of DOM quality and [DOC] as explanatory variables. Invertebrate 

[MeHg] are system means calculated from 1-5 replicates. Final model coefficients were selected based on Marlow’s Cp 

and are presented in the main manuscript.  
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Figure SI- 7: LASSO path plots showing the standardize coefficients in relation to decreasing penalty parameter 

(lambda). Vertical lines represent the degrees of freedom of a given model after the addition or removal of one of the 7 

explanatory parameters.  The 4 panels show LASSO paths for [MeHg] in one forage fish (shiners) and [THg] in 3 large-

bodied fish species (white sucker, northern pike, walleye) using the 6 measures of DOM quality and [DOC] as 

explanatory variables. Final model coefficients were selected based on Marlow’s Cp and are presented in the main 

manuscript. 
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Table SI- 50: Variance partitioning results for water RDA and pRDAs. PARAFAC components were logit transformed 

and [Hg] were logged prior to scaling. *Total explainable variance is the total inertia for the full RDA model, i.e., 

rda(Hg ~ fi + sac + c1 +  c5 + c6 + c7 + doc). 

RDA parameters Inertia Proportion 
ANOVA 

p-value 

WATER (n = 44) 

Total explainable* 1.703 ---- 0.001 

[DOC] 0.065 0.16 0.103 

DOM quality 0.352 0.84 0.041 

Quality + [DOC] 0.418 1.00 ---- 

Fish (n = 18) 

Total explainable* 0.220 ---- 0.150 

[DOC] 0.058 0.23 0.087 

DOM quality 0.195 0.77 0.152 

Quality + [DOC] 0.253 1.00 ---- 
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SI information for Chapter 4 

Table SI- 51:General attributes of sample lakes and corresponding fish catch records. Note that region refers to Boreal 

Shield, Hudson Bay Lowlands. *Data from OMNRF (2017), https://www.ontario.ca/page/chemical-water-quality-lake-

nipissing 

Lake Name Region 

Latitude, 

Longitude 

(DD) 

Year(s) 

sampled 

Surface 

Area 

(ha) 

Secchi 

Depth 

(m) 

Max 

Depth 

(m) 

Sample sizes of fish 

Sculpin Shiner Sucker Pike Walleye 

Attawapiskat  Shield 52.30, -87.90 2012, 2014 28,100 1.9 23.5 --- --- 7 --- 10 

Fishtrap Lowland 52.35, -86.41 2013, 2015 2,030 1.0 1.3 --- 7 --- 7 --- 

Lang Shield 51.58, -91.51 2012, 2015 1,001 2.7 21.1 4 3 6 10 --- 

Missisa Lowland 52.31, -85.20 2014, 2015 19,212 0.5 7.0 --- 4 8 --- 8 

Monmon. Shield 51.71, -89.48 2015 676 1.6 3.0 --- 3 1 6 --- 

Nipissing Shield 46.27, -79.80 2012, 2015 82,200* 2.2* 52.0* --- --- 5 2 8 

Quantz Lowland 51.16, -85.38 2011, 2015 727 1.2 10.4 --- 1 --- --- 9 

Streatfield Lowland 52.14, -85.90 2014, 2015 2,090 0.5 2.1 --- 2 9 --- 11 

Trading Shield 51.82, -88.96 2015 465 2.4 4.5 1 2 7 4 6 

Williams Shield 51.82, -90.78 2015 4,132 2.6 13.0 6 4 4 --- 9 

Total count:       11 26 47 29 61 

 

Section SI-4.1 Fish aging methodology, Ontario Ministry of Natural Resources and Forestry: 

Pike cleithra were cleaned of all flesh and dried, then examined whole under a dissecting scope using reflected light. Walleye 

otoliths were prepared by the crack-and-burn technique, and burned cross-sections were viewed under a dissecting scope using 

reflected light. Sucker fin rays were set in epoxy, and thin cross-sections were cut from the proximal end with a jeweller’s saw. 

These sections were mounted on microscope slides, polished with fine-grit sandpaper, and viewed under a compound 

microscope using reflected light. Ages were not determined for sculpins or shiners. 
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Table SI- 52:Quality assurance and control results. Data for mercury values are based on a broader dataset (see 

Lescord et al. 2018). Data for isotopes are also based on a larger data set including samples from multiple projects 

analyzed simultaneously.  
QA/QC measure  [THg] Biota [MeHg] Biota δ13C (‰) δ15N (‰) 

MDL ng/g or L  2.503 0.124 NA NA 

Daily standards 
n  ----- 97 NA NA 

%Rec  ----- 98.8±9.2   

Method Blanks  
n  77 95 NA NA 

ng/g  0.09±0.083 6.6±35.14   

Initial precision 

replicates (IPRs) 

n  ----- 76 ----- ----- 

%Rec  ----- 98.5±11.3 ----- ----- 

Operating precision 

replicates (OPRs) 

n  ----- 135 ----- ----- 

%Rec  ----- 99.8±8.3 ----- ----- 

Certified reference 

material (CRMs)1,2 

n  67 50 948 953 

%RPD  1.2±4.6 -4.7±10.7 <0.01±0.01 0.2±7.5 

Digestion duplicates 
n  ----- 77 ----- ----- 

%RPD  ----- -3.7±29.1 ----- ----- 

Analytical duplicates 
n  61 79 263 263 

%RPD  0.48±6.6 10.6±23.8 <0.01±0.06 <0.01±0.18 

Sample spikes 
n  32 ----- ----- ----- 

%Rec  97.0±4.7 ----- ----- ----- 

Analytical Method: 

  

Milestone DMA-

80, EPA 7473 

Tekran 2600 MeHg 

System, EPA 1630 

Continuous Flow-

Isotope Ratio Mass 

Spectrometry  

(CF-IRMS) 

Continuous Flow-

Isotope Ratio Mass 

Spectrometry  

(CF-IRMS) 
1DORM-4, NRC 2015 (http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/dorm_4.html); 2working standards 

calibrated against and traceable to IAEA primary standards (CH6, CH7, N1, and N2) by the Stable Isotopes in Nature 

Laboratory at the University of New Brunswick;  3Calculated assuming a sample dry weight of 0.02 g; 4Calculated assuming a 

sample dry weight of 0.05 g. 

 

 

http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/dorm_4.html


 

 226 

 
Figure SI- 8: An example of a fully homogenized sample of fish muscle tissue as a 

result of the ball milling technique used in this study. 

 

Table SI- 53:Data for fish samples with percent of methylmercury (%MeHg) 

exceeding 100%. 

Group Size Class TL MeHg THg %MeHg 

Pike B (200-400) 405 0.649 0.601 108 

Pike C (400-600) 518 0.595 0.551 108 

Pike C (400-600) 452 0.620 0.569 109 

Pike C (400-600) 485 0.682 0.599 114 

Pike D (600-800) 762 7.834 6.410 122 

Sculpin E (0-60) 56 0.776 0.735 105 

Shiner H (80-91) 89 0.618 0.560 110 

Sucker B (200-400) 398 0.309 0.276 112 

Sucker C (400-600) 445 0.409 0.372 110 

Sucker C (400-600) 498 1.012 0.817 124 

Walleye B (200-400) 223 0.776 0.735 105 

Walleye B (200-400) 230 0.861 0.778 111 

Walleye B (200-400) 385 1.960 1.765 111 

Walleye B (200-400) 268 0.737 0.659 112 

Walleye C (400-600) 497 2.249 2.124 106 

Walleye C (400-600) 431 1.998 1.852 108 

Walleye C (400-600) 555 3.113 2.828 110 
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Table SI- 54: Paired-comparisons t-tests of differences in the percentage of total 

mercury as methylmercury (%MeHg) between various tissues in adult walleye and 

white sucker sampled from Lake Nipissing, Ontario, in spring 2015 (n = number of 

individual fish). 
Tissue 

comparison n Trend 

Mean 

Difference t-statistic p-value 

Walleye 

Muscle vs Soma 5 M < S 8 -0.53 0.630 

Muscle vs Liver 5 M > L 34 2.35 0.078 

Soma vs Liver 5 S > L 42 11.1 < 0.001 

White Sucker 

Muscle vs Soma 5 M > S 17 1.04 0.360 

Muscle vs Liver 5 M > L 55 4.36 0.012 

Soma vs Liver 5 S > L 38 4.98 0.008 

 

Table SI- 55:Results of one-way ANOVA comparing the percentage of total 

mercury as methylmercury (%MeHg) between adult walleye (WALL) and white 

sucker (WS) sampled from Lake Nipissing, Ontario, in spring 2015. Five individuals 

of each species were sampled, and the test is repeated for each of three tissue types 

analyzed. 

Tissue Trend 

Mean 

Difference F dferror p-value 

Muscle 
WALL > 

WS 
6 0.10 8 0.760 

Soma 
WALL > 

WS 
31 29.2 8 < 0.001 

Liver 
WALL > 

WS 
26 21.2 8 0.002 

 

Table SI- 56: Results assessing the relationship between the percent of 

methylmercury (%MeHg) and fish weight within large-bodied fish species (white 

sucker, northern pike, and walleye) only (model: %MeHg = species + log-weight + 

species* log-weight+ site). Site was included as a random effect. The overall model 

conditional R2= 0.322 and 0.283 with and without the interaction term, respectively. 
Parameter F-value p-value 

Including interaction term 

Intercept 3585.2 <0.001 

Species 5.0 0.001 

Weight 28.1 <0.001 

Species* Weight 2.5 0.044 

Excluding interaction term 

Intercept 5756.7 <0.001 

Species 5.5 <0.001 

Weight 26.0 <0.001 
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Table SI- 57: Results assessing the relationship between the percent of 

methylmercury (%MeHg) and fish age within large-bodied fish species (white 

sucker, northern pike, and walleye) only (model: %MeHg = species + log-age + 

species*log-age + site). Site was included as a random effect. The overall model 

conditional R2adj = 0.311 and 0. 311 with and without the interaction term, 

respectively. Note: 1 was added to all ages to reduce the influence of age-0 (young of 

the year) fish. 
Parameter F-value p-value 

Including interaction term 

Intercept 4773.8 <0.001 

Species 11.6 <0.001 

Age 16.5 <0.001 

Species*Age 5.4 0.006 

Excluding interaction term 

Intercept 4417.7 <0.001 

Species 10.7 <0.001 

Age 15.3 <0.001 

 

 

 
Figure SI- 9: Least-squared means (±SE) of %MeHg in fish muscle at standardized 

ages. 

Walleye

Northern Pike

White Sucker
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Table SI- 58: Tukey’s post hoc testing on least squared mean estimates of the 

percent of methylmercury (%MeHg) in the 3 large-bodied species at specified levels 

of the co-variate, fish weight. p-values were corrected for multiple comparisons. 
Standardized 

weight (g) 
Species contrast 

LS mean 

difference  SE t-ratio p-value 

10 Pike - Sucker -0.035 0.054 -0.649 0.794 

 Pike - Walleye -0.220 0.061 -3.627 0.001 

 Sucker - Walleye -0.184 0.052 -3.577 0.002 

100 Pike - Sucker 0.023 0.035 0.659 0.788 

 Pike - Walleye -0.117 0.035 -3.297 0.004 

 Sucker - Walleye -0.140 0.030 -4.615 <0.001 

500 Pike - Sucker 0.064 0.037 1.722 0.202 

 Pike - Walleye -0.045 0.036 -1.241 0.432 

 Sucker - Walleye -0.109 0.030 -3.625 0.001 

1000 Pike - Sucker 0.082 0.042 1.93 0.136 

 Pike - Walleye -0.014 0.042 -0.338 0.939 

 Sucker - Walleye -0.096 0.035 -2.763 0.019 

 

Table SI- 59: Results assessing the relationship between the percent of 

methylmercury (%MeHg) and weight in forage fish species (shiners and sculpins) 

only (model: %MeHg = species + log-weight + species* log-weight+ site). Site was 

included as a random effect. The overall model conditional R2= 0.467 and 0.474 with 

and without the interaction term, respectively. 
Parameter F-value p-value 

Including interaction term 

Intercept 417.10 <0.001 

Species 0.07 0.798 

Weight 7.24 0.014 

Species* Weight <0.001 0.960 

Excluding interaction term 

Intercept 429.29 <0.001 

Species 0.07 0.795 

Weight 7.54 0.012 

 

Table SI- 60:Tukey’s post hoc testing on least squared mean estimates of the percent 

of methylmercury (%MeHg) in sculpins and shiners at specified levels of the 

covariate, fish weight. P-values were corrected for multiple comparisons. 
Standardized 

weight (g) 
Species contrast 

LS mean 

difference  SE t-ratio p-value 

2 Sculpin-Shiner -0.031 0.076 -0.408 0.687 

4 Sculpin-Shiner -0.028 0.076 -0.364 0.720 

8 Sculpin-Shiner -0.024 0.124 -0.194 0.848 
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Table SI- 61: ANCOVA results assessing the relationship between the percent of 

methylmercury (%MeHg) and fish weight across all fish species (model: %MeHg = 

species + log-weight + species* log-weight+ site). Site was included as a random 

effect. The overall model conditional R2= 0.322 and 0.250 with and without the 

interaction term, respectively. 
Parameter F-value p-value 

Including interaction term 

Intercept 4773.77 <0.001 

Species 11.56 <0.001 

Weight 16.53 <0.001 

Species* Weight 5.39 0.006 

Excluding interaction term 

Intercept 4417.71 <0.001 

Species 10.70 <0.001 

Weight 15.30 <0.001 

 

 

Table SI- 62: Tukey’s post hoc testing on least squared mean estimates of the 

percent of methylmercury (%MeHg) in all fish species at 8 g body weight. p-values 

were corrected for multiple comparisons and degrees of freedom = 20. 

Species contrast 
LS mean 

difference SE t-ratio 

p-

value 

Pike - Sculpin -0.118 0.061 -1.922 0.311 

Pike - Shiner -0.132 0.047 -2.785 0.048 

Pike - Sucker 0.038 0.035 1.071 0.821 

Pike - Walleye -0.084 0.034 -2.448 0.109 

Sculpin - Shiner -0.014 0.057 -0.251 0.999 

Sculpin - Sucker 0.156 0.059 2.648 0.068 

Sculpin - Walleye 0.034 0.059 0.571 0.979 

Shiner - Sucker 0.170 0.044 3.857 0.002 

Shiner - Walleye 0.048 0.044 1.082 0.816 

Sucker - Walleye -0.122 0.029 -4.193 0.001 
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Table SI- 63: Results from linear mixed effects models between the percent of 

methylmercury (%MeHg) in fish muscle and baseline-corrected carbon stable 

isotope signatures (δ13Cadj), including site as a random variable (model: %MeHg = 

δ13Cadj + site). Conditional R2 (Rcond
2) was estimated using the MuMIn package. 

Significance of each model was assessed with a Type 3 ANOVA through the car 

package.  

Model 
Model 

Rcond
2 

Parameter F- statistic Df.res p-value Coef. 

All fish 0.077 Intercept 2070.71 7.82 <0.001 87.06 
  δ13Cadj 0.01 124.12 0.917 -0.10 

Large-bodied fish 0.064 Intercept 1985.20 7.71 <0.001 87.74 
  δ13Cadj 0.01 96.38 0.927 -0.11 

White sucker 0.083 Intercept 843.38 4.70 <0.001 80.49 
  δ13Cadj 2.71 33.41 0.109 -3.72 

Northern pike 0.124 Intercept 292.48 3.05 <0.001 82.74 
  δ13Cadj 1.35 20.24 0.260 2.90 

Walleye 0.132 Intercept 3871.72 5.76 <0.001 95.43 
  δ13Cadj 5.54 37.64 0.024 -4.88 

Forage fish 0.041 Intercept 692.28 5.35 <0.001 85.16 
  δ13Cadj 0.02 25.91 0.885 -0.254 

Sculpin 0.274 Intercept 278.09 1.27 0.019 86.45 
  δ13Cadj 1.82 5.31 0.232 -3.43 

Shiner 0.250 Intercept 244.82 4.76 <0.001 88.90 
  δ13Cadj 0.78 14.11 0.393 2.82 
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Table SI- 64: Results from linear mixed effects models between the percent of 

methylmercury (%MeHg) in fish muscle and carbon-to-nitrogen ratios (C:N), including site 

as a random variable (model: %MeHg = C:N + site). Conditional R2 (Rcond
2) was estimated 

using the MuMIn package. Significance of each model was assessed with a Type 3 ANOVA 

through the car package. 

Model 

Model 

Rcond
2 Parameter F- statistic Df.res p-value 

Coef. 

All fish 0.058 Intercept 46.12 119.10 <0.001 120.26 

  C:N 3.54 122.01 0.062 -10.07 

Large-bodied fish 0.094 Intercept 22.83 90.03 <0.001 130.61 

  C:N 2.47 91.49 0.119 -13.31 

White sucker 0.002 Intercept 5.30 24.75 0.030 92.17 

  C:N 0.06 24.77 0.801 -3.08 

Northern pike 0.170 Intercept 0.89 9.04 0.371 245.66 

  C:N 0.38 9.04 0.551 -50.06 

Walleye 0.019 Intercept 5.31 26.24 0.029 87.28 

  C:N 0.03 26.58 0.863 2.10 

Forage fish 0.132 Intercept 10.70 21.42 0.004 127.80 

  C:N 1.19 22.27 0.286 -11.92 

Sculpin 0.871 Intercept 39.22 4.59 0.002 326.77 

  C:N 21.28 4.54 0.007 -70.97 

Shiner 0.151 Intercept 5.77 7.97 0.043 116.65 

  C:N 0.40 8.46 0.542 -8.40 
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Table SI- 65: Results from linear mixed effects models between the percent of 

methylmercury (%MeHg) in fish muscle and the percent of nitrogen (%N), 

including site as a random variable (model: %MeHg = %N + site). Conditional R2 

(Rcond
2) was estimated using the MuMIn package. Significance of each model was 

assessed with a Type 3 ANOVA through the car package. 

Model Model Rcond
2 Parameter 

F- 

statistic Df.res p-value 
Coef. 

All fish 0.109 Intercept 7.42 131.79 0.007 45.97 

  %N 5.99 132.00 0.016 2.91 

Large-bodied 0.209 Intercept 0.49 101.66 0.487 15.43 

  %N 10.79 101.23 0.001 5.02 

White sucker 0.086 Intercept 0.26 31.41 0.611 19.45 

  %N 2.74 31.39 0.108 4.42 

Northern pike 0.249 Intercept 0.88 21.55 0.358 -59.77 

  %N 4.79 21.33 0.040 9.99 

Walleye 0.010 Intercept 13.19 26.12 0.001 101.84 

  %N 0.08 26.61 0.779 -0.54 

Forage fish 0.061 Intercept 4.61 27.77 0.041 87.81 

  %N 0.004 27.71 0.952 -0.19 

Sculpin 0.858 Intercept 12.90 4.15 0.022 21.94 

  %N 32.98 4.07 0.004 1.35 

Shiner 0.225 Intercept 5.82 17.05 0.027 122.03 

  %N 0.50 16.76 0.489 -2.78 
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Table SI- 66: Results from linear mixed effects models between the percent of 

methylmercury (%MeHg) in fish muscle and baseline-corrected stable nitrogen isotope 

values (δ15Nadj) including site as a random variable (model: %MeHg = δ15Nadj + site). 

Conditional R2 (Rcond
2) was estimated using the MuMIn package. Significance of each model 

was assessed with a Type 3 ANOVA through the car package. 

Model 

Model 

Rcond
2 Parameter F- statistic Df.res p-value 

Coef. 

All fish 0.080 Intercept 2066.64 7.82 <0.001 87.06 

  δ15Nadj 0.43 124.12 0.515 0.26 

Large-bodied fish 0.067 Intercept 1977.67 7.66 <0.001 87.70 

  δ15Nadj 0.20 95.03 0.658 0.18 

White sucker 0.067 Intercept 461.95 8.65 <0.001 86.54 

  δ15Nadj 2.10 16.98 0.165 3.99 

Northern pike 0.036 Intercept 393.69 2.39 0.001 84.73 

  δ15Nadj 0.36 19.96 0.556 -0.33 

Walleye 0.023 Intercept 1279.94 6.35 <0.001 95.80 

  δ15Nadj 0.73 11.75 0.411 -1.65 

Forage fish 0.574 Intercept 280.16 6.64 <0.001 91.25 

  δ15Nadj 4.95 27.31 0.034 8.93 

Sculpin 0.600 Intercept 141.60 1.62 0.014 88.72 

  δ15Nadj 1.78 5.67 0.233 6.55 

Shiner 0.613 Intercept 155.86 4.52 <0.001 91.44 

  δ15Nadj 2.04 10.21 0.183 10.60 

 


