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Abstract 

The thesis examined the otolith microchemistry of slimy sculpin, burbot, and lake 

whitefish from Yellowknife Bay, Northwest Territories, in relation to the Giant Mine 

Remediation Project. Trace elements analyzed included arsenic, the mine’s primary contaminant 

of concern, as well as antimony, copper, lead, strontium, and zinc. Otolith arsenic was lowest, 

and most variable, in slimy sculpin resident to the exposure area. Significant differences in 

otolith arsenic, between exposure and reference sites for slimy sculpin and lake whitefish, may 

be related to arsenic tolerance in exposure area fish whereby lower otolith arsenic content was 

generally associated with higher tissue arsenic content. In all three species, otolith copper and 

zinc, and lead in lake whitefish, showed oscillations that likely corresponds to seasonal uptake. 

Oscillations of otolith strontium were sometimes opposite copper and zinc and may result from 

seasonal variation in physiological processes. Otolith antimony was generally low in the three 

species.  

  



CONTAMINANT EXPOSURE HISTORY  5 

Table of Contents 

Creative Commons Statement......................................................................................................... 3 

Abstract ........................................................................................................................................... 4 

Table of Contents ............................................................................................................................ 5 

Table of Figures .................................................................................................................. 8 

Acknowledgements ....................................................................................................................... 15 

Introduction ................................................................................................................................... 16 

Background ....................................................................................................................... 17 

Study Objectives ............................................................................................................... 21 

Literature Review.......................................................................................................................... 23 

Otolith Function ................................................................................................................ 23 

Otolith Growth .................................................................................................................. 24 

Incorporation of Trace Elements into Otoliths ................................................................. 26 

From external media to blood plasma. ........................................................................ 26 

From blood plasma to endolymph. ............................................................................. 27 

From endolymph to otolith. ........................................................................................ 28 

Uptake and Metabolism of Select Trace Elements ........................................................... 29 

Arsenic (As) ................................................................................................................ 29 

Antimony (Sb) ............................................................................................................ 31 

Copper (Cu) ................................................................................................................ 32 

Lead (Pb) ..................................................................................................................... 33 

Strontium (Sr) ............................................................................................................. 34 

Zinc (Zn) ..................................................................................................................... 35 



CONTAMINANT EXPOSURE HISTORY  6 

Fish Life Histories............................................................................................................. 35 

Slimy sculpin .............................................................................................................. 36 

Lake whitefish ............................................................................................................. 37 

Burbot ......................................................................................................................... 38 

Methods......................................................................................................................................... 40 

Selection of species ........................................................................................................... 40 

Selection of otoliths .......................................................................................................... 43 

Selection of Metal(loid)s for Analysis in Otoliths ............................................................ 51 

Preparation and analysis of otoliths .................................................................................. 57 

Identification of Otolith Annuli ........................................................................................ 60 

Data analysis ..................................................................................................................... 60 

Correlation analysis (all species). ............................................................................... 62 

Statistical Analysis. ..................................................................................................... 62 

Results ........................................................................................................................................... 67 

Slimy Sculpin .................................................................................................................... 67 

Antimony and lead. ..................................................................................................... 71 

Arsenic. ....................................................................................................................... 72 

Copper, strontium, and zinc. ....................................................................................... 78 

Lake Whitefish .................................................................................................................. 87 

Antimony. ................................................................................................................... 91 

Arsenic. ....................................................................................................................... 92 

Copper, lead, strontium, and zinc. ............................................................................ 100 

Burbot ............................................................................................................................. 110 



CONTAMINANT EXPOSURE HISTORY  7 

Antimony and lead. ................................................................................................... 113 

Arsenic. ..................................................................................................................... 115 

Copper, strontium, and zinc. ..................................................................................... 117 

Discussion ................................................................................................................................... 123 

Does arsenic become incorporated into the otolith structure? ........................................ 123 

What are the pre-remediation otolith microchemistry patterns? ..................................... 124 

Can patterns of arsenic in otoliths serve as an indicator of temporal contaminant 

exposure? ........................................................................................................................ 132 

Can the incorporation of other trace elements into the otolith structure provide additional 

relevant information to refine interpretation of any arsenic signatures? ........................ 135 

Conclusions and Recommendations ........................................................................................... 138 

Literature Cited ........................................................................................................................... 142 

APPENDIX A: Summary Statistics for Trace Elements in Slimy Sculpin, Lake Whitefish, and 

Burbot Otoliths............................................................................................................................ 156 

APPENDIX B: Trace Element Profiles in Slimy Sculpin, Lake Whitefish, and Burbot Otoliths

..................................................................................................................................................... 166 

APPENDIX B1.1: Symmetrical Moving Averages of Trace Elements in Slimy Sculpin 

Otoliths ............................................................................................................................ 167 

APPENDIX B1.2: Trace Element Profiles in Slimy Sculpin Otoliths ........................... 176 

APPENDIX B2.1: Symmetrical Moving Averages of Trace Elements in Lake Whitefish 

Otoliths ............................................................................................................................ 199 

APPENDIX B2.2: Trace Element Profiles in Lake Whitefish Otoliths ......................... 207 



CONTAMINANT EXPOSURE HISTORY  8 

APPENDIX B3.1: Symmetrical Moving Averages of Trace Elements in Burbot Otoliths

......................................................................................................................................... 228 

APPENDIX B3.2: Trace Element Profiles in Burbot Otoliths ....................................... 234 

APPENDIX C: Correlation Coefficients for Otolith Trace Elements, Fish Metrics, and Tissue 

Data for Slimy Sculpin, Lake Whitefish, and Burbot ................................................................. 249 

APPENDIX D: Statistical Models and Results for Slimy Sculpin and Lake Whitefish ............ 263 

APPENDIX D1: Final Linear Mixed-Effect Models and Results for Slimy Sculpin..... 264 

Introduction. .............................................................................................................. 265 

Arsenic. ..................................................................................................................... 265 

Copper. ...................................................................................................................... 273 

Strontium................................................................................................................... 277 

Zinc. .......................................................................................................................... 280 

APPENDIX D2: Final ANCOVA Models and Results for Lake Whitefish .................. 283 

Introduction. .............................................................................................................. 284 

Arsenic. ..................................................................................................................... 284 

Copper. ...................................................................................................................... 288 

Lead........................................................................................................................... 290 

Strontium................................................................................................................... 291 

Zinc. .......................................................................................................................... 295 

 

Table of Figures 

Figure 1. Overview of Yellowknife Bay and the Giant Mine Lease Area (image from Google 

Earth, 2018)....................................................................................................................... 18 



CONTAMINANT EXPOSURE HISTORY  9 

Figure 2. Photo of Yellowknife Bay (northwest shore), Giant Mine and its Lease Area 

(approximate), Baker Creek, and the Baker Creek Outlet; east aspect (photo from C. 

Sibbald, July 2016). .......................................................................................................... 19 

Figure 3. Areas of slimy sculpin, burbot, and lake whitefish collection in Yellowknife Bay, Great 

Slave Lake, Northwest Territories (image from Google Earth, 2018). ............................ 41 

Figure 4. Water chemistry sample sites in Yellowknife Bay, Great Slave Lake, Northwest 

Territories (image from Google Earth, 2018). .................................................................. 52 

Figure 5. Concentrations of total arsenic, antimony, and copper at exposure and reference areas 

in Yellowknife Bay. .......................................................................................................... 55 

Figure 6. Concentrations of total lead, strontium, and zinc at exposure and reference areas in 

Yellowknife Bay. .............................................................................................................. 56 

Figure 7. Slimy sculpin site means (horizontal lines), sample means (dots), and sample ranges 

(error bars) of antimony, arsenic, and copper, organized by sample site. ........................ 69 

Figure 8. Slimy sculpin site means (horizontal lines), sample means (dots), and sample ranges 

(error bars) of lead, strontium, and zinc, organized by sample site. ................................. 70 

Figure 9. Examples of antimony and lead profiles, with the symmetrical moving averages (black 

trace), in two slimy sculpin otoliths from the BCO Reach 0 (SLSC 260) and the 

Yellowknife River (SLSC 595). Both fish are an estimated three years. ......................... 72 

Figure 10. Examples of arsenic profiles, with the symmetrical moving averages (black trace), in 

two slimy sculpin otoliths from the BCO Reach 0 (SLSC 260) and the Yellowknife River 

(SLSC 595). Both fish are an estimated three years. ........................................................ 73 



CONTAMINANT EXPOSURE HISTORY  10 

Figure 11. Symmetrical moving averages of antimony, arsenic, copper, lead, strontium and zinc 

in slimy sculpin samples SLSC 260 (BCO Reach 0) and SLSC 595 (Yellowknife River). 

Both fish are an estimated three years. ............................................................................. 74 

Figure 12. Mean annual arsenic content in slimy sculpin otoliths by estimated age, and by 

estimated year, organized by sample site (BCO Reach 0 samples 213 to 313, Yellowknife 

River samples 430 to 595). ............................................................................................... 75 

Figure 13. Interaction plot for mean annual arsenic content in slimy sculpin otoliths for male and 

female fish, organized by sample site. .............................................................................. 78 

Figure 14. Examples of copper, strontium, and zinc profiles, with the symmetrical moving 

averages (black trace), in two slimy sculpin otoliths from the BCO Reach 0 (SLSC 260) 

and the Yellowknife River (SLSC 595). Both fish are an estimated three years.............. 80 

Figure 15. Examples of arsenic, copper, strontium, and zinc symmetrical moving average 

profiles, with the post-ablation otolith, for samples from the BCO Reach 0 (SLSC 277) 

and the Yellowknife River (SLSC 496). Both fish are an estimated two years................ 81 

Figure 16. Mean annual copper, strontium, and zinc content in slimy sculpin otoliths by 

estimated age, organized by sample site (BCO Reach 0 samples SLSC 213 to 313, 

Yellowknife River samples SLSC 430 to 595) ................................................................. 84 

Figure 17. Mean annual copper, strontium, and zinc content in slimy sculpin otoliths for male 

and female fish, organized by sample site. ....................................................................... 86 

Figure 18. Lake whitefish site means (dashed horizontal lines), sample means (dots), and sample 

ranges (error bars) of antimony, arsenic, and copper, organized by sample site. ............. 89 

Figure 19. Lake Whitefish site means (horizontal lines), sample means (dots), and sample ranges 

(error bars) of lead, strontium, and zinc, organized by sample site. ................................. 90 



CONTAMINANT EXPOSURE HISTORY  11 

Figure 20. Examples of antimony profiles, with the symmetrical moving average (black trace), in 

two lake whitefish otoliths from the BC Outlet (LWF BC04) and Horseshoe Island (LWF 

HI17). Sample BC04 is an estimated 11 years while sample HI17 is an estimated 

12 years. ............................................................................................................................ 91 

Figure 21. Symmetrical moving averages of antimony, arsenic, copper, lead, strontium and zinc 

in lake whitefish samples BC04 (BC Outlet) and HI17 (Horseshoe Island). Sample BC04 

is an estimated 11 years while sample HI17 is an estimated 12 years. ............................. 92 

Figure 22. Examples of arsenic profiles, with the symmetrical moving average (black trace), in 

two lake whitefish otoliths from the BC Outlet (LWF BC04) and Horseshoe Island (LWF 

HI17). Sample BC04 is an estimated 11 years while sample HI17 is an estimated 

12 years. ............................................................................................................................ 93 

Figure 23. Mean annual arsenic content in lake whitefish otoliths by estimated age organized by 

sample site (BC Outlet samples BC04 to BC21, Horseshoe Island samples HI01 to HI21). 

Note sample BC10 is excluded as post-ablation ageing was not possible. ....................... 94 

Figure 24. Adjusted mean 2012 arsenic content in lake whitefish otoliths for males and females; 

error bars indicate 95% confidence intervals. ................................................................... 98 

Figure 25. Mean 2012 arsenic content in lake whitefish otoliths by muscle arsenic content, 

organized by sample site (with LOESS smoothing and its 95% confidence interval). .... 99 

Figure 26. Examples of copper, lead and strontium profiles, with the symmetrical moving 

average (black trace), in two lake whitefish otoliths from the BC Outlet (LWF BC04) and 

Horseshoe Island (LWF HI17). Sample BC04 is an estimated 11 years while sample HI17 

is an estimated 12 years. ................................................................................................. 101 



CONTAMINANT EXPOSURE HISTORY  12 

Figure 27. Examples of zinc profiles, with the symmetrical moving average (black trace), in two 

lake whitefish otoliths from the BC Outlet (LWF BC04) and Horseshoe Island (LWF 

HI17). Sample BC04 is an estimated 11 years while sample HI17 is an estimated 

12 years. .......................................................................................................................... 102 

Figure 28. Examples of strontium and zinc symmetrical moving average profiles, with the post-

ablation otolith, for samples from the BC Outlet (LWF BC04) and Horseshoe Island 

(LWF HI17). Sample BC04 is an estimated 11 years while sample HI17 is an estimated 

12 years. .......................................................................................................................... 103 

Figure 29. Mean annual copper, lead, and strontium content in lake whitefish otoliths by 

estimated fish age, organized by sample site (BC Outlet samples BC04 to BC21, and 

Horseshoe Island samples HI01 to HI21). Note sample BC10 is excluded as post-ablation 

ageing was not possible. ................................................................................................. 105 

Figure 30. Mean trace element content in lake whitefish otoliths for zinc by estimated fish age, 

organized by sample site (BC Outlet samples BC04 to BC21, and Horseshoe Island 

samples HI01 to HI21). Lake Whitefish BC10 excluded as post-ablation ageing was not 

possible. .......................................................................................................................... 106 

Figure 31. Mean 2012 lead content in lake whitefish otoliths by hepatosomatic index (HSI). .. 109 

Figure 32. Mean 2012 strontium content in lake whitefish otoliths by hepatosomatic index (HSI).

......................................................................................................................................... 109 

Figure 33. Burbot site means (dashed horizontal lines), sample means (dots), and sample ranges 

(error bars) of antimony, arsenic, and copper, organized by sample site. ...................... 111 

Figure 34. Burbot site means (dashed horizontal lines), sample means (dots), and sample ranges 

(error bars) of lead, strontium, and zinc, organized by sample site. ............................... 112 



CONTAMINANT EXPOSURE HISTORY  13 

Figure 35. Examples of antimony and lead profiles, with the symmetrical moving average (black 

trace), in two burbot otoliths from North Yellowknife Bay (BURB MO-5) and the GSL 

Reference (BURB 13-12). Sample MO-5 is an estimated 16 years while sample 13-12 is 

an estimated 17 years. ..................................................................................................... 114 

Figure 36. Symmetrical moving averages of antimony, arsenic, copper, lead, strontium and zinc 

in two select burbot samples MO-5 (North Yellowknife Bay) and 13-12 (GSL 

Reference). Sample MO-5 is an estimated 16 years while sample 13-12 is an estimated 

17 years. .......................................................................................................................... 115 

Figure 37. Examples of arsenic profiles, with the symmetrical moving average (black trace), in 

two burbot otoliths from North Yellowknife Bay (BURB MO-5) and the GSL Reference 

(BURB 13-12). Sample MO-5 is an estimated 16 years while sample 13-12 is an 

estimated 17 years. .......................................................................................................... 116 

Figure 38. Mean annual arsenic content in burbot otoliths by estimated fish age, organized by 

sample site (North Yellowknife Bay samples 14-04 to MO-5, and GSL reference samples 

13-02 to 13-16). .............................................................................................................. 117 

Figure 39. Examples of copper, strontium, and zinc profiles, with the symmetrical moving 

average (black trace), in two burbot otoliths from North Yellowknife Bay (BURB MO-5) 

and the GSL Reference (BURB 13-12). Sample MO-5 is an estimated 16 years while 

sample 13-12 is an estimated 17 years. ........................................................................... 118 

Figure 40. Mean annual copper, strontium, and zinc content in burbot otoliths by estimated fish 

age, organized by sample site (North Yellowknife Bay samples 14-04 to MO-5, and GSL 

reference samples 13-02 to 13-16). ................................................................................. 119 



CONTAMINANT EXPOSURE HISTORY  14 

Figure 41. Examples of arsenic, copper, strontium, and zinc symmetrical moving average 

profiles, with the post-ablation otolith, for samples from North Yellowknife Bay (BURB 

14-04) and the GSL reference area (BURB 13-03). Sample 14-04 is an estimated eight 

years while sample 13-03 is an estimated nine years. .................................................... 121 

Figure 42. Symmetrical moving averages of arsenic in slimy sculpin, lake whitefish, and burbot 

otoliths, organized by species. Dashed horizontal line represents the average LOD 

(0.01 µg/g). ..................................................................................................................... 124 

Figure 43. Symmetrical moving averages of antimony for slimy sculpin, lake whitefish, and 

burbot otoliths, organized by species. Dashed horizontal line represents the average LOD.

......................................................................................................................................... 125 

Figure 44. Symmetrical moving averages of copper, lead, and zinc in slimy sculpin, lake 

whitefish, and burbot otoliths, organized by species. Dashed horizontal line represents the 

average LOD. .................................................................................................................. 126 

Figure 45. Symmetrical moving averages of strontium in slimy sculpin, lake whitefish, and 

burbot otoliths, organized by species. Dashed horizontal line represents the average LOD.

......................................................................................................................................... 130 

 

  



CONTAMINANT EXPOSURE HISTORY  15 

Acknowledgements 

I would sincerely like to thank my supervisor, Dr. Vince Palace, for your support and 

guidance over the past four years. From encouraging me to complete a Master’s degree, to 

participating as my supervisor, gently aiding when I strayed into various data rabbit holes and 

offering needed reassurance when I couldn’t see the light at the end of the thesis tunnel. 

For access to samples and existing data and studies, I would like to thank Brad Overton 

(Public Service and Procurement Canada), Stuart Dean (Fisheries and Oceans Canada), John 

Chetelat (Environment and Climate Change Canada), and Hilary Machtans (Golder Associates). 

A very large thank you to Dr. Lisa Friedrich (Stantec Consulting, University of Manitoba) as 

well for her effort with sample analysis, and for answering my many questions and queries. 

Last, but definitely not least, a very special thank you to my husband for his unwavering 

support, and to my family and friends for their continued faith in me. I really could not have 

done this without any of you – you have continued to inspire me and push me to greater heights 

than I initially imagined. Thank you! 

  



CONTAMINANT EXPOSURE HISTORY  16 

Introduction 

Yellowknife Bay, part of Great Slave Lake in the Northwest Territories, has received 

point and non-point discharges from the Giant Mine since the late 1940s. The Giant Mine is a 

former gold mine located on the northwest shore of Yellowknife Bay within the municipal limits 

of the City of Yellowknife. The mine officially closed in 2004 and is currently the responsibility 

of the federal Crown-Indigenous Relations and Northern Affairs Canada (CIRNAC) who are 

actively planning the site’s remediation with the Government of the Northwest Territories 

(GNWT) (INAC & GNWT, 2010). The primary contaminant of concern associated with the 

mine is arsenic, though elevated concentrations of antimony, cadmium, copper, lead, nickel, and 

zinc, in Yellowknife Bay water and/or sediment, have also been attributed to the mine (INAC & 

GNWT, 2010). Future long-term environmental monitoring programs, during and following 

remediation, will be conducted by CIRNAC and are expected to include fish tissue monitoring, 

as well as other environmental media, to evaluate changes in contaminant levels as remediation 

progresses.  

The analysis of fish tissue contaminant concentrations, however, provides evidence of 

recent contaminant exposures only (Palace, Halden, Yang, Evans, & Stirling, 2007). 

Contaminant concentrations in tissues are not stable as tissues are metabolically-active and 

contaminants are subject to degradation and/or resorption (Palace et al., 2007; Friedrich, 2009). 

Therefore, individual temporal trend data cannot be assessed from isolated tissue samples, and 

tissues do not provide any indication of long-term cumulative contaminant exposure, or changes 

in exposure within an individual fish (Palace et al., 2007). The interpretation of tissue data can 

also be hampered by uncertainty in contaminant exposure, particularly for highly mobile species 
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that can move between exposure and reference areas (Courtenay, Munkittrick, Dupuis, Parker, & 

Boyd, 2002; Palace et al., 2005). 

Given these limitations of isolated fish tissue analysis, otolith microchemistry offers a 

valuable approach to retrospectively assess the exposure history of Yellowknife Bay fish to 

contaminants associated with the Giant Mine. The microchemistry of otoliths, which are small 

calcified structures found in the inner ear of teleost fish, has been gaining attention in recent 

years as it can provide a detailed and permanent chronological record of trace element exposure 

over the life of a fish (Ranaldi & Gagnon, 2008). This is because otoliths are metabolically inert, 

can incorporate trace elements into their structure as they are growing, and their microchemistry 

is directly influenced by ambient conditions such as water chemistry and diet (Friedrich, 2009). 

Once incorporated into the otolith, trace elements are considered stable (Halden & Friedrich, 

2008, Friedrich 2009) and this enables archived otoliths to be used to retrospectively assess 

contaminant profiles in addition to “fresh” otoliths. For these reasons, otolith microchemistry has 

been the focus of a number of studies examining fish stocks, migration, and life history patterns 

(e.g., Campana, Chouinard, Hanson, Fréceht, & Brattey, 2000; Clarke, Telmer, & Shrimpton, 

2015), and patterns of temporal contaminant exposure (e.g., Palace et al, 2007; Ranaldi & 

Gagnon, 2008; Halden & Friedrich, 2008; Friedrich, 2009). Identifying and evaluating the 

temporal contaminant exposure history of select Yellowknife Bay fish would provide a baseline 

from which future studies of these species’ contaminant exposures could be evaluated as 

remediation of Giant Mine progresses (e.g., assessing changes in trace element signatures). 

Background 

On-site operations at the Giant Mine began in 1945 and continued for over 50 years until 

the former operator went into receivership in 1999, and the mine officially closed in 2004 (INAC 
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& GNWT, 2010). Over the life of the mine, on-site operations included underground and open-

pit mining; ore milling, floatation, roasting, and cyanide leaching for gold extraction; tailings 

generation and storage; and, water storage, treatment, and discharge (INAC & GNWT, 2010). In 

the early years of the mine, major environmental releases included sulphur dioxide and arsenic 

vapour from the roasting process, discharge of tailings directly to Yellowknife Bay, and release 

of mine water (untreated) and effluent (treated) to Baker Creek, which flows into Yellowknife 

Bay via the Baker Creek Outlet area (see Figure 1 and Figure 2).  

  

Figure 1. Overview of Yellowknife Bay and the Giant Mine Lease Area (image from Google 
Earth, 2018). 
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Figure 2. Photo of Yellowknife Bay (northwest shore), Giant Mine and its Lease Area (approximate), Baker Creek, and the Baker 
Creek Outlet; east aspect (photo from C. Sibbald, July 2016). 
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Since the gold in Giant Mine ore was hosted within sulphide minerals, primarily pyrite 

and arsenopyrite, the roasting process produced two major off-gases: sulphur dioxide, and 

arsenic vapour as arsenic trioxide (INAC & GNWT, 2010). At the start of roasting in 1949, these 

were vented directly to the atmosphere and this early release of arsenic has been estimated at 

2.6 million kilograms (kg) per year (approximately 7,000 kg per day) (Wrye, 2008). By 1951, 

gas scrubbing equipment was installed for the roaster stacks, and with subsequent upgrades, 

arsenic emissions were reduced to less than 4,000 kg per year (or less than 11 kg per day) at the 

end of on-site roasting in 1999 (Wrye, 2008). The gas scrubbing equipment condensed and 

solidified arsenic trioxide as a by-product, however, and this dust was collected and stored in 

underground chambers. Over the life of Giant Mine, an estimated 20 million kg of arsenic was 

released through aerial emissions, with approximately 86% of this being released before 1963 

(Wrye, 2008). There is also approximately 237,000 tonnes of arsenic trioxide dust currently 

stored underground at Giant Mine (INAC & GNWT, 2010). 

Between 1948 and 1951, tailings from the mine were discharged to the western shore of 

Yellowknife Bay in an area now known as the Historic Foreshore Tailings (INAC & GNWT, 

2010). An estimated 300,000 tonnes of tailings were discharged to the foreshore of Yellowknife 

Bay, with approximately 35% present on the shore (which were lined and capped in 2001) and 

the remaining in the adjacent shallow waters (INAC & GNWT, 2010). In 1951, tailings began to 

be stored in small lakes on the mine site and dams were eventually constructed to form tailings 

containment areas (INAC & GNWT, 2010). 

Mine effluent was generated by the mill following ore processing and was released to 

Baker Creek. Initial treatment of effluent (through precipitation of arsenic) reportedly began in 

the mid-1950s but further treatment did not occur until an effluent treatment plant was 
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constructed following a regulatory requirement in 1978 to improve effluent quality (INAC & 

GNWT, 2010). This treatment plant became operational in 1981 and began treating mine effluent 

as well as mine water that was pumped up from the Giant Mine underground. Prior to 1981, 

mine water was released directly to Baker Creek without treatment. The treatment of effluent and 

mine water continued until 1999 when on-site operations, and effluent production, ceased. From 

1999 to present, mine water has continued to be pumped to surface, treated, and released to 

Baker Creek during the open-water season (e.g., typically May through October), in accordance 

with regulatory requirements (INAC & GNWT, 2010). 

Study Objectives 

The objective of this research was to assess pre-remediation patterns of trace elements in 

sagittal otoliths of select fish species from Yellowknife Bay to evaluate if signatures of exposure 

to Giant Mine contaminants are present. The research primarily focused on arsenic as it is the 

mine’s primary contaminant of concern. However, as only a few studies have examined arsenic 

content in otoliths (i.e., Ranaldi & Gagnon, 2008; Casiot et al., 2009; Gao, Feng, Ren, Qiao, & 

Li, 2010), this research will directly contribute to the understanding of arsenic retention on 

otoliths, and the use of otolith arsenic as an indicator of temporal contaminant exposure. Though, 

given some uncertainty in the uptake and retention of arsenic on otoliths, and that multi-element 

analysis can be used to identify potential exposure to contaminants (e.g., coincident peaks), other 

identified Giant Mine contaminants of concern were also analyzed to determine which, if any 

trace metal(loids), including arsenic, could be used to assess the contaminant exposure history of 

Yellowknife Bay fish. These included antimony, copper, lead, strontium, and zinc. 

Archived otoliths from slimy sculpin (Cottus cognatus), lake whitefish (Coregonus 

clupeaformis), and burbot (Lota lota), collected during previous technical fish tissue studies (i.e., 
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Sharpe et al., 2011; Huebert, Sibbald, Nelson, Harttrup, & Palace, 2014; J. Chetelat, personal 

communication, February 16, 2016, respectively) for Giant Mine were used to answer the 

primary research questions: 

1. Does arsenic become incorporated into the otolith structure?  

2. What are the pre-remediation otolith microchemistry patterns of the six trace 

elements? 

3. Can patterns of arsenic in otoliths serve as an indicator of temporal contaminant 

exposure? 

4. Can the incorporation of other trace elements into the otolith structure provide 

additional relevant information to refine interpretation of any arsenic signatures? 
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Literature Review 

The following sections offer a review of the function of the otolith, their mechanisms for 

growth, and incorporation of trace elements. The uptake and metabolism of trace elements by 

fish, specifically those analyzed in this study (i.e., arsenic, antimony, copper, lead, strontium, and 

zinc), are also reviewed, as well as the life history characteristics of the three assessed fish 

species (i.e., slimy sculpin, lake whitefish, and burbot). 

Otolith Function 

As described by Wright et al. (2002), otoliths are small calcified structures found in the 

inner ear of teleost (bony) fish that function in the fish’s hearing and equilibrium (i.e., balance). 

The inner ear of teleost fish is comprised of three semi-circular canals, which open into three 

interconnected, endolymph-filled otic sacs (saculus, utriculus, and lagena) that each contain a set 

of otoliths (sagitta, lapillus, and asteriscus, respectively). The three otoliths are different sizes 

and shapes with the sagittal otoliths typically the largest and used for ageing fish and in 

microchemistry studies (Campana & Nielsen, 1985; Wright et al., 2002; Friedrich, 2009), as in 

this study. Within the otic sacs, each otolith has sulcal groove that is in contact with a sensory 

tissue called ‘macula’ that contains kinocilia (“hair” cells) and corresponding nerve endings, 

which are connected to the fish’s auditory nerve. The otoliths act as “mechanoreceptors” in the 

otic sacs and respond to, or move, as a result of sound vibration, pressure, and gravity changes. 

The movement of the otoliths within the otic sacs, relative to the macula, bends the kinocilia and 

stimulates the fish’s auditory nerve. Otoliths are approximately three times denser than the fish’s 

body, the latter of which is approximately the same density of water, so it is believed that sound 

vibrations act directly on the inner ear with otoliths responding to a different sound amplitude 

than the rest of the fish’s body (Popper & Lu, 2000; Wright et al., 2002). 
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Otolith Growth 

Otolith formation begins during egg incubation and they grow daily, throughout the life 

of a fish, by the concentric addition of a protein and calcium carbonate matrix (Campana & 

Nielsen, 1985). The daily growth increment of the otolith is due to the differential deposition of 

the keratin-like protein (termed ‘otolin’) and a calcium carbonate crystalline structure (Campana 

& Nielsen, 1985; Wright et al., 2002). The otolith’s calcium carbonate crystalline structure is 

typically aragonite, though the vaterite structure is occasionally found (Campana & Nielsen, 

1985). Vaterite is an alternate crystalline structure of calcium carbonate and its presence may be 

related to periods of acute or chronic stress, such as handling stress, starvation, density, and 

temperature stress (Bowen, Bronte, Argyle, Adams, & Johnson, 1999; Halden & Friedrich, 

2008). The presence of vaterite in sagittal otoliths is more common in captive fish (e.g., found in 

up to 80% of hatchery fish) as these stressors tend to be magnified in captive environments; 

however, it is also found in wild stocks given that these stressors are naturally present as well 

(Bowen et al., 1999).  

Otolith growth, and subsequent calcification rate, is heavily dependent on the alkaline pH 

of the endolymph fluid (Campana, 1999; Payan, de Pontual, Boeuf, & Mayer-Gostan, 2004). The 

pH is controlled by bicarbonate (HCO3) ions in the endolymph (Campana, 1999), as well as the 

endolymph’s calcium ion concentration, which is influenced by blood plasma calcium 

concentrations via active or passive transport mechanisms across the epithelium of the otic sacs 

(Wright et al., 2002; de Pontual & Geffen, 2002; Payan et al., 2004). This epithelium is called 

the ‘saccular epithelium’ when considering the sacculus otic sac with sagittal otoliths, as were 

examined in this study.  
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The differential deposition of otolin and aragonite over a 24-hour period appears to be 

linked to the fish’s circadian/endocrine rhythm and the environmental photoperiod (Campana & 

Nielsen, 1985). It is believed that these factors may influence the diurnally fluctuating 

concentrations of calcium, bicarbonate, and proteins observed in endolymph of turbot (Psetta 

maxima; Edeyer et al., 2000) and rainbow trout (Onchoryhchus mykiss; Borelli et al., 2003), 

whereby calcium and bicarbonate concentrations increase during the night, peaking in early 

morning, and protein concentrations increase during the day, peaking in early evening (Borelli et 

al., 2003). These biphasic fluctuations allow for the differential deposition of the otolith ‘rings’ 

during times when concentrations of these components are maximum (i.e., calcium carbonate at 

the beginning of the day, and proteins at the end of the day) (Borelli et al., 2003). Regardless, 

this 24-hour antiphase deposition of otolin and aragonite results in a two-part primary growth 

increment comprised of a light, translucent band (aragonite-rich with little otolin) and a dark, 

opaque band (otolin-rich with little aragonite) (Campana & Nielsen, 1985). These primary/daily 

growth increments vary in size but are typically less 12 micrometres (µm; Panella, 1974), are 

only visible under very high magnification (e.g., scanning electron microscopy), and provide 

daily resolution of fish age (Wright et al., 2002).  

Seasonal and annual increments are also found that respectively correspond to a 

resolution over number of months or of a growth season, and over a number of years (Wright et 

al., 2002). These increments are much larger than primary increments (e.g., up to 80 µm; Palace 

et al., 2007) and can often be seen with little to no magnification. The formation of seasonal and 

annual increments is ultimately related to changes in the primary increments throughout the year 

(e.g., width of primary increments, size of aragonite crystals, ratio of aragonite to otolin) that are 

thought to be driven by seasonal changes in fish physiology (e.g., metabolic rate, reproductive 
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activity), and can also be influenced by environmental factors such as water temperature, 

salinity, and photoperiod (Campana & Nielsen, 1985; Fowler, Campana, Jones & Thorrold, 

1995; Wright et al., 2002; Sturrock et al., 2015). Otolith annual increments (annuli) are 

frequently used to estimate fish ages (i.e., by counting increments) and validation of annual 

growth zones has also been completed using nuclear bomb radiocarbon dating (i.e., 14C assays) 

in marine haddock (Melanogrammus aeglefinus; Campana, 1997), freshwater drum (Aplodinotus 

grunniens; Davis-Foust, Campana, Olynyk, & Janssen, 2009), and freshwater wild pallid 

sturgeon (Scaphirhynchus albus; Braaten et al., 2015). 

Incorporation of Trace Elements into Otoliths 

As previously noted for calcium ions, the composition of the otolith matrix, and 

subsequent uptake of trace elements, is largely influenced by the endolymph chemistry 

(Thresher, 1999), which is influenced by blood plasma chemistry, which is in turn influenced by 

ambient conditions (Friedrich, 2009). The three major stages for incorporation of trace elements 

into the otolith include: external media to blood plasma; blood plasma to endolymph; and, 

endolymph to otolith (de Pontual & Geffen, 2002; Friedrich, 2009).  

From external media to blood plasma. 

For this first stage, a fish’s uptake of most elements largely occurs from the water 

through the gills and into the blood plasma, though uptake may also occur through the intestine 

from the diet (Campana, 1999; Friedrich, 2009). Uptake of elements from external media (e.g., 

water, food) is either mediated by active transport across cell membranes, or is passive (de 

Pontual & Geffen, 2002). Active transport of elements requires energy and typically involves 

major metals and non-metallic ions that are essential to physiological processes (e.g., calcium, 

sodium, chloride, sulphate, phosphate) (de Pontual & Geffen, 2002). Passive uptake of elements, 
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particularly non-essential trace elements, largely depends on the ambient concentrations of the 

dissolved ions, and the affinity of these ions for binding sites on the membrane of exchange 

surfaces such as the gills and intestine (de Pontual & Geffen, 2002). For example, the uptake of 

cationic non-essential metals by gills is generally believed to occur when they are inadvertently 

taken up through transport processes designed for cationic essential metals (e.g., Pb2+ or Cd2+ 

instead of Ca2+) (Niyogi & Wood, 2003; Klinck et al., 2005). It is noted that environmental 

factors, such as water pH, temperature, hardness, salinity, and dissolved organic carbon, also 

play a role by affecting the availability of free ions for uptake (Campana, 1999; de Pontual & 

Geffen, 2002; Friedrich, 2009). Uptake routes for elements specific to this study (i.e., arsenic, 

antimony, copper, lead, strontium, and zinc) are described in subsequent sections below (see 

section: Uptake and Metabolism of Select Trace Elements). 

From blood plasma to endolymph. 

Once in the blood, essential and non-essential elements are transported throughout the 

fish’s body. The movement of trace elements from blood plasma into endolymph, across the 

saccular epithelium, is debated but both active and passive transport pathways are hypothesized 

(Payan et al., 2004). Given measured concentration gradients and calculated Nernst potentials 

between blood plasma and endolymph in rainbow trout and turbot, Payan et al. (2004) suggested 

the transport of ionic species necessary for calcification (i.e., calcification pre-cursors calcium 

and bicarbonate) occurs passively, while the transport of potassium and other elements not 

essential for calcification is actively-mediated. Payan et al. (2004) also investigated the 

concentration of these calcification pre-cursors, versus their incorporation rate, into a growing 

otolith. They revealed that otolith growth consumes seven times the concentration of calcium 

than is present in the endolymph, while bicarbonate consumption is one times the endolymph 
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concentration. This high consumption of calcium and bicarbonate is likely related to passive 

transport mechanisms across the saccular epithelium, which are needed to maintain the necessary 

concentrations for otolith calcification (Payan et al., 2004).  

The movement of trace metals into the endolymph from blood could also occur passively, 

or inadvertently through active transport, depending on the element. While studies of specific 

trace metals in endolymph are limited, Melançon, Fryer, and Markham (2009) revealed that there 

were similar concentrations, for most metals studied, between whole-blood and endolymph 

samples from burbot and lake trout (Salvelinus namaycush), except for magnesium and iron, 

which were enriched in whole-blood compared to endolymph. In the same study, most metals 

were enriched in whole-blood compared to ambient freshwater. While blood plasma 

concentrations were not examined by Melançon et al. (2009), the similar concentrations between 

whole-blood and endolymph was not unexpected given that the blood is the primary source of 

elements in the endolymph. 

From endolymph to otolith. 

Though there are few studies on element-specific uptake by otoliths, the integration of 

trace elements from endolymph to the otolith is believed to occur three ways: by incorporation 

into the aragonite crystal structure, absorption onto the crystal structure, or direct bonding with 

the organic protein matrix (Campana, 1999; de Pontual & Geffen, 2002; Friedrich, 2009). 

Incorporation into the aragonite crystal structure can occur through simple substitution with 

calcium by elements with a similar size and charge (i.e, divalent cations such as Sr2+) or by co-

precipitation and formation of an alternate carbonate crystal (e.g., magnesite, MgCO3; 

rhodocrosite, MnCO3) (de Pontual & Geffen, 2002). Adsorption onto the aragonite crystal 

structure is believed to occur for sodium, chloride, potassium, and zinc (Campana, 1999), 
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whereby the elements become entrapped within the interstitial spaces of the crystal lattice 

(Campana, 1999; de Pontual & Geffen, 2002; Friedrich, 2009). The presence of the vaterite 

crystal structure can affect the integration of trace elements as vaterite is known to take up less 

strontium, barium, sodium, and potassium than aragonite, but preferentially integrate smaller 

cations like manganese and magnesium (Tomas & Geffen, 2003; Melançon, Fryer, Ludsin, 

Gagnon, & Yang, 2005). 

Finally, direct bonding with the otolin protein could occur through incorporation of trace 

metals with the protein’s amino acids, as suggested for selenium in rainbow trout otoliths (Palace 

et al., 2007), or other metal-binding proteins present in otolin, as suggested for copper and zinc 

in cod (Gadus morhua) otoliths (Miller et al., 2006).  

Uptake and Metabolism of Select Trace Elements 

The following sections review basic chemical information, and the modes of uptake and 

metabolism by fish of the trace elements assessed in the present study: arsenic, antimony, 

copper, lead, strontium, and zinc. 

Arsenic (As) 

Arsenic is a naturally-occurring metalloid that has no known nutritional or metabolic role 

(McIntyre & Linton, 2011). Elevated concentrations of arsenic in the environment can occur 

naturally in mineral-rich areas, and it can also be released through industrial developments (e.g., 

mining, smelting). Arsenic can occur in several oxidation states, but in freshwaters, typically 

occurs in the inorganic forms of trivalent arsenite (As3+) or pentavalent arsenate (As5+), with only 

minor concentrations of organic arsenic (e.g., monomethylarsenate, dimethlyarsenic acid; 

McIntyre & Linton, 2011). Inorganic arsenic is more toxic than organic arsenic, with As3+ being 

more toxic than As5+. The oxidation state of inorganic arsenic strongly depends on pH and redox 
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conditions of freshwater, and As5+ is thermodynamically-favoured in well-oxygenated surface 

waters while As3+ is favoured under oxygen-poor, reducing conditions (McIntyre & Linton, 

2011). However, arsenic geochemistry is complex and does not always strictly follow 

thermodynamic equilibrium (e.g., As5+ can occur in oxygen-poor, reducing conditions). 

Arsenic is taken up by fish directly from the water, through their gills, and from their 

diet, though, as reviewed by McIntrye and Linton (2011), laboratory studies indicate a tendency 

for freshwater fish to uptake arsenic directly from the water. Uptake of waterborne and dietary 

arsenic is primarily of the inorganic form, with uptake of As3+ greater than As5+, and ultimately 

dependent upon the arsenic concentration (McIntyre & Linton, 2011). The uptake of arsenic by 

gills, and possibly other tissues, may be through aquaglyceroporin channels in cell membranes. 

Aquaglyceroporins transport larger molecules, such as glycerol, across cell membranes, but have 

also been shown to transport trivalent metalloids, including As3+ and antimonite (Sb3+), in tissues 

of zebrafish (Danio rerio) (Hamdi et al., 2009). 

Once taken up, arsenic is managed and excreted relatively quickly, with the more toxic 

inorganic arsenic being converted to less toxic organic forms through methylation in the liver 

(Williams, Schoof, Yager, & Goodrich-Mahoney, 2006). In an assessment of rainbow trout 

arsenic metabolism, Oladimeji, Qadri, Tam, and deFreitas (1979) found that the ratio of 

inorganic to organic arsenic continually decreased in blood (erythrocytes and plasma), muscle, 

kidney and bile over time, with 34 to 64% of total arsenic being organic within six-hours post-

oral dose, and more than 90% being organic after 24 hours. Arsenic also accumulates differently 

among tissues, as demonstrated for lake whitefish fed arsenic-contaminated diets (Pedlar & 

Klaverkamp, 2002; Pedlar et al., 2002) where it was primarily found in the liver, pyloric caeca, 
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intestine, and kidney, and less so in the muscle. This variation in tissue accumulation may be 

related to differential activity of aquaglyceroporins in different tissues (Hamdi et al., 2009). 

The degree of arsenic uptake and accumulation varies by fish species, and some evidence 

shows tolerance to arsenic can build after exposure, with a subsequent reduction in toxicity. 

Shaw et al. (2007) found that killifish (Fundulus heteroclitus), pre-exposed to non-toxic arsenic 

concentrations, had lower arsenic concentrations in tissues following a 96-hour arsenic toxicity 

test, with a corresponding increase in the expression of the multi-drug resistance-associated 

protein gene (MRP2) in cell membranes. The MRP2 gene codes for the activity of efflux 

transporters known to transport a variety of anionic substances out of cells, including arsenic 

conjugated to the antioxidant glutathione (Shaw et al., 2007; McIntyre & Linton, 2011). 

Antimony (Sb) 

Similar to arsenic, antimony is a non-essential metalloid that has four oxidation states 

(Sb3-, Sb0, Sb3+, Sb5+) (Agency for Toxic Substances and Disease Registry [ATSDR], 1992). The 

trivalent form (Sb3+) is more toxic than the pentavalent form (Sb5+), and oxidation is affected by 

redox conditions: in well-oxygenated freshwaters, Sb5+ is thermodynamically-favoured while 

Sb3+ is favoured under oxygen-poor conditions (Fawcett, 2009). Again, like arsenic, antimony 

geochemistry does not strictly follow thermodynamics however and both species can be found in 

freshwaters (Fawcett, 2009).  

Research on antimony uptake, accumulation, and metabolism by fish is more limited. 

Both antimony and arsenic are Group 5A elements and they are largely thought to behave 

similarly, therefore the uptake of antimony by fish may be similar to arsenic (i.e., water and 

diet). Indeed, as demonstrated by Hamdi et al. (2009), aquaglyceroporins can transport Sb3+, like 

As3+. The bioaccumulation of antimony in fish may be different from arsenic however as Fu et 



CONTAMINANT EXPOSURE HISTORY  32 

al. (2010) and Fu et al. (2016) found greater accumulation of antimony in non-fatty tissues (e.g., 

gills) whereas arsenic was primarily found in the detoxifying organs, the liver and kidneys. 

Based on these results, it was suggested that fish gills may have unique antimony accumulation 

characteristics, compared to arsenic. Antimony accumulation also appears to vary by fish 

species, depending on the species’ habitat. For example, bottom-dwelling species in contact with 

antimony-contaminated sediments tended to have higher antimony accumulation than pelagic 

species in the study by Fu et al. (2010). However, antimony has been demonstrated to be less 

bioavailable than arsenic in a variety of media (e.g., terrestrial soils, plants, and small mammals; 

aquatic sediments and plants; and, humans) (Fu et al., 2016, and references therein).  

Copper (Cu) 

Copper is a naturally-occurring essential metal that is incorporated into a variety of 

metalloenzymes involved in: the formation of hemoglobin; cellular respiration; the metabolism 

of carbohydrates and many drugs; the structural formation of collagen, elastin and keratin; and, 

anti-oxidant defence (ATSDR, 2004a). It is typically found in the divalent Cu2+ state in aquatic 

environments and it readily binds to particulates in the water (ATSDR, 2004a).  

In fish, the diet is considered the primary source and uptake route for copper, with the 

gills acting to “fine tune” copper homeostasis (Kamunde, Clayton, & Wood, 2002). Under 

typical water and dietary conditions, dietary uptake of copper is estimated to account for more 

than 90% of total body copper content (Kamunde et al., 2002). The uptake of copper through the 

intestine is believed to occur via a passive, diffusive route, and an active, saturable process that 

may be mediated by two types of copper-transporters (Kamunde et al., 2002; Bury, Walker, & 

Glover, 2003). Uptake of copper by gills may occur through regulated copper-transport proteins 

and involve sodium (Na+) uptake pathways (Bury et al., 2003). Given the involvement of sodium 
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pathways, and that additional research has shown competitive inhibition of copper uptake by 

silver (Ag+), it is also thought that Cu2+ is reduced to Cu+ before passage across the gill 

membranes (Bury et al., 2003).  

Lead (Pb) 

As reviewed by Mager (2011), lead is a non-essential metal with known toxicity to 

humans and other organisms. It is a naturally-occurring metal that is most toxic in its free 

divalent ion form Pb2+. In freshwaters, the oxidation state of lead is influenced by pH, alkalinity, 

and concentrations of natural organic matter. Under a neutral or basic pH with high alkalinity, 

lead readily complexes with carbonate (CO3
2-) and hydroxide ions (OH-) and these inorganic 

lead salts are relatively insoluble. Under an acidic pH with low alkalinity, however, inorganic 

lead salts can become soluble and release free Pb2+. Lead can also complex with natural organic 

matter and particulates, but the strength of this binding depends on water pH and hardness. 

The uptake of lead by fish is likely through routes designed for essential divalent cations 

(e.g., Ca2+, Fe2+, Zn2+), via the gills and the gut. Transport pathways for Ca2+ in mitochondria-

rich cells of the gills may be the most vulnerable for lead uptake. Mager (2011) reviews several 

studies that have shown a competition between lead and calcium at shared binding sites on gill 

tissues, particularly for passive transport channels. Uptake of lead via a fish’s gut does occur but 

mechanisms and locations for uptake are less well-known than for gills. It is believed that lead 

can substitute for Fe2+ in the intestine, through the divalent metal transporter-1 (DMT1) channel 

(which transports a range of essential divalent metals) and could also be taken up by 

mitochondria-rich cells through Ca2+ transport routes, similar to the gills. 
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Strontium (Sr) 

Strontium is a naturally-occurring, non-essential element that is ubiquitous in the 

environment. It has two oxidation states (Sr0 and Sr2+) however Sr0 tends to be unstable and only 

stable Sr2+ is relevant under normal environmental conditions (ATSDR, 2004b). Generally, 

stable strontium is considered non-toxic at typical environmental concentrations. Any aquatic life 

protection guidelines that may exist (e.g., in the states of Michigan and Ohio, and province of 

Quebec – 40,000 µg/L acute and 21,000 µg/L chronic) are considerably higher than typical 

background levels in freshwaters (Chowdhury & Blust, 2011).  

Strontium uptake by fish appear to mimic that for calcium as they are both alkali earth 

metals, have similar chemical properties (e.g., similar ionic radii), and display some competitive 

binding and inhibition (Chowdhury & Blust, 2011). In freshwater fish, an estimated 80% of 

strontium is believed to be taken up from the water via gills, primarily through passive calcium-

selective channels. Dietary and intestinal uptake is considered less important for freshwater fish 

but ultimately this appears to depend on the strontium:calcium ratios (e.g., water hardness; 

Chowdhury & Blust, 2011). Strontium appears to be primarily transported via blood plasma and 

is cleared very rapidly. The biological half-life of strontium in fish blood plasma is less than one 

hour and is likely related to rapid transfer to tissues, which for strontium as a calcium analogue, 

is primarily calcareous tissues (Chowdhury & Blust, 2011). Indeed, strontium is widely used in 

otolith microchemistry studies as it appears to be easily substituted for Ca2+ in aragonite crystals 

(Campana, 1999), and its uptake is affected by water temperature and salinity (Bath et al., 2000; 

Zimmerman, 2005), which can facilitate assessments of fish migrations and life histories. 
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Zinc (Zn) 

Zinc is a naturally-occurring metal and an essential micronutrient that is involved in cell 

membrane stability, proper functioning of over 300 metalloenzymes, and protein and nucleic 

acid metabolism (ATSDR, 2005). However, an excess of zinc can be toxic and its uptake by fish 

is highly regulated (Niyogi, Pyle, & Wood, 2007). In the aquatic environment, zinc is primarily 

found as divalent Zn2+, has a strong affinity for particulates and organic matter, and, as a result, 

tends to be concentrated in sediments, natural organic matter, and/or biota (Florence, Morrison, 

& Stauber, 1992; as cited by Niyogi et al., 2007). Because of this, it is generally believed that the 

gut is the most important uptake route for zinc through ingestion of sediments, organic matter, 

and prey items. However, under high zinc concentrations in the water, the gills also become an 

important uptake route (Niyogi et al., 2007). 

Similar to other metal(loid)s discussed above, the uptake of zinc by gills is believed to be 

regulated through Ca2+ channels of mitochondria-rich cells (Hogstrand, Wilson, Polgar & Wood, 

1994; Niyogi et al., 2007). As reviewed by Bury, et al. (2003), the uptake mechanism for zinc via 

the intestine is less well known but a passive, diffusive uptake pathway has been proposed only 

relevant at low ambient zinc concentrations, while an active, saturable pathway, mediated by 

zinc-transport proteins, is thought to be important at higher, more environmentally-relevant zinc 

concentrations. In either case of the gill or intestine, the regulated uptake of zinc is affected by 

water and/or diet concentrations, with uptake decreasing as zinc concentrations increase (Bury et 

al., 2003).  

Fish Life Histories 

The life histories of fish species selected for this study are reviewed in the following 

sections. Much of the information is derived from Richardson, Reist, and Minns (2001), who 
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reviewed the lake-based life history characteristics of several freshwater fish species in the 

Northwest Territories and Nunavut, including slimy sculpin, lake whitefish, and burbot. 

Additional supporting references are cited. 

Slimy sculpin 

Slimy sculpin are a small-bodied, benthic species found throughout the continental 

Northwest Territories and Nunavut, and exhibit either lacustrine or riverine life histories. In the 

present study, slimy sculpin otoliths were analyzed from fish captured from within the Baker 

Creek Outlet (BCO) exposure area (i.e., Baker Creek Reach 0), and an upstream reference area 

in the Yellowknife River (see section: ‘Selection of species’ in Methods for more information).  

In the Northwest Territories, adult slimy sculpin tend to be found in waters less than 10 m 

deep, and in areas that have a current or wind action; in lakes, they tend to frequent gravel and 

rocky substrates. Slimy sculpin may also be found over soft substrates and these fish may 

demonstrate increased growth compared other habitats, which may indicate a more productive 

habitat. They primarily feed on benthic invertebrates, but have also been known to consume fish 

eggs, small fish, and aquatic vegetation; as such, they are considered facultative benthivores 

(Arciszewski et al., 2015). Slimy sculpin lack a swim bladder and are territorial and, because of 

this, they are also believed to have small home ranges and demonstrate high site fidelity (Van 

Vliet, 1964; Gray, Cunjak, & Munkittrick, 2004). As outlined by Gray et al. (2018), tagging and 

recapture studies have suggested most sculpin species move less than 100 m throughout their 

life, with median movements between 1 to 30 m. This can make slimy sculpin a useful sentinel 

species for site-specific aquatic effects monitoring, and indeed, they are used for this purpose in 

some metal-mining environmental effects monitoring (EEM) studies (Environment Canada, 

2012), including as part of the Giant Mine EEM studies (i.e., Sharpe et al., 2011).  
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Slimy sculpin are a short-lived species, usually living to four or five years of age, and 

typically reach sexual maturity at two years of age. Slimy sculpin typically spawn in May over 

gravel, rock, or sand substrates in shallow waters less than 1.5 m deep. Males build a nest under 

stones or woody debris and court females into the nest. Females will lay eggs on the ceiling of 

the nest, with several females potentially laying eggs in one nest. Males will guard their nest 

until eggs hatch, approximately four weeks later. Young-of-the-year slimy sculpin are also found 

in shallow waters less than 1.5 m deep and eventually move to deeper waters as they mature. 

Lake whitefish 

Lake whitefish are a common large-bodied freshwater fish species in the Northwest 

Territories, and are ecologically, culturally, and economically important (Fisheries and Oceans 

Canada, 2015). They are harvested commercially and recreationally in Great Slave Lake and are 

an important food fish for local Indigenous people. Lake whitefish exhibit either lacustrine, 

adfluvial, or anadromous life histories; riverine populations have not been confirmed. In Great 

Slave Lake and the Yellowknife Bay area, lake whitefish are freshwater residents. In the present 

study, Yellowknife Bay lake whitefish otoliths were analyzed from fish captured within 300 m of 

the outlet of the BCO exposure area, and at the Horseshoe Island downstream reference area (see 

section: ‘Selection of species’ in Methods for more information). Across Canada, lake whitefish 

have been used in at least six metal-mining EEM studies (Environment Canada, 2012). 

Adult lake whitefish are primarily bottom-dwelling, have no apparent substrate 

preference (are found over boulder, gravel, sand and clay substrates), and are typically found in 

waters greater than 10 m deep. Adults move into shallower waters to spawn and may make diel 

migrations to shallow waters at night to feed. Lake whitefish are bottom-feeding forage fish, and 

typically feed on snails, clams, chironomid larvae, and other benthic invertebrates.  
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Lake whitefish are a relatively long-lived species – the typical maximum age has been 

estimated at 16 years (Ford et al., 1995) however they can live much longer (e.g., a fish of 

estimated age 26 years is included in this study; see section: ‘Selection of species’ in Methods 

for more information). Sexual maturity for lake whitefish is believed to occur at eight years of 

age but has been shown as early as five years of age, or as late as 10 years of age (Ford et al., 

1995), in Great Slave Lake. In the Northwest Territories, lake whitefish typically spawn from 

mid-September to mid-October in the shallow waters (less than 5 deep) of lakes and rivers, over 

boulder, gravel, and occasionally sand substrates. Spawning over soft, silt bottoms with emergent 

vegetation, may also occur, but appears less common. Eggs are released over the substrates, 

settle into crevices and interstitial spaces, and incubate over the winter period, typically hatching 

between March to May. Young-of-the-year lake whitefish remain in shallow water areas (less 

than 1 m deep), usually near the spawning area, with cover afforded by boulder and cobble 

substrates, or sand with emergent vegetation and woody debris. Young-of-the-year lake 

whitefish move to deeper waters (3 to 15 m deep) later in the summer as water temperatures 

warm. Young-of-the-year lake whitefish are initially plankton feeders and switch to benthic 

feeding as a result of their ontogenetic shift from shallow to deep water habitats (Ford et al., 

1995). 

Burbot 

Burbot are the only freshwater representative of the codfish family (Gadidae) and are 

found throughout the continental Northwest Territories and Nunavut. Burbot are a large-bodied 

species and typically occupy deep-water lakes, such Great Slave Lake, exhibiting either 

lacustrine or adfluvial life histories. In the present study, burbot otoliths were analyzed from fish 

captured in North Yellowknife Bay, within 2 km of the BCO exposure area, and at a Great Slave 
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Lake reference area, near Post Island (see section: ‘Selection of species’ in Methods for more 

information). Burbot have been used in at least five metal-mining EEM studies across Canada 

(Environment Canada, 2012). 

Adult burbot are largely found in cooler, deeper waters of lakes, but have been shown to 

make diel bank migrations (following the bottom contour) to shallower waters at night to feed 

(Cott, Guzzo, Chapelsky, Milne, & Blanchfield, 2015). Burbot are nocturnal and sensitive to 

sub-surface light, and typically seek cover under rocks, roots, or aquatic plants during the day. 

Adult burbot are predatory and feed on a variety of fish, including ciscoes, sculpin, stickleback, 

whitefish, and trout-perch. 

The typical maximum lifespan of burbot has been estimated at 15 years (Ford et al., 

1995). In the Northwest Territories, it is believed burbot reach sexual maturity at five years of 

age, though elsewhere, maturity is generally reached between three to four years of age. Burbot 

spawn under ice, at night, typically between January to April. Timing of spawning is associated 

with local water temperatures, usually between 0.6 to 1.7°C, and is believed to occur in shallow 

waters (less than 3 m deep), though deeper water spawning has been reported. Burbot spawn 

over substrates of sand, gravel or rubble, and can lay over a million eggs. Similar to spawning, 

egg incubation depends on local water temperatures, and may take three weeks to three months. 

Hatched young-of-the-year burbot are primarily found in the littoral zone of lakes, feeding on 

benthic invertebrates (Ford et al., 1995). The transition to deeper benthic habitats occurs once 

they’ve reached 20 to 40 mm in length and can be associated with warming water temperatures 

through the summer as well (Ford et al., 1995). This transition is also accompanied by a shift to 

nocturnal behaviour.  
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Methods 

Selection of species 

Archived otoliths from previous technical fish tissue studies were used to survey otolith 

microchemistry in select fish species from Yellowknife Bay. Of the six species previously 

collected for the unpublished tissue studies (i.e., Sharpe et al., 2011; McPherson et al., 2013; 

Huebert, Sibbald, Nelson, Harttrup, & Palace, 2014; J. Chetelat, personal communication, 

February 16, 2016), three species (slimy sculpin, burbot, and lake whitefish) were selected for 

the proposed research program while three species (northern pike [Esox lucius], Arctic grayling 

[Thymallus arcticus], and inconnu [Stenodus leucicthys]) were excluded. The reasons for 

exclusion are as follows: northern pike otoliths were not collected by Huebert et al. (2014) given 

that the cleithrum is commonly used to age this species, and those collected by J. Chetelat were 

unavailable (J. Chetelat, personal communication, February 16, 2016); Arctic grayling were not 

captured in a reference area (McPherson et al., 2013), which may preclude the characterization 

of background trace element concentrations; and, inconnu have not been captured from the 

exposure area (Huebert et al., 2014), and can migrate large distances throughout Great Slave 

Lake (Richardson et al., 2001; Stephenson, Burrows, & Babaluk, 2005), so their otoliths are 

unlikely to show patterns of exposure specific to the Giant Mine. 

Otoliths from slimy sculpin, collected by Sharpe et al. (2011), were selected for inclusion 

in the research program to assess the variation in microchemistry between the exposure area (i.e., 

within the BCO Reach 0) and an upstream reference area in the Yellowknife River (see Figure 

3). As previously noted, slimy sculpin are believed to have small home ranges, demonstrating 

high site fidelity, and, as a result, can be useful for site-specific environmental monitoring (Gray 

et al., 2004). Though slimy sculpin have short lifespans (i.e., four to five years; Arciszewski et 
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al., 2015), analyzing their otolith microchemistry will provide a comparison between fish with 

life-long direct exposure to contaminated sediments and effluent from the Giant Mine (i.e., the 

BCO exposure area), and those without direct exposure (i.e., the upstream Yellowknife River 

reference area) to assess the presence and degree of arsenic uptake and retention on otoliths. 

 

Figure 3. Areas of slimy sculpin, burbot, and lake whitefish collection in Yellowknife Bay, Great 
Slave Lake, Northwest Territories (image from Google Earth, 2018). 

 

Data for whole-body metal(loid) concentrations, as well as moisture and lipids, were also 

available for these slimy sculpin (from the previous technical studies) however only as 

Yellowknife, NT 

Upstream Reference 
(Yellowknife River – Slimy Sculpin) 
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(BCO Outlet –  

Slimy Sculpin &  
Lake Whitefish) 

Downstream Reference 
(Horseshoe Island – Lake Whitefish) 

GSL Reference 
(Post Island – Burbot) 

Giant Mine Lease 
Area (approx.) 

North Yellowknife Bay – Burbot 
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composite samples (three fish per sample) rather than as individual fish (McPherson et al., 2013). 

Compositing of fish was completed, presumably, to attain the required minimum tissue mass per 

sample for laboratory analysis, given the small size of each fish (i.e., range from 52 to 102 mm 

total length, and 1.3 to 9.4 g wet weight [ww]; McPherson et al., 2013). For the present study, 

the lack of individual tissue data precludes a direct comparison between otolith and tissue 

contaminant concentrations in individual fish however between-site comparisons can still be 

made to evaluate differences in trace element uptake and retention on otoliths. 

Otoliths from burbot and lake whitefish, collected by J. Chetelat (personal 

communication, February 16, 2016) and Huebert et al. (2014), respectively, were selected for 

inclusion in the research program since they have been captured near the exposure area and at 

downstream reference areas (i.e., downstream Horseshoe Island reference area for lake whitefish, 

and the Great Slave Lake [GSL] Post Island reference area for burbot; see Figure 3). Data were 

also available for individual fish tissue (muscle and liver) contaminant concentrations from the 

previous technical studies. In contrast to slimy sculpin however, lake whitefish and burbot are a 

large-bodied species that are capable of moving large distances (Gray, et al., 2004), and could 

move between the exposure and reference areas in Yellowknife Bay. Potential exposure to 

contaminants would, therefore, be assessed by examining otolith edge microchemistry, which 

would represent only the most recent exposures. Otolith edge microchemistry would still 

represent a relatively long period (e.g., last year of life), relative to daily increments and 

movement patterns; however, the latter would require more powerful analytical techniques than 

used here. 
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Selection of otoliths 

Archived otoliths from slimy sculpin and lake whitefish were selected for inclusion in the 

study based on a combination of fish age, fish sex, muscle and/or liver arsenic concentrations 

(lake whitefish), or whole-body composite arsenic concentrations (slimy sculpin). As only a 

limited number of archived otoliths were available for burbot (14 samples), all available otoliths 

were analyzed, regardless of fish age, sex, or tissue arsenic concentrations.  

The archived slimy sculpin and lake whitefish otoliths were previously aged by 

McPherson et al. (2013) and Huebert et al. (2014), respectively, and, based on this, an attempt 

was made to select archived samples from fish of similar ages to normalize the data record. This 

included ages between 10 and 20 years for lake whitefish, and up to five years for slimy sculpin. 

Similarly, an attempt was made to select relatively equal numbers of male and female fish per 

species per sample site. However, the restriction of samples by fish age and fish sex was not 

always possible given the finite number of samples that were available for any given site. As one 

of the objectives of this study was to assess for the presence of arsenic in otoliths, more weight 

was given to the selection of otoliths based on the known tissue arsenic content. This included 

the selection of otoliths from fish with relatively high tissue arsenic content to evaluate the 

relationship between recent exposure (i.e., elevated tissue content) and otolith microchemistry. 

Samples selected for inclusion in this study, along with fish length, weight, and tissue arsenic 

data, are presented in Table 1 to Table 3. Tissue contents for other trace elements analyzed are 

provided in Table A1.2, Table A2.2, and Table A3.2 in Appendix A for slimy sculpin, lake 

whitefish, and burbot, respectively. In total, 58 otoliths were analyzed, inclusive of 24 slimy 

sculpin otoliths (12 per exposure and upstream reference area), 20 lake whitefish otoliths (10 per 
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exposure and downstream reference area), and 14 burbot otoliths (four near the exposure area, 

and 10 from the downstream GSL reference). 
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Table 1 

Slimy Sculpin (SLSC) Otolith Samples Selected for the Yellowknife Bay Otolith Microchemistry Study1 

Capture Area Fish ID Capture Date Total Length 
(mm)2 

Total Weight 
(g)3 Sex Est. Age 

(years) 

Composite Whole-
Body Total Arsenic 

Content 
(mg/kg ww)4 

Baker Creek 
Outlet 

Reach 0 
(Exposure) 

213 15-Sep-10 52 1.3698 F 3 4.84 
222 16-Sep-10 83 4.7651 F 2 
289 21-Sep-10 80 4.6355 F 2 
271 17-Sep-10 65 2.4506 F 5 4.25a 
313 21-Sep-10 63 2.3396 F 3 
277 17-Sep-10 68 2.8046 M 2 3.33 
278 17-Sep-10 69 2.9591 M 2 
279 17-Sep-10 69 2.7393 M 3 
260 17-Sep-10 89 5.6954 M 3 2.92 
292 21-Sep-10 94 7.0173 M 3 
293 21-Sep-10 102 9.4288 M 5 

Mean ̶ ̶ 76 4.200 ̶ 3.0 3.84 
SD ̶ ̶ 15 2.412 ̶ 1.1 0.87 

Yellowknife 
River 

(Upstream 
Reference) 

518 18-Sep-10 53 1.2591 F 1 0.0902b 
583 22-Sep-10 57 1.7676 F 1 
591 22-Sep-10 65 3.184 F 3 0.114 
592 22-Sep-10 67 2.8811 F 3 
595 22-Sep-10 74 3.9903 F 3 
440 15-Sep-10 73 3.6941 M 2 0.0624 
489 18-Sep-10 74 4.1456 M 2 
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Table 1 

Slimy Sculpin (SLSC) Otolith Samples Selected for the Yellowknife Bay Otolith Microchemistry Study1 

Capture Area Fish ID Capture Date Total Length 
(mm)2 

Total Weight 
(g)3 Sex Est. Age 

(years) 

Composite Whole-
Body Total Arsenic 

Content 
(mg/kg ww)4 

495 18-Sep-10 76 4.1724 M 2 
496 18-Sep-10 70 3.417 M 2 0.127 
430 15-Sep-10 73 3.7618 M 3 
497 18-Sep-10 81 5.745 M 3 

Mean ̶ ̶ 69 3.694 ̶ 2.8 0.098 
SD ̶ ̶ 8.3 1.214 ̶ 1.1 0.028 

Notes: 
1. All slimy sculpin caught by Sharpe et al. (2011) via backpack electrofisher and dip net. The mean and standard deviation (SD) of metrics are provided per 

site/capture area. 
2. Total Length is measured to total body length, from nose to caudal fin tip, in millimetres. 
3. Total Weight is measured as total body fresh weight (after capture) in grams. 
4. Composite whole-body arsenic contents provided for composited fish in milligrams per kilogram wet weight (mg/kg ww). For example, Fish 213, 222, and 

289 were composited into one sample and analyzed. 
a. This composite sample also contained tissue from Slimy Sculpin 270; the otolith for this fish was lost and is not included in this study 
b. This composite sample also contained tissue from Slimy Sculpin 516; the otolith for this fish was lost and is not included in this study 
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Table 2 

Lake Whitefish (LWF) Otolith Samples Selected for the Yellowknife Bay Otolith Microchemistry Study1 

Capture Area Fish ID Capture 
Date 

Total 
Length 
(mm)2 

Fork 
Length 
(mm)3 

Total 
Weight 

(g)4 

Liver 
Weight 

(g)4 
Sex 

Est. 
Age 

(years) 

Muscle Fillet 
Total Arsenic 

Content 
(mg/kg ww) 

Liver Total 
Arsenic 
Content 

(mg/kg ww) 
Near Baker 

Creek Outlet 
(Exposure) 

BC04 24-Oct-12 465 415 1200 7.61 M 11 <0.05 0.37 
BC05 24-Oct-12 420 378 950 7.1 M 13 0.32 0.20 
BC09 24-Oct-12 418 375 692 5.12 M 13 0.18 0.23 
BC10 24-Oct-12 465 409 884 8.52 M 26 0.33 0.25 
BC12 24-Oct-12 441 390 878 11.57 M 13 0.30 0.18 
BC13 24-Oct-12 422 376 718 7.71 M 10 0.16 0.17 
BC15 24-Oct-12 502 448 1402 17.51 F 25 0.09 0.17 
BC17 24-Oct-12 524 467 1213 8.85 M 19 0.08 0.28 
BC19 24-Oct-12 485 425 1125 9.17 M 17 0.19 0.17 
BC21 24-Oct-12 457 414 819 5.18 F 10 0.12 0.2 

Mean ̶ ̶ 460 410 988 8.83 ̶ 14.0 0.18 0.22 
SD ̶ ̶ 36 31 236 3.59 ̶ 4.2 0.11 0.06 

Horseshoe 
Island 

(Downstream 
Reference) 

HI01 27-Oct-12 456 414 1024 15.68 F 13 0.07 0.17 
HI04 27-Oct-12 452 408 892 10.97 F 9 0.05 0.21 
HI05 27-Oct-12 455 418 956 9.85 M 15 0.15 0.07 
HI06 27-Oct-12 432 387 778 8.91 M 15 0.22 0.20 
HI11 27-Oct-12 404 364 512 3.34 F 7 <0.05 0.31 
HI15 27-Oct-12 412 365 737 5.12 M 19 0.13 0.27 
HI17 27-Oct-12 462 412 997 13.25 F 12 0.09 0.19 
HI19 27-Oct-12 437 397 881 9.79 F 9 0.06 0.35 
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Table 2 

Lake Whitefish (LWF) Otolith Samples Selected for the Yellowknife Bay Otolith Microchemistry Study1 

Capture Area Fish ID Capture 
Date 

Total 
Length 
(mm)2 

Fork 
Length 
(mm)3 

Total 
Weight 

(g)4 

Liver 
Weight 

(g)4 
Sex 

Est. 
Age 

(years) 

Muscle Fillet 
Total Arsenic 

Content 
(mg/kg ww) 

Liver Total 
Arsenic 
Content 

(mg/kg ww) 
HI20 27-Oct-12 476 439 1185 15.67 F 14 0.07 0.18 
HI21 27-Oct-12 428 385 719 5.49 M 13 0.21 0.36 

Mean ̶ ̶ 441 400 868 9.81 ̶ 13.5 0.11 0.23 
SD ̶ ̶ 23 24 190 4.29 ̶ 4.1 0.07 0.09 

Notes: 
1. All lake whitefish caught by Easterling & Johns (2013) via multi-panel gillnet. The mean and standard deviation (SD) of metrics are provided per 

site/capture area. 
2. Total Length is measured to total body length, from nose to caudal fin tip, in millimetres. 
3. Fork Length is measured to total body length at the tail fork, from nose to the bottom of the caudal fin fork, in millimetres 
4. Total Weight and Liver Weight are measured as total body fresh weight, and total liver fresh weight (after capture), respectively, in grams. 
5. Muscle and liver arsenic contents provided in milligrams per kilogram wet weight (mg/kg ww). 
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Table 3 

Burbot (BURB) Otolith Samples Selected for the Yellowknife Bay Otolith Microchemistry Study1 

Capture Area Fish ID Capture 
Date 

Total 
Length 
(mm)2 

Fork 
Length 
(mm) 

Total 
Weight 

(g)3 

Liver 
Weight 

(g) 
Sex4 

Est. 
Age 

(years) 

Muscle Fillet 
Total Arsenic 

Content 
(mg/kg ww)5 

Liver Total 
Arsenic 
Content 

(mg/kg ww)5 
North 

Yellowknife 
Bay 

(Exposure) 

14-04 2014 482 ̶ 760 ̶ F 8 0.22 0.39 
14-27 2014 555 ̶ 715 ̶ F 12 0.32 1.53 
MO-5 2014 695 ̶ 2,550 ̶ F 14 0.17 ̶ 
15-82 2015 805 ̶ 3,150 ̶ M 18 0.15 0.22 

Mean ̶ ̶ 634 ̶ 1,794 ̶ ̶ 13.0 0.22 0.71 
SD ̶ ̶ 144 ̶ 1,244 ̶ ̶ 4.2 0.08 0.71 

GSL 
Reference 

(Downstream 
Reference) 

13-02 2013 520 ̶ 650 ̶ ̶ 13 0.28 1.08 
13-03 2013 518 ̶ 900 ̶ ̶ 9 0.19 0.45 
13-04 2013 560 ̶ 900 ̶ ̶ 12 0.19 0.80 
13-05 2013 445 ̶ 450 ̶ ̶ 8 0.27 0.43 
13-07 2013 475 ̶ 700 ̶ ̶ 8 0.24 0.51 
13-09 2013 710 ̶ 2,200 ̶ ̶ 13 0.13 0.56 
13-12 2013 620 ̶ 1,500 ̶ ̶ 14 0.23 0.77 
13-14 2013 510 ̶ 650 ̶ ̶ 11 0.16 0.52 
13-15 2013 470 ̶ 600 ̶ ̶ 12 0.22 0.84 
13-16 2013 675 ̶ 1,600 ̶ ̶ 16 0.20 0.51 

Mean ̶ ̶ 550 ̶ 1,015 ̶ ̶ 11.6 0.21 0.65 
SD ̶ ̶ 89.9 ̶ 564 ̶ ̶ 2.6 0.05 0.21 

Notes: 
1. All burbot caught by J. Chetelat (personal communication, February 16, 2016) via multi-panel gillnet. The mean and standard deviation (SD) of metrics are 

provided per site/capture area. 
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2. Total Length is measured to total body length, from nose to caudal fin tip, in millimetres; fork length not measured for burbot. 
3. Total Weight measured as total body fresh weight (after capture), in grams; liver weight not provided for burbot. 
4. Sex data not available for all burbot samples. 
5. Tissue data for burbot initially suppled as milligrams per kilogram dry weights; these were converted to wet weights as per Lusk et al. (2005), as cited by US 

EPA (2016), using a general moisture content of 78.5%. 
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Selection of Metal(loid)s for Analysis in Otoliths 

As noted in previous sections, otoliths from all three species were analyzed for arsenic, 

antimony, copper, lead, strontium, and zinc. These metal(loids) were largely selected based on 

water chemistry data from the exposure and reference areas. Water chemistry data for the BCO 

exposure area were obtained from Public Service and Procurement Canada, for two sampling 

stations from the Giant Mine’s water quality Surveillance Network Program (SNP): SNP 43-5 

(BCO Exposure), with a data record spanning 1993 to 2013, and SNP 43-12 (BCO Outlet 1), 

with a data record primarily spanning 2007 to 2013 for parameters of interest (e.g., total arsenic). 

Water chemistry data were also obtained for other areas in Yellowknife Bay. This includes a 

station approximately 50 m downstream of the BCO exposure area (BCO Outlet 2, site S18), and 

a station at the Horseshoe Island downstream reference area (site S24), both with data spanning 

2012 to 2013, from Sibbald and Huebert (2014). Data from the Yellowknife River were obtained 

from two sampling stations, located within 1.6 km of each other, with data spanning from 2010 

to 2013. The stations include site S9, from Sibbald and Huebert (2014), and the Yellowknife 

River site from Sharpe et al. (2011), which is upstream of site S9. See Figure 4 for a location of 

water chemistry sample stations. 



CONTAMINANT EXPOSURE HISTORY  52 

 

Figure 4. Water chemistry sample sites in Yellowknife Bay, Great Slave Lake, Northwest 
Territories (image from Google Earth, 2018). 

 

Given the large difference in the data collection period between the exposure and 

reference areas, and subsequently the number of data points (e.g., approximately 130 data points 

for BCO Exposure [SNP 43-5] and BCO Outlet 1 [SNP 43-12], versus five to seven data points 

for other stations), a comparison of summary statistics between sample sites were completed. 

Restriction of the BCO Exposure water chemistry data record to only post-Giant Mine closure 

was considered; however, a few long-lived lake whitefish and burbot were included in this study 
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(see Table 2 and Table 3), so the entire water chemistry data record (i.e., from 1993, during mine 

operations) was used as these older fish could have been exposed to effluent during mine 

operations. Data at the BCO Exposure station were split over two time-periods however: 1993 to 

2004, for Giant Mine operations, and 2005 to 2013, for Giant Mine closure. 

Summary statistics were generated for each analytical parameter for each sampling 

station over their respective data record (or specified time periods for the BCO Exposure). 

Where data were reported as less than detection, the value was halved (e.g., a value of 

< 0.005 mg/L became 0.0025 mg/L). Mean and median values between sampling stations were 

compared to determine which metal(loids) were characteristic of the BCO exposure area. 

Metal(loids) were considered characteristic of the exposure area if mean and median values were 

at least an order of magnitude greater than the reference areas. Based on this analysis, arsenic, 

antimony, copper, lead, strontium, and zinc were considered to characterize the exposure area 

water quality and were selected for otolith microchemistry analysis. Zinc in otoliths can also 

reflect changes in a fish’s diet and metabolism (Halden et al., 2000), and can be useful to 

examine potential seasonal or annual cycles, or changes in life stage. Strontium is also frequently 

used for stock identification and to evaluate changes in life stages and fish migration (Campana, 

1999). 

Descriptive boxplots for these elements are provided in Figure 5 and Figure 6, with the 

respective Canadian Council of Ministers of the Environment (CCME) water quality guidelines 

for freshwater aquatic life (CCME, 2017), where applicable. From Figure 5 and Figure 6, it is 

noted that total antimony and strontium were not analyzed in water at the BCO Exposure station 

during mine operations (1992 to 2004). In addition, several values from the BCO Exposure 

station during mine operations are not shown for total lead and zinc, due to elevated detection 
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limits at the time (i.e., values reported as < 5.0 mg/L and < 2.0 mg/L for total lead, and values of 

< 2.0 mg/L for total zinc). 
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a) Arsenic 

 
b) Antimony 

 
c) Copper 

 
Figure 5. Concentrations of total arsenic, antimony, and copper at exposure and reference areas 
in Yellowknife Bay. 
Boxplots represent the interquartile range (IQR), with the lower end as the 25th percentile and upper end as the 75th 
percentile; the black line in the box represents the median (50th percentile) while the diamond shape represents the 
mean. Boxplot whiskers represent 1.5 times the IQR with values outside of this represented as black circles.    

CCME FAL 
(0.005 mg/L) 

CCME FAL 
(0.002 mg/L) 
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a) Lead 

 
b) Strontium 

 
c) Zinc 

 
** Not shown is one outlier for total zinc at the BCO Exposure, 1992-2004 (0.383 mg/L) 

Figure 6. Concentrations of total lead, strontium, and zinc at exposure and reference areas in 
Yellowknife Bay. 
Boxplots represent the interquartile range (IQR), with the lower end as the 25th percentile and upper end as the 75th 
percentile; the black line in the box represents the median (50th percentile) while the diamond shape represents the 
mean. Boxplot whiskers represent 1.5 times the IQR with values outside of this represented as black circles.   

CCME FAL 
(0.001 mg/L) 

CCME FAL 
(0.03 mg/L) 
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Preparation and analysis of otoliths 

All laboratory work, including otolith preparation and analysis, was performed by the 

University of Manitoba’s Department of Geological Sciences, in Winnipeg, MB. This author 

participated in the preparation and analyses of the first batch of otoliths while the remainder were 

carried out by laboratory partners.  

Once selected, otoliths from the three species were prepared and handled in the same 

manner following methods described by Outridge, Chenery, Babaluk and Reist (2002). Each 

otolith was mounted in epoxy resin and a transverse dorso-ventral cut made to expose the core 

annuli. Otoliths were then re-mounted in acrylic rings (five to six otoliths per ring) which were 

then filled with epoxy. The exposed otolith surface was rough polished (400 grit) to remove any 

remaining adhesive and uneven epoxy, following which the otoliths were thoroughly rinsed with 

double distilled water.  

The microchemistry of each otolith was analyzed via laser-ablation inductively-coupled 

plasma mass spectrometry (LA-ICP-MS) because of its capacity to analyze a broad range of 

elements (Halden & Friedrich, 2008). The LA-ICP-MS analyses were performed with a Thermo 

Finnigan Element 2 ICP-MS instrument coupled to a Merchantek LUV 213 Nd:YAG laser. Pre-

ablation and ablation running conditions of the LA-ICP-MS are outlined in Table 4. Line scans 

for each otolith were set and the otoliths were pre-ablated with a 100 µm diameter laser beam, at 

200 µm per second (Table 4), to remove any surface imperfections, effectively polishing the 

otolith surface. Following pre-ablation, the instrument was left to flush and return to background 

conditions. For the sample analyses, analytical methods used were similar to those by others (i.e., 

Palace et al., 2007; Halden & Friedrich, 2008; Friedrich, 2009). The ablating laser beam was 

focused to approximately 80 µm wide and travelled at a speed of 2 µm or 5 µm per second for 
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the sample analyses, depending on fish species (see Table 4), ablating (vaporizing) mass from 

the otolith surface starting at its primordium (material accumulated before hatching) out to the 

dorsal marginal edge (most recent growth before death), perpendicular to annuli. The laser beam 

conditions are consistent with those used in previous studies (i.e., Palace et al., 2007; Halden & 

Friedrich, 2008; Friedrich, 2009) to provide adequate sub-annual ablation of typical otolith 

annual growth increments. Analysis of the otolith from the core to the dorsal (top) edge, rather 

than the ventral (bottom) edge, was selected since growth of the ventral edge is restricted by 

other tissues while the dorsal edge is not and has free growth (Friedrich, 2009).  

Table 4 

Running Conditions for the LA-ICP-MS during Analysis of Yellowknife Bay Otoliths 

Condition Beam Size 
(µm) 

Scanning Speed 
(µm/sec) 

Output 
(%) 

Repetition Rate 
(Hz) 

NIST-610 
Standard 

30 NA 
(Spot Analysis) 

55 10 

Pre-Ablation 100 200 43 10 
Ablation – 

Sculpin 
80 2 50 20 

Ablation - 
Others 

80 5 50 20 

 

To analyze trace elements, the mass of otolith ablated by the laser is swept through to the 

sample chamber by an inert carrier gas (e.g., argon) and out to the ICP-MS to be analyzed. The 

metal(loid) isotopes and average limits of detection (LOD) achieved for this study are provided 

in Table 5; all data are reported as micrograms per gram (µg/g) normalized to the internal 

standard of calcium at 56% by weight CaO (as 43Ca). Average LODs are provided as detection 

limits for LA-ICP-MS can vary depending on the volume of material ablated, the mass and 

ionization energy of the trace element, the trace element abundance, and the efficiency of ion 
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transmission (Rodushkin & Axelsson, 2000). Therefore, average LODs are calculated to 

normalize the detection limits across samples.  

Table 5 

Average Limits of Detection for Metal(loid)s Analyzed in Yellowknife Bay Otoliths 

Metal(loid) Isotope Average Limit of Detection 
(µg/g) 

Antimony 121Sb 0.0006 
Arsenic 75As 0.01 
Copper 43Cu 0.005 
Lead 208Pb 0.0005 

Strontium 86Sr 0.03 
Zinc 66Zn 0.01 

 

NIST glass 610 was used as an external calibration standard and to assess accuracy (as in 

Palace et al., 2007; Halden & Friedrich, 2008; Ranaldi & Gagnon, 2008; Friedrich, 2009). The 

calibration standard was analyzed at the beginning and end of each batch of otoliths, and every 

hour of LA-ICP-MS time if batch runs exceeded one hour (L. Friedrich, personal 

communication). 

Following sample analyses, raw data (as counts per second for each isotope) were 

imported into Iolite for data reduction. Using imported data for the samples, internal and external 

calibration standards, and background conditions (baseline), Iolite reduces raw count data into 

content/concentration data (here as µg/g) by subtracting baseline conditions, calculating isotope 

ratios normalized to the internal calibration standard (e.g., calcium), and correcting for any 

interferences, bias, or instrument drift using data from the external calibration standard (Paton, 

Hellstrom, Paul, Woodhead & Hergt, 2011).  
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Identification of Otolith Annuli 

All archived otoliths were independently aged as part of the previous unpublished studies 

on Yellowknife Bay fish tissue. Following the otolith microchemistry scans from this study, 

post-ablation photographs of each otolith preparation were reviewed to identify annuli relative to 

the ablation line. The identified annuli there then compared to trace element plots to relate the 

annuli to ablation distance (in µm) to delineate trace element content by estimated fish ages and 

calendar years. Post-ablation ageing was not possible for one sample (lake whitefish BC10) as a 

high-quality photo could not be obtained. As a quality measure, between 10 to 15% of the otolith 

preparations (per species) reviewed by this author were blind reviewed by other individuals 

experienced in otolith aging to verify annuli identification and age estimation.  

There was some disparity in age estimates, between this author’s estimates and the 

independent estimates, for all three fish species, further highlighting some subjectivity in annuli 

identification. Differences between this author’s age estimates and the independent estimates 

ranged from 0 to 3 years for slimy sculpin, 3 to 7 years for lake whitefish, and 3 years for burbot. 

For this study, this author’s estimates were used to assign estimated fish ages and calendar years 

to trace element profiles to assess overall seasonal and annual trends. 

Data analysis 

Otolith content data (as µg/g), obtained from the LA-ICP-MS scans of the otoliths, were 

received in Microsoft Excel spreadsheets. This author completed all data analysis and graphing 

in R Studio (R Core Team, 2017) using R base packages (e.g., stats), in addition to the 

following: data.table (data wrangling; Dowle & Srinivasan, 2017), dplyr (data wrangling and 

descriptive statistics; Wickham, Francois, Henry, & Müller, 2017;), and ggplot2 (graphing; 

Wickham, 2009). 
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As all analyses are completed relative to calcium (the internal calibration standard), some 

values for trace elements were reported as negative contents. These values were left as negative 

in the statistical analyses to include the full range of data. Outliers per sample were identified as 

those values greater or less than the sample mean ± three standard deviations, similar to Ludsin, 

Fryer & Gagnon (2006). Outliers were removed prior to further data analysis.  

Descriptive summary statistics were generated for each trace element per 

sample/individual and for each site (i.e., data for fish captured at a given site were pooled). 

Summary statistics by estimated fish age and estimated calendar year were also generated to 

evaluate potential temporal changes in otolith microchemistry. Summary statistics included 

number of data points (n), number and percentage of data points below average LODs, 

minimum, maximum, mean, median, standard deviation, variance, and coefficient of variation 

(CV). Summary statistics were reported for all trace elements however those elements that had 

more than 40% of data reported below average LODs were not considered for statistical analysis. 

Trace element data were graphed for each individual to display chronological values over 

the life of the fish (i.e., trace element content [as µg/g] from otolith core to dorsal marginal edge 

[as distance, in µm]). A symmetrical moving average of 21 data points was calculated for each 

trace element per individual to smooth the data and ease identification of trends. Friedrich (2009) 

used a similar value for calculation of symmetrical moving averages (i.e., 25 data points) and it 

provides a close-fitting moving average result. Trace element plots from each individual were 

then qualitatively assessed to identify any potential patterns over time, or associated with the 

sample site, estimated fish age, or between species. Graphs were also generated to depict sample 

mean, minimum, and maximum values by site, moving average data by site, and mean values by 

estimated fish age, between sites. 
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Correlation analysis (all species). 

Potential relationships between otolith trace elements, fish metrics, and tissue data were 

evaluated using Pearson correlational analyses. This also assisted with identification of 

covariates (if any) to include in subsequent statistical analyses for lake whitefish mean 2012 

otolith trace element content. For all three species, the last year of the mean annual otolith trace 

element data for each individual were extracted and compared with individual tissue data 

(muscle and/or liver), fish length and body weight, as well as hepatosomatic index (HSI) as an 

overall indication of fish health, if liver weight data were available (i.e., slimy sculpin and lake 

whitefish only). Correlations were completed by sample site to assess any differences in 

relationships by site. R package Hmisc (Harrell et al., 2018) was used for Pearson correlation 

analysis while corrplot (Wei & Simko, 2017) was used for graphical representation. 

Some tissue data were not included within the correlation analysis, or subsequent 

statistical analysis, due to a high percentage (70% or more) of tissue data reported below 

detection limits. For lake whitefish, this included copper in muscle, lead in muscle and liver, and 

strontium in muscle and liver. Lake whitefish muscle tissue data for zinc were also excluded as 

the data were very similar and only reported as whole numbers (i.e., muscle zinc content ranged 

from 2 to 4 mg/kg wet weight [ww]). For burbot, tissue data were excluded for antimony and 

lead in muscle and liver. 

Statistical Analysis. 

Potential differences in otolith contents of various elements between sample sites were 

evaluated differently by species. Given that slimy sculpin are expected to demonstrate high site 

fidelity (Van Vliet, 1964; Gray, Cunjak, & Munkittrick, 2004) and would either be exposed to 

effluent from Giant Mine over their entire life history (i.e., fish from the BCO Reach 0 exposure 
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area) or not at all (i.e., fish from the Yellowknife River reference area), all temporal data from 

slimy sculpin otoliths were used to assess potential sample site differences. Conversely, lake 

whitefish and burbot are expected to move throughout Yellowknife Bay and wouldn’t 

necessarily be exposed to effluent over their entire life histories. As a result, for lake whitefish, 

only the data from 2012 (i.e., each fish’s last year) were used to assess potential differences in 

otolith trace element content between sample sites. For burbot, fish in the North Yellowknife 

Bay exposure area and the GSL reference area were caught in different years (i.e., 2013 [GSL] 

and 2014/2015 [North Yellowknife Bay]) and each fish’s last year could not be directly 

compared. Therefore, burbot data were only assessed qualitatively, and via correlation analysis, 

for temporal variability between samples, and between sample sites. 

Linear mixed-effect modeling (slimy sculpin). 

For slimy sculpin, mean annual trace element data for all estimated ages (e.g., Year 1 to 

Year 5) were used to assess potential differences in otolith trace element content between sample 

sites (i.e., BCO Reach 0 exposure area and Yellowknife Bay reference area) using linear mixed 

effects models (R package nlme; Pinheiro, Bates, DebRoy, Sarkar, and R Core Team, 2017). 

Linear mixed effect (LME) models were used to model potential differences between sample 

sites while also accounting for temporal variability (represented as mean annual trace element 

content by estimated fish age) and potential random differences between individual samples/fish. 

LME models have previously been used to evaluate fish growth models based on otolith 

increments and environmental and individual data (e.g., Weisberg, Spangler, and Richmond, 

2010, for Pacific halibut [Hippoglossus stenolepsis]) but not, to this author’s knowledge, to 

evaluate otolith microchemistry. For slimy sculpin LME models, trace element data (for those 

trace elements with more than 40% of data were reported above average LODs) were considered 
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response variables, while sample site, fish sex, and estimated age were held as fixed effects (i.e., 

predictors), and individual samples and their corresponding estimated fish ages held as random 

effects (i.e., random intercepts and slopes, respectively). Interactions between site, sex, and 

estimated fish age (i.e., time) were also considered to evaluate potential differences in temporal 

variability by site and/or sex. Data for slimy sculpin metrics (e.g., length, weight) and trace 

element tissue content were not used in LME modeling as the modeling was completed on all 

temporal otolith data and not on the most recent life history of the fish to which the length, 

weight, and tissue data would apply. Overall, three null hypotheses were tested for each trace 

element via LME modeling: 

1. No difference in mean annual trace element content between sites 

2. No difference in the temporal variability of mean annual trace element content 

between samples 

3. No difference in the temporal variability of mean annual trace element content 

between sites 

Assumptions of normality and homoscedasticity were tested by site (Shapiro-Wilks and 

Levene’s tests), and by graphically plotting a linear model to assess fit. Data were log 

transformed (base 10), if needed, to improve model fit. 

As per Zuur, Ieno, Walker, Saveliev, and Smith (2009), LME modeling began with a 

“beyond optimal” model with as many predictor variables and interactions as possible. Given 

that mean annual trace element data were a time-series (i.e., estimated age), represented spatially 

along the otoliths, autocorrelation of mean annual content data were evaluated. If present, 

various correlation structures (e.g., compound symmetry, first-order autoregressive, Gaussian, 

exponential) were evaluated and compared to select the optimal correlation structure for the 
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specific trace element data. The optimal variance structure (including random effects) was then 

selected by comparing models with alternate variance arrangements (e.g., random intercept only, 

random slope and intercept, modeling variance by estimated age and/or site) using restricted 

maximum likelihood estimation. The optimal fixed effect structure was then selected by 

sequentially removing interactions and fixed effects, and comparing models using maximum 

likelihood estimation, until all fixed effects were significant, or the base model reached. The base 

model was considered to include only site and estimated age as fixed effects as these were of 

primary importance to assess the null hypotheses. In each case for model comparison and 

selection, model fit was evaluated using Akaike’s information criterion, corrected for small 

samples size (AICc), differences in AICc (i.e., ∆AICc), and Akaike weights (R package MuMIn; 

Barton, 2018). Model fit was also assessed graphically for selected models at each step: 

normalized residuals versus fitted values, Q-Q plots, and residuals versus leverage. The final 

‘optimal’ model was fit using restricted maximum likelihood estimation to obtain unbiased 

estimates for model parameters (Zuur et al., 2009). 

Analysis of covariance (lake whitefish).  

For lake whitefish, three-way factorial analysis of covariance (ANCOVA) was used to 

evaluate differences in the mean 2012 otolith content by sample site (R base package stats; R 

Core Team, 2017) with a null hypothesis of no difference in mean 2012 otolith trace element 

content by site. Trace elements, with more than 40% of data reported above their average LODs, 

were evaluated separately. Mean 2012 otolith trace element content was assessed by sample site 

and covariates included for select data on fish metrics, and trace element content in muscle 

and/or liver tissue. Covariates were selected based on significant (α = 0.05) Pearson correlation 

coefficients. Independence of covariate(s) from the predictor variable (i.e., sample site) was 
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checked via one-way ANOVA. If the covariate was not independent from sample site (i.e., 

sample site had a significant influence on the covariate), the covariate was excluded from the 

respective mean 2012 otolith trace element ANCOVA. Within the ANCOVAs, potential 

interactions of sample site with covariates were also evaluated to assess whether they mediated 

trace element otolith contents by sample site. Interactions were included when Pearson 

correlation indicated a significant relationship at one sample site but not the other.  

Assumptions of normality and homoscedasticity were tested by site (Shapiro-Wilks and 

Levene’s tests, respectively) but also examined graphically via residual plots. Data were log 

transformed (base 10), if needed, to improve model fit. When assumptions were met, a full 

ANCOVA model was developed for the mean 2012 value of the trace element, the predictor 

variable (sample site), covariates, and any interactions. Model fit was evaluated graphically (e.g., 

normalized residuals versus fitted values) and through review of model parameter estimates. 

When the ANCOVA model showed an overall statistically significant difference for the predictor 

variable or interaction(s), post hoc comparisons were conducted to obtain estimated marginal 

means (also known as least-squares means) for mean 2012 otolith content by the predictor 

variable, as well as standard errors, confidence intervals, and adjusted p-values (R base package 

emmeans; Lenth 2018). Effect sizes, as omega squared (ω2), were also calculated (R package 

sjstats; Lüdecke, 2018); ω2 was used as it is considered a relatively unbiased estimator, relative 

to the more common estimator eta squared (η2) (Cohen, Cohen, West & Aiken, 2003, as cited by 

Pierce, Block & Aguinis, 2004). Based on Kirk (1996), ω2 of 0.010 was considered a small 

effect, ω2 of 0.059 a medium effect, and ω2 of 0.138 a large effect.    
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Results 

Arsenic, antimony, copper, lead, strontium, and zinc were analyzed in otoliths to serve as 

potential indicators of exposure to effluent and contaminants from the Giant Mine. Zinc can also 

provide an indication of ontogenetic and seasonal changes in diet. Strontium was also analyzed 

as an indicator to identify potential fish movement throughout Yellowknife Bay (e.g., from areas 

of higher strontium, such as Giant Mine effluent, to areas with lower strontium concentrations). 

Slimy Sculpin 

All trace elements analyzed were detected in slimy sculpin otoliths at the BCO Reach 0, 

and at the Yellowknife River. Summary statistics for individuals are provided in Table A1.1 in 

Appendix A while Table 6 provides a summary of trace element content in slimy sculpin otoliths 

by sample site, combined for all individuals. Figure 7 and Figure 8 provide a summary of sample 

means and ranges for otolith trace elements organized by sample site and trace element profiles 

for all individuals are included in Appendix B1.1 and Appendix B1.2. Whole-body composite 

tissue data for the six trace elements are provided in Table A1.2 in Appendix A. 

 

Table 6 

Summary Statistics1 of Trace Element Content (µg/g) in Slimy Sculpin Otoliths from the Baker 

Creek Reach 0 (exposure) and Yellowknife River (upstream reference) 

Parameter n2 % < LOD3 Min. Max. Mean Median SD CV % 
Baker Creek Reach 0 
Antimony 11 44 < 0.0006 0.0216 0.0019 0.0014 0.0057 308 
Arsenic 11 34 < 0.01 0.30 0.04 0.04 0.07 176 
Copper 11 1 < 0.005 0.368 0.119 0.116 0.054 46 
Lead 11 38 < 0.0005 0.0248 0.0019 0.0016 0.0044 229 
Strontium 11 0 383 1,366 779 755 159 20 
Zinc 11 0.1 < 0.01 2.08 0.57 0.54 0.23 41 
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Table 6 

Summary Statistics1 of Trace Element Content (µg/g) in Slimy Sculpin Otoliths from the Baker 

Creek Reach 0 (exposure) and Yellowknife River (upstream reference) 

Parameter n2 % < LOD3 Min. Max. Mean Median SD CV % 
Yellowknife River 
Antimony 11 52 < 0.0006 0.0216 0.0007 0.0002 0.0050 687 
Arsenic 11 15 < 0.01 0.29 0.07 0.07 0.06 85 
Copper 11 1 < 0.005 4.431 0.145 0.130 0.178 123 
Lead 11 46 < 0.0005 0.0217 0.0010 0.0008 0.0036 341 
Strontium 11 0 510 1,013 764 763 76 10 
Zinc 11 0.4 < 0.01 3.10 0.51 0.49 0.20 40 
Yellowknife River (excluding SLSC 440) 
Antimony 10 52 < 0.0006 0.0169 0.0007 0.0002 0.0050 719 
Arsenic 10 16 < 0.01 0.29 0.07 0.07 0.06 87 
Copper 10 1 < 0.005 0.322 0.131 0.129 0.056 43 
Lead 10 47 < 0.0005 0.0154 0.0010 0.0007 0.0035 359 
Strontium 10 0 510 995 762 762 75 10 
Zinc 10 0.4 < 0.01 1.35 0.50 0.49 0.19 37 
NOTES: 
1. Min. = minimum; Max. = maximum; SD = standard deviation; CV = coefficient of variation 
2. n = number of individual otoliths analyzed per site; data combined over all individuals. Total number of data 

points analyzed per parameter is approximately 3,900 for the Baker Creek Reach 0 and approximately 3,700 
for the Yellowknife River. 

3. % < LOD = percentage of data points reported below the average limit of detection; see Table 5 for the 
average LODs 
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Figure 7. Slimy sculpin site means (horizontal lines), sample means (dots), and sample ranges 
(error bars) of antimony, arsenic, and copper, organized by sample site. 
Dashed horizontal lines indicate sample site mean while the dotted horizontal line in the copper plot indicates site 
mean calculated without SLSC 440. The full sample range for SLSC 440 not shown in the copper plot (maximum = 
4.431 µg/g).  
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Figure 8. Slimy sculpin site means (horizontal lines), sample means (dots), and sample ranges 
(error bars) of lead, strontium, and zinc, organized by sample site. 
Dashed horizontal lines indicate sample site means.   
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Overall, the BCO Reach 0 tended to have more variable trace metal values, relative to the 

mean, for arsenic and strontium, with CVs of 176% and 20%, respectively, compared to 85% 

and 10%, respectively, at the Yellowknife River. This is demonstrated in Table 6, and Figure 7 

and Figure 8, but the variability of the data are also evident in Figure 9 to Figure 11, and Figure 

14, which contain all samples’ moving averages from otolith core to edge. Highly variable 

values, relative to the mean, were apparent for copper at the Yellowknife River (i.e., CV of 

123%; Table 6), compared to the BCO Reach 0 (CV of 46%), and this was influenced by results 

from the sample SLSC 440 otolith, which showed a distinct copper pattern compared to other 

otoliths from either sample area. This reference area otolith had extremely high core values of 

copper (maximum of 4.431 µg/g) and relatively high edge values (maximum 0.717 µg/g), 

relative to rest of the otolith, and to the rest of the samples (see Appendix B1). This sample 

contained the peak/maximum values for copper at either sample site and excluding this one 

sample from the site summary statistics, the mean, median, SD, and CV values generally 

decreased for copper at the Yellowknife River (Table 6, Figure 7). 

Antimony and lead. 

As demonstrated in Table 6, and Figure 7 and Figure 8, antimony and lead content in 

slimy sculpin otoliths was relatively low. Mean antimony content was 0.0019 µg/g at the BCO 

Reach 0, and 0.0007 µg/g at the Yellowknife River, while mean lead content was 0.0019 µg/g at 

the BCO Reach 0 and 0.0010 µg/g at the Yellowknife River. Temporal profiles of these trace 

elements show some oscillations from otolith core to edge (Figure 9) with antimony and lead 

content typically higher at the edge than core (Appendix B1). However, in total, up to 52% of 

antimony data and up to 46% of lead data were reported below their average LODs (i.e., 

0.0006 µg/g and 0.0005 µg/g, respectively) and antimony and lead content was highly variable 
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and not consistent (i.e., CVs greater than 200%). These two trace elements were not included in 

statistical analysis given the high percentage of data points report below their average LODs 

(i.e., greater than 40%).  

  

  

Figure 9. Examples of antimony and lead profiles, with the symmetrical moving averages (black 
trace), in two slimy sculpin otoliths from the BCO Reach 0 (SLSC 260) and the Yellowknife 
River (SLSC 595). Both fish are an estimated three years. 

 

Arsenic. 

Arsenic content was also generally low in slimy sculpin otoliths though it showed 

stronger oscillations than antimony and lead. Mean arsenic content was 0.04 µg/g at the BCO 

Reach 0, and 0.07 µg/g at the Yellowknife River, with up to 34% of arsenic data reported below 

its average LOD (0.01 µg/g; see Figure 10 and Table 6). Between samples, mean arsenic content 
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ranged from below average LOD (< 0.01 µg/g) to 0.08 µg/g at the BCO Reach 0, and from 0.05 

to 0.09 µg/g at the Yellowknife River (Table A1 in Appendix A). Overall, arsenic content 

generally appeared to decrease from otolith core to edge (i.e., with age), though the decrease was 

relatively minor and variable between samples (see Figure 10). Minor seasonal oscillations 

sometimes corresponded to peaks in copper and zinc however this was also variable between 

samples (see Figure 11 and Appendix B1). This was demonstrated in the mean 2010 

(individuals’ last year) otolith trace element correlations where arsenic showed a positive 

relationship with copper (r = 0.57) and zinc (r = 0.25) at the Yellowknife River, but a negative 

relationship with copper (r = -0.45) and zinc (r = -0.51) at the BCO Reach 0; none of these 

relationships were significant (Appendix C).  

  

Figure 10. Examples of arsenic profiles, with the symmetrical moving averages (black trace), in 
two slimy sculpin otoliths from the BCO Reach 0 (SLSC 260) and the Yellowknife River (SLSC 
595). Both fish are an estimated three years. 
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a) BCO Reach 0 (SLSC 260)  

  
b) Yellowknife River (SLSC 595)  

  
Figure 11. Symmetrical moving averages of antimony, arsenic, copper, lead, strontium and zinc 
in slimy sculpin samples SLSC 260 (BCO Reach 0) and SLSC 595 (Yellowknife River). Both 
fish are an estimated three years. 

 

Linear mixed effect modeling results: arsenic. 

Results from the final LME model for slimy sculpin mean annual otolith arsenic are 

summarized in Table 8 and the final ‘optimal’ model, and follow-up interaction models, are 

provided in Appendix D1. Figure 12 provides the mean annual arsenic content in slimy sculpin 

otoliths at the BCO Reach 0 and Yellowknife River. The final model for mean annual otolith 

arsenic included predictor variables (fixed effects) of sample site, estimated age (time), and sex, 

as well as their interactions, and random effects (i.e., intercepts) by individual samples (full 
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model). Autocorrelation was present for mean annual arsenic content and a compound symmetry 

correlation structure, modeled over estimated age by sample, was selected as the best fit for the 

mean annual arsenic data compared to no correlation structure (X2(10) = 55.73, p < 0.001).  

 

Figure 12. Mean annual arsenic content in slimy sculpin otoliths by estimated age, and by 
estimated year, organized by sample site (BCO Reach 0 samples 213 to 313, Yellowknife River 
samples 430 to 595). 

 

As depicted in Figure 12, the full model for arsenic suggested significant variance in 

mean annual otolith content across individuals (i.e., sample intercepts; SD = 0.025, X2(11) = 

55.73, p < 0.001) though the 95% confidence intervals (CIs) were relatively large (0.0001, 4.73). 

For fixed effects, the full model implied a significant effect of site on mean annual otolith 

content, with the Yellowknife River having, on average, higher mean annual arsenic content (b = 

0.050 µg/g) than the BCO Reach 0 (Table 8). On their own, the model implied no significant 

effect of estimated age or sex on mean annual arsenic content. A possible interaction between 

sample site and estimated age was suggested however the result was not significant at the 95% 

level. A significant three-way interaction between sample site, estimated age, and sex was also 

implied and this interaction was broken down by conducting separate interaction models for each 
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sample site (i.e., BCO Reach 0 and Yellowknife River) and for each sex (i.e., male and female). 

The interaction models were the same as the full model but excluded the requisite main effect 

and any corresponding interaction terms (e.g., the ‘sample site’ interaction models did not 

include ‘site’ as a main effect or interaction). 

Table 7 

Linear Mixed Effect Modeling Results for Mean Annual Arsenic Content in Slimy Sculpin 

Otoliths1,2 

Predictor b SE b 95% CI t (df) p 
Full Model      
Site 0.050 0.018 0.012, 0.089 2.78 (18) 0.012 
Estimated Age -0.001 0.002 -0.005, 0.004 -0.30 (38) 0.763 
Sex 0.013 0.017 -0.022, 0.049 0.78 (18) 0.447 
Site x Est. Age -0.008 0.004 -0.017, 0.0001 -1.99 (38) 0.054 
Site x Sex -0.022 0.025 -0.073, 0.029 -0.92 (18) 0.371 
Est. Age x Sex -0.005 0.003 -0.011, 0.002 -1.47 (38) 0.167 
Site x Est. Age x Sex 0.011 0.005 0.0005, 0.022 2.12 (38) 0.040 
Interaction Model: Site      
BCR0: Est. Age -0.0008 0.003 -0.006, 0.004 -0.29 (20) 0.772 
BCR0: Sex 0.013 0.021 -0.031, 0.057 0.63 (9) 0.542 
BCR0: Est. Age x Sex -0.005 0.004 -0.012, 0.002 -1.26 (20) 0.221 
YKRIV: Est. Age -0.009 0.003 -0.015, -0.003 -2.98 (18) 0.008 
YKRIV: Sex -0.009 0.011 -0.032, 0.014 -0.83 (9) 0.430 
YKRIV: Est. Age x Sex 0.007 0.004 -0.0005, 0.014 1.81 (18) 0.087 
Interaction Model: Sex      
Male: Site 0.028 0.014 -0.002, 0.059 1.95 (10) 0.080 
Male: Est. Age -0.005 0.002 -0.009, -0.001 -2.68 (23) 0.013 
Male: Site x Est. Age 0.003 0.003 -0.003, 0.008 0.97 (23) 0.342 
Female: Site 0.051 0.020 0.009, 0.092 2.59 (8) 0.032 
Female: Est. Age -0.0006 0.003 -0.006, 0.005 -0.23 (15) 0.824 
Female: Site x Est. Age -0.009 0.005 -0.019, 0.001 -1.70 (15) 0.109 
NOTES: 
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Table 7 

Linear Mixed Effect Modeling Results for Mean Annual Arsenic Content in Slimy Sculpin 

Otoliths1,2 

Predictor b SE b 95% CI t (df) p 
1. Predictor = model predictor variable (fixed effect); b = model estimate; SE b = standard error of the model 

estimate; 95% CI = 95% confidence interval for model estimate; t (df) = t-ratio and degrees of freedom for 
model estimate; p = p-value for model estimate (α = 0.05). 

2. Bolded p values indicate significant at the 95% level 

 

The ‘sample site’ interaction models suggested no significant difference between sexes at 

either the BCO Reach 0 or the Yellowknife River, but implied a significant decrease in mean 

annual arsenic content with estimated age at the Yellowknife River, with no significant effect of 

estimated age at the BCO Reach 0. The ‘sample site’ models also suggested no interaction 

between sex and estimated age, implying any change in arsenic content over time was not 

different between males and females. However, the ‘sex’ interaction model suggested a 

significant decrease in mean annual arsenic content with estimated age for males (b = -

0.005 µg/g), but not for females. The ‘sex’ model also implied that females at the Yellowknife 

River have, on average, higher mean annual arsenic content (b = 0.051 µg/g) than females at the 

BCO Reach 0. There was also no significant interaction between site and estimated age, which 

suggests any change in arsenic content over time is not different between sample sites.  

These interaction models suggest slightly contradictory results, and this may be related to 

differing age ranges for male and female slimy sculpin at the BCO Reach 0 and Yellowknife 

River. This is outlined in Figure 13 which provides mean annual arsenic content separated by sex 

and sample site. As shown, at both sample sites, most slimy sculpin samples were an estimated 

3 years old. At the BCO Reach 0, only two samples (male and female) were an estimated 

5 years, while at the Yellowknife River, two samples (both males) were an estimated 4 and 
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5 years. The decrease in mean annual arsenic content for males, but not females, at the 

Yellowknife River, is likely due to the differing age ranges for the two sexes; the model may 

change with increased sampling. However, based on the data and Figure 13, it does appear that 

females at the Yellowknife River have higher mean annual arsenic content than females at the 

BCO Reach 0, and both males and females exhibit a slight decrease in mean annual arsenic 

content with time at the Yellowknife River, but no considerable change with time at the BCO 

Reach 0.  

 

Figure 13. Interaction plot for mean annual arsenic content in slimy sculpin otoliths for male and 
female fish, organized by sample site. 

 

Copper, strontium, and zinc. 

Slimy sculpin otolith copper, strontium, and zinc content was more consistent than 

antimony, lead, and arsenic, with 1% or less of data reported below average LODs (see Table 5, 

Table 6, and Table A1 in Appendix A, and Figure 7 and Figure 8). Mean copper content was 

0.119 µg/g at the BCO Reach 0, and 0.145 µg/g at the Yellowknife River; mean zinc content was 

0.57 µg/g at the BCO Reach 0, and 0.51 µg/g at the Yellowknife River; and, mean strontium 

content was 779 µg/g at the BCO Reach 0, and 764 µg/g at the Yellowknife River (Table 6, 
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Figure 7 and Figure 8). Profiles of copper, strontium, and zinc were more punctuated and showed 

stronger oscillatory trends than antimony, lead, or arsenic (Figure 11, Figure 14 and Appendix 

B1). In both sample areas, temporal patterns of copper and zinc appeared similar within an 

individual (i.e., similar timings of peaks and troughs), and their peaks tended to coincide with 

opaque bands on the otoliths (see Figure 15 and Appendix B1). A positive relationship between 

mean 2010 otolith copper and zinc was also demonstrated for both sample areas (r = 0.35 at the 

BCO Reach 0, r = 0.47 at the Yellowknife River; p > 0.05 for both areas; see Appendix C). 

Some similarity was also observed with the minor oscillations of antimony, arsenic, and lead, 

though not of the same magnitude as copper and zinc. Similar to arsenic, copper content tended 

to show minor decreases from otolith core to edge (Figure 14). Within an otolith, strontium and 

zinc profiles sometimes had off-peaks (e.g., where strontium peaked, zinc tended to trough; 

Figure 15) at the BCO Reach 0, but this did not appear typical of the Yellowknife River slimy 

sculpin where strontium and zinc had similar overall temporal profiles. However, both strontium 

and zinc content appeared to increase slightly from otolith core to edge (Figure 11 and Figure 

14). 
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Figure 14. Examples of copper, strontium, and zinc profiles, with the symmetrical moving 
averages (black trace), in two slimy sculpin otoliths from the BCO Reach 0 (SLSC 260) and the 
Yellowknife River (SLSC 595). Both fish are an estimated three years. 
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a) SLSC 277 

 

b) SLSC 496 

 

Figure 15. Examples of arsenic, copper, strontium, and zinc symmetrical moving average 
profiles, with the post-ablation otolith, for samples from the BCO Reach 0 (SLSC 277) and the 
Yellowknife River (SLSC 496). Both fish are an estimated two years. 
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Linear mixed-effect modeling results: copper, strontium, and zinc. 

Results from the final LME models for slimy sculpin mean annual otolith copper, 

strontium, and zinc are summarized in Table 9 and the final ‘optimal’ models are provided in 

Appendix D1. Figure 16 provides the mean annual copper, strontium, and zinc content in slimy 

sculpin otoliths at the BCO Reach 0 and Yellowknife River. The final models for mean annual 

otolith copper and zinc included predictor variables of sample site and estimated age (time), and 

random intercepts for individual samples (full model). The final model for copper also included a 

combination variance structure to model the variance of mean annual copper content by sample 

site and by estimated age as a variance covariate. Autocorrelation was not present for either 

mean annual copper or zinc content however sample SLSC 440 appeared as an outlier in the final 

model for copper and it was not known if the sample influenced model results. The model for 

mean annual copper content was re-run excluding data from this sample and this model included 

predictor variables with random intercepts only, and no additional variance structure. The final 

model for mean annual strontium content included predictor variables of sample site, estimated 

age (time), and sex, as well as random intercepts for individual samples (full model), and a 

variance structure that modeled the variance of mean annual strontium content by sample site. 

Autocorrelation was not present for mean annual strontium content. 

Table 8 

Linear Mixed Effect Modeling Results for Mean Annual Trace Element Content in Slimy 

Sculpin Otoliths1,2 

Fixed Effect b SE b 95% CI t (df) p 
Copper      
All Data      
Site 0.022 0.013 -0.003, 0.050 1.61 (20) 0.124 
Estimated Age -0.008 0.002 -0.013, -0.004 -3.54 (41) 0.001 



CONTAMINANT EXPOSURE HISTORY  83 

Table 8 

Linear Mixed Effect Modeling Results for Mean Annual Trace Element Content in Slimy 

Sculpin Otoliths1,2 

Fixed Effect b SE b 95% CI t (df) p 
Excluding SLSC 440      
Site 0.014 0.012 -0.011, 0.040 1.16 (19) 0.260 
Estimated Age -0.010 0.002 -0.015, -0.005 -4.12 (40) 0.002 
Strontium      
Site -15.69 22.59 -62.96, 31.58 -0.69 (19) 0.496 
Estimated Age 23.92 6.60 10.59, 37.26 3.62 (41) 0.0008 
Sex -39.99 17.81 -77.27, -2.71 -2.24 (19) 0.037 
Zinc      
Site -0.063 0.042 -0.150, 0.025 -1.49 (20) 0.153 
Estimated Age 0.057 0.013 0.033, 0.084 4.62 (41) < 0.001 
NOTES: 
1. Predictor = model predictor variable (fixed effect); b = model estimate; SE b = standard error of the model 

estimate; 95% CI = 95% confidence interval for model estimate; t (df) = t-ratio and degrees of freedom for 
model estimate; p = p-value for model estimate (α = 0.05). 

2. Bolded p values indicate significant at the 95% level 

 
As depicted in Figure 16, the full models for copper, strontium, and zinc suggested 

significant variance in mean annual otolith content across individuals (i.e., sample intercepts). 

For copper, variance estimates were slightly reduced when data from SLSC 440 were excluded. 

Standard deviations and 95% CIs for variance in mean annual trace element content between 

samples includes: 

• Copper (all data): SD = 0.027 (95% CI: 0.017, 0.043) 

• Copper (excluding SLSC 440): SD = 0.025 (95% CI = 0.017, 0.037) 

• Strontium: SD = 21.09 (95% CI: 7.61, 58.46) 

• Zinc: SD = 0.077 (95% CI: 0.045, 0.130; see Appendix D1) 
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Figure 16. Mean annual copper, strontium, and zinc content in slimy sculpin otoliths by 
estimated age, organized by sample site (BCO Reach 0 samples SLSC 213 to 313, Yellowknife 
River samples SLSC 430 to 595) 
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The final ‘all-data’ model for mean annual otolith copper also suggested significant 

differences in variance between sample sites with the Yellowknife River having greater variance 

then the BCO Reach 0 when SLSC 440 was included (estimated 1.6 times the variance of the 

BCO Reach 0, 95% CI: 1.00, 2.57; Appendix D1). This variance structure was not needed when 

SLSC 440 was excluded. Significant differences in variance between sample sites was also 

suggested for mean annual strontium content, with the Yellowknife River having less variance 

than the BCO Reach 0 (estimated 0.36 times the variance of the BCO Reach 0, 95% CI: 0.24, 

0.53; Appendix D1). 

As outlined in Table 8 and depicted in Figure 17, the final models suggested no 

significant effect of sample site on mean annual copper, strontium, and zinc content of slimy 

sculpin otoliths. This result did not change for mean annual copper content when data from 

SLSC 440 were excluded. The models did suggest significant changes in mean annual copper, 

strontium, and zinc content with estimated age however. A significant decrease in mean annual 

copper content with estimated age was suggested, with and without data from SLSC 440  

(b = -0.008 µg/g [all data], b = -0.010 µg/g [excluding SLSC 440]), while significant increases in 

mean annual strontium content (b = 23.92 µg/g) and zinc content (b = 0.057 µg/g) with estimated 

age were suggested (Figure 17). The final model for strontium also implied a significant 

difference between sexes, with males having, on average, less mean annual strontium than 

females (b = -39.99 µg/g; Figure 17). There were no significant differences between sexes for 

mean annual copper or zinc content, or significant interactions between any of the predictor 

variables for these three trace elements, and these terms were dropped from the final models. 
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Figure 17. Mean annual copper, strontium, and zinc content in slimy sculpin otoliths for male 
and female fish, organized by sample site. 
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Lake Whitefish 

All trace elements analyzed were detected in lake whitefish otoliths from the BC Outlet 

area and Horseshoe Island. Summary statistics for individuals are provided in Table A2.1 in 

Appendix A while Table 12 provides a summary of trace element content in lake whitefish 

otoliths by sample site, combined for all individuals. Figure 18 and Figure 19 provide a summary 

of sample means and ranges for otolith trace elements organized by sample site and trace 

element profiles for all individuals are included in Appendix B2.1 and Appendix B2.2. Muscle 

and liver tissue data for the six trace elements are provided in Table A2.2 in Appendix A. 

Table 9 

Summary Statistics1 of Trace Element Content (µg/g) in Lake Whitefish Otoliths from the 

Baker Creek Outlet (exposure) and Horseshoe Island (downstream reference) 

Parameter n2 % < LOD3 Min. Max. Mean Median SD CV % 
All Data 
Baker Creek Outlet 
Antimony 10 55 < 0.0006 0.0088 0.0007 0.0005 0.0016 231 
Arsenic 10 3 < 0.01 0.20 0.07 0.06 0.04 58 
Copper 10 1 < 0.005 1.255 0.090 0.055 0.115 129 
Lead 10 8 < 0.0005 0.0871 0.0088 0.0047 0.0111 126 
Strontium 10 0 99 1,842 1,223 1,267 275 22 
Zinc 10 0 9.42 260.38 63.86 53.31 37.30 58 
Horseshoe Island 
Antimony 10 52 < 0.0006 0.0072 0.0007 0.0006 0.0014 196 
Arsenic 10 3 < 0.01 0.14 0.05 0.05 0.02 42 
Copper 10 1 < 0.005 2.903 0.125 0.054 0.253 202 
Lead 10 12 < 0.0005 0.0671 0.0080 0.0028 0.0126 157 
Strontium 10 0 726 1,843 1,160 1,146 168 14 
Zinc 10 0 12.90 211.15 70.84 65.08 31.88 45 
NOTES: 
1. Min. = minimum; Max. = maximum; SD = standard deviation; CV = coefficient of variation 
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Table 9 

Summary Statistics1 of Trace Element Content (µg/g) in Lake Whitefish Otoliths from the 

Baker Creek Outlet (exposure) and Horseshoe Island (downstream reference) 

Parameter n2 % < LOD3 Min. Max. Mean Median SD CV % 
2. n = number of individual otoliths analyzed per site; data combined over all individuals. Total number of data 

points analyzed per parameter is approximately 5,100 for the Baker Creek Outlet and approximately 4,750 
for Horseshoe Island. 

3. % < LOD = percentage of data points reported below the average limit of detection 
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Figure 18. Lake whitefish site means (dashed horizontal lines), sample means (dots), and sample 
ranges (error bars) of antimony, arsenic, and copper, organized by sample site. 
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Figure 19. Lake Whitefish site means (horizontal lines), sample means (dots), and sample ranges 
(error bars) of lead, strontium, and zinc, organized by sample site. 
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Antimony. 

Similar to slimy sculpin, antimony values were relatively low, as demonstrated in Figure 

18, Table 9, and Table A2.1 in Appendix A. Mean antimony content was 0.0007 µg/g at both the 

BC Outlet and Horseshoe Island. Some oscillatory antimony peaks were present, and these 

tended to correspond with peaks in copper and lead, however overall, the antimony temporal 

profiles tended to be flat with only minor and infrequent oscillations, relative to the other trace 

elements (see Figure 20 and Figure 21). Antimony content also appeared relatively stable 

through otolith core to edge, with no obvious increasing or decreasing trends (Figure 20 and 

Appendix B2). In total, up to 55% of antimony data were reported below its average LOD 

(0.0006 µg/g). Antimony was not included in lake whitefish statistical analyses given the high 

percentage of data points reported below its average LOD. 

  

Figure 20. Examples of antimony profiles, with the symmetrical moving average (black trace), in 
two lake whitefish otoliths from the BC Outlet (LWF BC04) and Horseshoe Island (LWF HI17). 
Sample BC04 is an estimated 11 years while sample HI17 is an estimated 12 years. 
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a) BC Outlet 0 (BC04)  

  
b) Horseshoe Island (HI17)  

  
Figure 21. Symmetrical moving averages of antimony, arsenic, copper, lead, strontium and zinc 
in lake whitefish samples BC04 (BC Outlet) and HI17 (Horseshoe Island). Sample BC04 is an 
estimated 11 years while sample HI17 is an estimated 12 years. 

 

Arsenic. 

Lake whitefish otolith arsenic content was more consistent than antimony, and more 

consistent than slimy sculpin otolith arsenic, with 3% of data reported below average LODs (see 

Table 5, Table 9, and Table A2 in Appendix A, and Figure 18). Mean arsenic content was 

0.07 µg/g at the BC Outlet, and 0.04 µg/g at Horseshoe Island (Table 9, Figure 18 and Figure 

22). Between lake whitefish samples, mean arsenic content ranged from 0.02 to 0.11 µg/g at the 

BC Outlet, and from 0.03 to 0.07 µg/g at Horseshoe Island (Table A2 in Appendix A). 
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Figure 22. Examples of arsenic profiles, with the symmetrical moving average (black trace), in 
two lake whitefish otoliths from the BC Outlet (LWF BC04) and Horseshoe Island (LWF HI17). 
Sample BC04 is an estimated 11 years while sample HI17 is an estimated 12 years. 

 

Similar to antimony, arsenic profiles were relatively flat with only minor seasonal 

oscillations that occasionally coincided with peaks of copper and lead (see Figure 21). Arsenic 

content also remained relatively stable from otolith core to edge (see Figure 22, and 

Appendix B2). As demonstrated in Figure 23, which provides mean annual arsenic content by 

estimated age, the variability and spread of arsenic data is greater at the BC Outlet than 

Horseshoe Island, but there appear to be two subsets of samples at this site: those that tended to 

have arsenic content below 0.10 µg/g (i.e., BC04 to BC12) and those that tended to have higher 

arsenic content, generally greater than 0.10  µg/g (i.e., BC13 to BC21). Samples with higher 

arsenic content tended to be older fish (15+ years), and arsenic remained relatively steady, or 

slightly decreased over time (Figure 23). There were two exceptions to this with samples BC13 

and BC21 (estimated 10 years), that also demonstrated relatively high arsenic content. In these 

two samples, arsenic content was highest in the core and consistently decreased over time 

(Figure 23 and Appendix B2).  
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Figure 23. Mean annual arsenic content in lake whitefish otoliths by estimated age organized by 
sample site (BC Outlet samples BC04 to BC21, Horseshoe Island samples HI01 to HI21). Note 
sample BC10 is excluded as post-ablation ageing was not possible. 

 

ANCOVA results: arsenic. 

Results from the ANCOVA model for the mean 2012 lake whitefish otolith arsenic 

content are summarized in Table 10 and the model with full results are provided in 

Appendix D2. Mean 2012 otolith arsenic did not meet Levene’s test for assumptions 

homoscedasticity but the distribution of model residuals did not appear skewed, so the model 

was run with the raw data. The model for mean 2012 otolith arsenic included sample site as a 

predictor variable with covariates of sex, fork length, and muscle tissue arsenic content. An 

interaction between sample site and muscle tissue arsenic content was included given correlation 

results (see Appendix C).  

As outlined in Table 10, the model suggested no significant effect of fork length on mean 

2012 otolith arsenic content (F(1, 13) = 0.54, p = 0.47, ω2 = 0.479). A significant main effect of 

fish sex was suggested (F(1, 13) = 11.08, p = 0.005) though the effect size is considered small 

(ω2 = 0.010). Post hoc tests suggested female lake whitefish tended to have higher mean 2012 
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otolith arsenic content (adjusted mean 0.093 µg/g) than males (adjusted mean 0.057 µg/g; see 

Figure 24) and the difference was significant (t(13) = 3.33, p = 0.005). However, sample size for 

lake whitefish males and females was not even (i.e., eight females and 11 males), and two of the 

older fish from the BCO Reach 0 with higher otolith arsenic content were female, so the result is 

interpreted with caution. Any interaction between site and sex was not tested given the 

unbalanced sample size per site (i.e., two females and seven males at the BC Outlet, with six 

females and four males at Horseshoe Island). 
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Table 10 

Factorial ANCOVA Modeling Results for Mean 2012 Arsenic Content in Lake Whitefish Otoliths1,2,3 

Predictor/Covariate stat (df) p Estimate Est. SE Adj. Mean 95% CI ω2 
All Data        
Site 27.75 (1) < 0.001 -0.094 0.018 — — 0.144 
Muscle Arsenic 13.17 (1) 0.003 -0.224 0.062 — — 0.354 
Fork Length 0.54 (1) 0.474 0.0001 0.0001 — — 0.045 
Sex4 11.08 (1) 0.005 -0.035 0.012 — — 0.010 

Females 
3.33 0.005 

— — 0.093 0.076, 0.110 — 
Males — — 0.057 0.047, 0.068 — 

Site x Muscle Arsenic5 15.43 (1) 0.002 0.434 0.110 — — 0.193 
BC Outlet 

4.59 (13) < 0.001 
— — 0.093 0.080, 0.106 — 

Horseshoe Isl. — — 0.057 0.047, 0.068 — 
Excluding BC05 and BC12       
Site 14.80 (1) 0.003 -0.077 0.020 — — 0.470 

BC Outlet 
5.60 (11) < 0.001 

— — 0.097 0.085, 0.110 — 
Horseshoe Isl. — — 0.054 0.044, 0.063 — 

Muscle Arsenic 0.41 (1) 0.534 -0.071 0.111 — — 0.038 
Fork Length 1.38 (1) 0.234 0.0002 0.0001 — — 0.066 
Sex4 12.51 (1) 0.005 -0.035 0.010 — — 0.116 

Females 
3.54 0.005 

— — 0.093 0.079, 0.108 — 
Males — — 0.058 0.046, 0.070 — 

Site x Muscle Arsenic 4.27 (1) 0.063 0.285 0.138 — — 0.050 
NOTES: 
1. Predictor/Covariate = model predictor variable (sample site) and covariates; stat (df) = model statistic and degrees of freedom, model statistic for 

ANCOVA is F statistic, while model statistic for post hoc contrasts is the t statistic; p = p-value for model statistic; Estimate = model estimate for 
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Table 10 

Factorial ANCOVA Modeling Results for Mean 2012 Arsenic Content in Lake Whitefish Otoliths1,2,3 

Predictor/Covariate stat (df) p Estimate Est. SE Adj. Mean 95% CI ω2 
predictor variable and covariates; Est. SE = standard error of model estimate; Adj. Mean = post hoc adjusted estimated marginal mean for the model 
variable; 95% CI = 95% confidence interval for adjusted mean; ω2 = effect size (omega squared) for ANOVA predictor variable and covariates. 

2. Bolded p values indicate significant at the 95% level (α = 0.05). 
3. Based on Kirk (1996), ω2 = 0.010 was considered a small effect, ω2 = 0.059 a medium effect, and ω2 = 0.138 a large effect 
4. Post hoc adjusted mean values, and 95% confidence intervals, for mean 2012 otolith arsenic by sex (all data and excluding samples BC05 and BC12) are 

averaged over levels of site. 
5. Post hoc adjusted mean values, and 95% confidence intervals, for mean 2012 otolith arsenic by sample site are based on the overall mean muscle arsenic 

content (0.136 mg/kg ww) and are averaged over levels of sex.  
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Figure 24. Adjusted mean 2012 arsenic content in lake whitefish otoliths for males and females; 
error bars indicate 95% confidence intervals. 

 

There was a significant main effect of sample site on the mean 2012 lake whitefish 

otolith arsenic content (F(1, 13) = 27.75, p < 0.001, ω2 = 0.144), with Horseshoe Island having, 

on average, lower arsenic content than the BC Outlet (b = -0.094 µg/g; Table 10). However, the 

model also suggested a significant interaction effect between sample site and muscle arsenic 

content on the otolith arsenic content (F(1, 13) = 15.43, p = 0.002, ω2 = 0.193), which indicates 

that mean 2012 otolith arsenic content at the two sites were affected differently by muscle 

arsenic content. Post hoc tests indicated adjusted mean otolith arsenic was higher at the 

BC Outlet (0.093 µg/g) than Horseshoe Island (0.057 µg/g), with an overall average muscle 

arsenic content (0.136 mg/kg ww), and the difference was significant (t(13) = 4.59, p < 0.001). 

Figure 25 shows this higher mean 2012 otolith arsenic content at the BC Outlet, and shows a 

decreasing trend in mean 2012 otolith arsenic with increasing muscle tissue content. Post hoc 

trends analysis indicated this decreasing trend was significant at the BC Outlet (b = -0.224 mg/kg 

ww, 95% CI: -0.357, -0.091) with no trend at Horseshoe Island (b = 0.210 mg/kg ww, 95% CI: 

 -0.014, 0.434). There appeared to be two outliers at the BC Outlet, however, with high muscle 
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arsenic content, but low otolith arsenic content (samples BC05 and BC12), and these samples 

likely influenced the results. 

 

Figure 25. Mean 2012 arsenic content in lake whitefish otoliths by muscle arsenic content, 
organized by sample site (with LOESS smoothing and its 95% confidence interval). 

 

To check whether the two outliers at the BC Outlet influenced results, the sample data 

from BC05 and BC12 (which were both males) were removed and the model was re-run. As 

outlined in Table 10, without these data, the model still suggested a significant effect of sex on 

mean 2012 otolith arsenic content (F(1, 11) = 12.51, p = 0.005, ω2 = 0.116), and a significant 

effect of site (F(1, 13) = 14.80, p = 0.003, ω2 = 0.470), with Horseshoe Island still having, on 

average, lower arsenic content than the BC Outlet (b = -0.077 µg/g). There was no significant 

effect of muscle arsenic content on its own (F(1, 11) = 0.41, p = 0.534, ω2 = 0.038) and the 

interaction between site and muscle arsenic content was not significant at the 95% level (F(1, 11) 

= 4.27, p = 0.063) with a medium effect level (ω2 = 0.050). Post hoc testing for site and sex did 

not considerably change adjusted means or confidence intervals from the all-data model (see 

Table 10).  
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Copper, lead, strontium, and zinc. 

Lake whitefish otolith copper, lead, strontium, and zinc content had 12% or less of data 

reported below average LODs (see Table 5, Table 9, and Table A2 in Appendix A, and Figure 18 

and Figure 19). Mean copper content was 0.090 µg/g at the BC Outlet, and 0.125 µg/g at 

Horseshoe Island; mean lead content was 0.0088 µg/g at the BC Outlet, and 0.0080 µg/g at 

Horseshoe Island; mean zinc content was approximately 64 µg/g at the BC Outlet, and 71 µg/g at 

Horseshoe Island; and, mean strontium content was approximately 1,223 µg/g at the BC Outlet, 

and 1,160 µg/g at Horseshoe Island.  

Profiles of copper, lead, strontium, and zinc were more punctuated and showed stronger 

seasonal oscillatory trends than antimony or arsenic; see Figure 26 to Figure 28, and 

Appendix B2, as well as Figure 21 for two examples. In both sample areas, temporal patterns of 

copper and lead tended to be similar within an individual with coincident peaks and troughs. 

These also tended to match peaks in zinc, which generally coincided with opaque bands on the 

otoliths (see Figure 28 and Appendix B2). With some exceptions, overall copper content 

remained relatively constant from otolith core to edge, and lead content was variable, either 

increasing from core to edge or remaining relatively stable (Figure 26, Figure 27, and Figure 21). 

Off-peaks of strontium and zinc profiles (e.g., where strontium peaked, zinc tended to trough, or 

vice versa) did occur, however overall, strontium and zinc showed relatively similar temporal 

profiles with seasonal oscillations (Figure 26 to Figure 28, and Figure 21). Strontium content 

relatively was stable, or slightly increasing from otolith core to edge, while zinc content 

generally decreased. 
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Figure 26. Examples of copper, lead and strontium profiles, with the symmetrical moving 
average (black trace), in two lake whitefish otoliths from the BC Outlet (LWF BC04) and 
Horseshoe Island (LWF HI17). Sample BC04 is an estimated 11 years while sample HI17 is an 
estimated 12 years. 
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Figure 27. Examples of zinc profiles, with the symmetrical moving average (black trace), in two 
lake whitefish otoliths from the BC Outlet (LWF BC04) and Horseshoe Island (LWF HI17). 
Sample BC04 is an estimated 11 years while sample HI17 is an estimated 12 years. 
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a) LWF BC04 

 

b) LWF HI17 

 

Figure 28. Examples of strontium and zinc symmetrical moving average profiles, with the post-ablation otolith, for samples from the BC Outlet (LWF BC04) and Horseshoe Island (LWF HI17). Sample BC04 is an estimated 
11 years while sample HI17 is an estimated 12 years. 
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The overall variability of trace element content, relative to the mean, for lake whitefish 

otoliths were generally comparable between sample sites for arsenic, lead, strontium, and zinc 

(Table 9). Variability for copper, relative to the mean, was higher at Horseshoe Island (CV 202% 

versus CV 129% at BC Outlet), but this is largely the result of the copper profile for one sample 

(HI20; see Figure 26). This sample (estimated age 12 years) had relatively low copper content 

(maximum values less than 0.54 µg/g) until approximately 1,500 µm (estimated age 7 years) 

when copper content began to increase consistently; this continued until the otolith edge with 

seasonal oscillations (Figure 29 and Appendix B2). A similar pattern in sample HI20 was also 

observed for lead content, which also exhibited a slight increase at approximately 1,500 µm 

(estimated 7 years) with increasing values to otolith edge, though the pattern was less 

pronounced than copper (Figure 29 and Appendix B2). Other trace elements within sample HI20 

did not show this pattern. See Figure 29 and Figure 30 for mean annual copper, lead, strontium, 

and zinc content for lake whitefish otoliths by sample site. 

Other otolith samples also showed departures from typical patterns at each sample site, 

(see Figure 26 to Figure 30). This includes lake whitefish samples:  

• BC12 (from the BC Outlet; estimated 13 years), which showed a considerable 

decrease in strontium content around 500 µm from otolith core, corresponding to 

the end of its first year and may be related to the presence of vaterite;  

• HI11 (from Horseshoe Island; estimated age 8 years), which had overall higher 

zinc content compared to other Horseshoe Island samples; and,  

• HI21 (from Horseshoe Island), which had consistently higher lead content 

compared to other Horseshoe Island samples until its last year (estimated age 

13 years).   
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Figure 29. Mean annual copper, lead, and strontium content in lake whitefish otoliths by 
estimated fish age, organized by sample site (BC Outlet samples BC04 to BC21, and Horseshoe 
Island samples HI01 to HI21). Note sample BC10 is excluded as post-ablation ageing was not 
possible.   
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Figure 30. Mean trace element content in lake whitefish otoliths for zinc by estimated fish age, 
organized by sample site (BC Outlet samples BC04 to BC21, and Horseshoe Island samples 
HI01 to HI21). Lake Whitefish BC10 excluded as post-ablation ageing was not possible.  

ANCOVA results: copper, lead, strontium, and zinc. 

Results from the ANCOVA model for the mean 2012 lake whitefish otolith copper, lead, 

strontium, and zinc content are summarized in Table 11 and the models with full results are 

provided in Appendix D2. Mean 2012 data for lake whitefish otolith copper, lead, and zinc 

content did not meet assumptions of normality. Models were initially run with the raw data 

however the spread of residuals was not normal, so the data were log transformed for analysis. 

Given the Pearson correlation results, the models for log mean 2012 otolith copper and lead, and 

mean 2012 otolith strontium, included HSI and sex as covariates. The model for log mean 2012 

otolith zinc included liver zinc content as a covariate with sex. 

As outlined in Table 11, there was no significant effect of sample site on log mean 2012 

otolith copper, lead or zinc content, or on mean 2012 otolith strontium content. A significant 

effect of HSI on log mean 2012 lead content was suggested (F(1, 14) = 5.22, p = 0.038), with a 

large effect size (ω2 = 0.293), and the model estimate implied an increasing otolith lead content 

with increasing HSI values (see Figure 31).  
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Table 11 

Factorial ANCOVA Modeling Results for Mean 2012 Copper, Lead, Strontium, and Zinc Content in Lake Whitefish Otoliths1,2,3 

Predictor/Covariate stat (df) p Estimate Est. SE Adj. Mean 95% CI ω2 
Log Copper        
Site 0.003 (1) 0.955 -0.047 0.811 — — -0.015 
HSI 2.00 (1) 0.179 0.875 0.618 — — 0.220 
Sex 0.24 (1) 0.630 -0.124 0.251 — — -0.034 
Site x HSI 0.0004 (1) 0.999 -0.0004 0.819 — — -0.046 
Log Lead       
Site 0.04 (1) 0.846 0.131 0.663 — — -0.030 
HSI 5.22 (1) 0.038 1.154 0.505 — — 0.293 
Sex 0.00 (1) 0.998 -0.0006 0.205 — — -0.042 
Site x HSI 0.39 (1) 0.543 -0.419 0.670 — — -0.026 
Strontium        
All Data        
Site 3.14 (1) 0.098 -797.01 449.90 — — -0.038 
HSI 10.20 (1) 0.007 -1,095.02 342.86 — — 0.219 
Sex 0.25 (1) 0.626 69.42 139.34 — — -0.038 
Site x HSI 4.49 (1) 0.052 963.54 454.74 — — 0.133 
Excluding BC12        
Site 0.46 (1) 0.508 -199.84 249.11 — — 0.087 
HSI 0.65 (1) 0.434 -216.35 293.24 — — 0.070 
Sex 4.01 (1) 0.067 171.57 267.45 — — 0.121 
Site x HSI 0.31 (1) 0.588 173.77 85.67 — — -0.029 
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Table 11 

Factorial ANCOVA Modeling Results for Mean 2012 Copper, Lead, Strontium, and Zinc Content in Lake Whitefish Otoliths1,2,3 

Predictor/Covariate stat (df) p Estimate Est. SE Adj. Mean 95% CI ω2 
Log Zinc        
Site 0.44 (1) 0.519 0.275 0.416 — — -0.027 
Liver Zinc 1.09 (1) 0.314 0.011 0.010 — — 0.132 
Sex 1.52 (1) 0.238 0.162 0.131 — — 0.025 
Site x Liver Zinc 0.14 (1) 0.713 -0.004 0.011 — — -0.041 
NOTES: 
1. Predictor/Covariate = model predictor variable (sample site) and covariates; stat (df) = model statistic and degrees of freedom, model statistic for 

ANCOVA is F statistic; p = p-value for model statistic; Estimate = model estimate for predictor variable and covariates; Est. SE = standard error of model 
estimate; Adj. Mean = post hoc adjusted estimated marginal mean for the model variable; 95% CI = 95% confidence interval for adjusted mean; ω2 = 
effect size (omega squared) for ANCOVA predictor variable and covariates. 

2. Bolded p values indicate significant at the 95% level (α = 0.05). 
3. Based on Kirk (1996), ω2 = 0.010 was considered a small effect, ω2 = 0.059 a medium effect, and ω2 = 0.138 a large effect 
4. Post hoc adjusted mean values, and 95% confidence intervals, for mean 2012 otolith arsenic by sample site are based on the overall mean muscle arsenic 

content (0.136 mg/kg ww) and are averaged over levels of sex.  
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Figure 31. Mean 2012 lead content in lake whitefish otoliths by hepatosomatic index (HSI). 
 

The opposite result was suggested for mean 2012 otolith strontium content, with 

significantly decreasing otolith strontium with increasing HSI values (F(1, 14) = 10.20, p = 

0.007) and the effect was large (ω2 = 0.219). However, one sample (BC12) appeared as an outlier 

in this model given the low strontium values reported after the fish’s first year (see Figure 26 and 

Figure 29). Data from this sample was removed and the model re-run. Excluding sample BC12, 

results still suggested a decrease in mean 2012 otolith strontium with increasing HSI values, but 

the result was not significant (F(1, 13) = 0.65, p = 0.433) with a medium effect (ω2 = 0.070); see 

Figure 32. 

 

Figure 32. Mean 2012 strontium content in lake whitefish otoliths by hepatosomatic index (HSI). 
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Burbot 

All trace elements analyzed were detected in burbot otoliths from North Yellowknife Bay 

and the GSL Reference. Summary statistics for individuals are provided in Table A3.1 in 

Appendix A while Table 12 provides a summary of trace element content in burbot otoliths by 

sample site, combined for all individuals. Figure 33 and Figure 34 provide a summary of sample 

means and ranges for otolith trace elements organized by sample site and trace element profiles 

for all individuals are included in Appendix B3.1 and Appendix B3.2. Muscle and liver tissue 

data for the six trace elements are provided in Table A3.2 in Appendix A. 

Table 12 

Summary Statistics1 of Trace Element Content (µg/g) in Burbot Otoliths from North 

Yellowknife Bay (exposure) and Great Slave Lake (downstream reference) 

Parameter n2 % < LOD3 Min. Max. Mean Median SD CV % 
North Yellowknife Bay 
Antimony 4 62 < 0.0006 0.0035 0.0004 0.0003 0.0010 246 
Arsenic 4 0.2 < 0.01 0.11 0.05 0.05 0.02 34 
Copper 4 1 < 0.005 0.341 0.066 0.053 0.046 70 
Lead 4 38 < 0.0005 0.0043 0.0009 0.0008 0.0009 108 
Strontium 4 0 469 2,219 813 771 221 27 
Zinc 4 2 < 0.01 0.76 0.14 0.10 0.13 92 
Great Slave Lake 
Antimony 10 60 < 0.0006 0.0051 0.0004 0.0003 0.0012 279 
Arsenic 10 1 < 0.01 0.32 0.05 0.04 0.03 63 
Copper 10 0 < 0.005 1.773 0.113 0.063 0.147 130 
Lead 10 41 < 0.0005 0.0047 0.0008 0.0007 0.0010 124 
Strontium 10 0 519 1,180 777 760 104 13 
Zinc 10 4 < 0.01 0.89 0.13 0.09 0.12 91 
NOTES: 
1. Min. = minimum; Max. = maximum; SD = standard deviation; CV = coefficient of variation 
2. n = number of individual otoliths analyzed per site; data combined over all individuals. Total number of data 

points analyzed per parameter is approximately 3,200 for North Yellowknife Bay and approximately 5,900 
for Great Slave Lake. 

3. % < LOD = percentage of data points reported below the average limit of detection 
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Figure 33. Burbot site means (dashed horizontal lines), sample means (dots), and sample ranges 
(error bars) of antimony, arsenic, and copper, organized by sample site. 
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Figure 34. Burbot site means (dashed horizontal lines), sample means (dots), and sample ranges 
(error bars) of lead, strontium, and zinc, organized by sample site. 
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Antimony and lead. 

Similar to slimy sculpin and lake whitefish, antimony content in burbot otoliths was 

relatively low, as demonstrated in Figure 33, Figure 34, and Table 12. Up to 62% of antimony 

data were reported below its average LOD (0.0006 µg/g) with maximum antimony content of 

0.0035 µg/g at North Yellowknife Bay and 0.0051 µg/g at the GSL Reference. Similar to slimy 

sculpin and lake whitefish, minor seasonal antimony oscillations were present, and these tended 

to correspond with peaks in copper and lead. However, overall, antimony temporal profiles in 

burbot otoliths tended to be flat, relative to the other trace elements, and were relatively stable 

from otolith core to edge (see Figure 35, Figure 36, and Appendix B3).  

Burbot otolith lead content was slightly greater than that of antimony, however overall 

values remained relatively low compared to other trace elements (Figure 33 to Figure 35, and 

Table 12). Up to 41% of lead data were reported below its average LOD (0.0005 µg/g) and 

overall mean lead content in burbot otoliths was 0.0009 µg/g at North Yellowknife Bay, and 

0.0008 µg/g at the GSL Reference. Variability in lead content, relative to its mean, was high, 

with CVs from both sample areas greater than 100%. Relative to other trace elements in burbot 

otoliths, lead showed relatively flat temporal profiles with minor seasonal oscillations that tend 

to coincide with those of arsenic, copper, and zinc (see Figure 36).  

 



CONTAMINANT EXPOSURE HISTORY  114 

  

  

Figure 35. Examples of antimony and lead profiles, with the symmetrical moving average (black 
trace), in two burbot otoliths from North Yellowknife Bay (BURB MO-5) and the GSL 
Reference (BURB 13-12). Sample MO-5 is an estimated 16 years while sample 13-12 is an 
estimated 17 years. 
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a) North Yellowknife Bay (MO-5)  

  
b) GSL Reference (13-12)  

  
Figure 36. Symmetrical moving averages of antimony, arsenic, copper, lead, strontium and zinc 
in two select burbot samples MO-5 (North Yellowknife Bay) and 13-12 (GSL Reference). 
Sample MO-5 is an estimated 16 years while sample 13-12 is an estimated 17 years. 

 

Arsenic. 

Burbot otolith arsenic was more consistent than antimony and lead, with 1% or less of 

data reported below its average LOD (see Table 5, Table 12, and Table A3 in Appendix A, and 

Figure 37). Overall mean arsenic content was 0.05 µg/g at both the North Yellowknife Bay and 

GSL Reference. Between samples, mean otolith arsenic ranged from 0.03 to 0.10 µg/g (see Table 

A3.1 in Appendix A). 
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Similar to slimy sculpin and lake whitefish, arsenic profiles in burbot were relatively flat 

with minor seasonal oscillations. Minor peaks in arsenic tended to coincide with peaks of copper 

and zinc, which did not always correspond to peaks in strontium (Figure 37 and Figure 38, and 

Appendix B3). Burbot otoliths from the GSL Reference showed greater variability in arsenic 

content (CV 63%) than those from North Yellowknife Bay, but this appears largely due to one 

sample (BURB 13-03) that had relatively high otolith arsenic content in its first few years 

(Figure 38). Positive relationships were identified for mean 2013/2014 otolith arsenic content 

with copper and zinc content at both sample sites (r = 0.79 [arsenic-copper], and r = 0.72, p = 

0.020 [arsenic-zinc] at the GSL Reference; r = 0.51 [arsenic-copper] r = 0.35 [arsenic-zinc] and 

at North Yellowknife Bay; see Appendix C). Overall, arsenic content appeared to be relatively 

stable from otolith core to edge in most burbot samples. Two exceptions included sample 

BURB 13-03, which showed decreasing otolith arsenic from core to edge, and sample BURB 13-

16, which showed slightly increasing otolith arsenic content from core to edge (Figure 38). 

  

Figure 37. Examples of arsenic profiles, with the symmetrical moving average (black trace), in 
two burbot otoliths from North Yellowknife Bay (BURB MO-5) and the GSL Reference (BURB 
13-12). Sample MO-5 is an estimated 16 years while sample 13-12 is an estimated 17 years. 
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Figure 38. Mean annual arsenic content in burbot otoliths by estimated fish age, organized by 
sample site (North Yellowknife Bay samples 14-04 to MO-5, and GSL reference samples 13-02 
to 13-16). 

 

Copper, strontium, and zinc. 

Burbot otolith copper, strontium, and zinc content were more consistent than antimony 

and lead, with 4% or less of data reported below average LODs (see Table 5, Table 12, and 

Table A3.1 in Appendix A, and Figure 39 and Figure 40). Overall mean copper content was 

0.066 µg/g at North Yellowknife Bay, and 0.113 µg/g at the GSL reference; mean strontium 

content was approximately 813 µg/g at North Yellowknife Bay, and 777 µg/g at the GSL 

reference; and, mean zinc content was 0.14 µg/g at North Yellowknife Bay, and 0.13 µg/g at the 

GSL reference.  
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Figure 39. Examples of copper, strontium, and zinc profiles, with the symmetrical moving 
average (black trace), in two burbot otoliths from North Yellowknife Bay (BURB MO-5) and the 
GSL Reference (BURB 13-12). Sample MO-5 is an estimated 16 years while sample 13-12 is an 
estimated 17 years. 
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Figure 40. Mean annual copper, strontium, and zinc content in burbot otoliths by estimated fish 
age, organized by sample site (North Yellowknife Bay samples 14-04 to MO-5, and GSL 
reference samples 13-02 to 13-16). 
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Strontium profiles in burbot were relatively flat with minor seasonal oscillations, which 

did not always correspond to peaks in copper and zinc (Figure 39, Figure 40, and Figure 41, and 

Appendix B3). Burbot otoliths from North Yellowknife Bay samples showed overall greater 

variability in strontium values (CV 27%) than those from the GSL Reference (CV 13%), but this 

is also largely due to one sample (14-27) that had higher otolith strontium content in its first year 

(Figure 40). Otherwise, strontium content was typically between 500 and 1,000 µg/g from otolith 

core to edge.  

Profiles of copper and zinc showed stronger seasonal oscillatory trends than other trace 

elements (Figure 39 and Figure 40, and Appendix B3). In both sample areas, temporal patterns of 

copper and zinc tended to be similar within an individual with coincident peaks and troughs that 

typically corresponded to the opaque bands on the otoliths (Figure 41). A significant positive 

relationship also was identified for mean 2013/2014 otolith copper and zinc content at both 

sample sites (r = 0.79, p = 0.007 at the GSL Reference, r = 0.95 at North Yellowknife Bay; see 

Appendix C). Within the first 2,000 µm from otolith core, copper and zinc profiles, particularly 

from the GSL Reference, showed strong seasonal peaks that corresponded with the first two to 

seven years of each fish (Figure 39 to Figure 40). After this, copper and zinc content typically 

decreased and showed weaker seasonal oscillations to the otolith edge. 

 



CONTAMINANT EXPOSURE HISTORY  121 
 

a) BURB 14-04 

 

b) BURB 13-03 

 

Figure 41. Examples of arsenic, copper, strontium, and zinc symmetrical moving average profiles, with the post-ablation otolith, for samples from North Yellowknife Bay (BURB 14-04) and the GSL reference area (BURB 13-
03). Sample 14-04 is an estimated eight years while sample 13-03 is an estimated nine years. 
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Examining the relationship between the last year (i.e., 2014 for North Yellowknife Bay 

and 2013 for the GSL Reference) of burbot mean otolith trace element content and tissue 

content, a significant and large positive relationship was identified for otolith strontium and 

muscle strontium (r = 0.64, p = 0.006) at the GSL Reference only. Otolith strontium also showed 

a significant and large positive relationship with liver arsenic content at the GSL Reference (r = 

0.72, p = 0.019). No other significant relationships with tissue were identified at the GSL 

Reference. Positive relationships were identified for mean otolith content and muscle content for 

copper and zinc at both sample sites, as well as a negative relationship for otolith arsenic and 

muscle and liver content at the GSL Reference (see Appendix C). The relationship between 

mean 2014 otolith arsenic and muscle content at North Yellowknife Bay was slightly positive, 

but weak (r = 0.09), and may change if sample size is increased.  
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Discussion 

Does arsenic become incorporated into the otolith structure? 

All six trace elements, including arsenic, analyzed in this study were detected, to some 

extent, in otoliths of slimy sculpin, lake whitefish, and burbot of Yellowknife Bay. Though 

trophic status may influence arsenic content in tissues (Williams et al., 2006), otolith arsenic 

content was relatively similar between all three species, but variability differed within a species 

(i.e., significant variance between slimy sculpin individuals), between species, and between 

sample areas (Figure 42). Mean otolith arsenic ranged from < 0.01 to 0.09 µg/g in slimy sculpin 

otoliths (Appendix A), but variability in otolith arsenic content was highest for slimy sculpin 

from the BCO Reach 0 exposure area (CV 176%), which also had the highest proportion of data 

points reported below its average LOD (34%). Overall, otolith arsenic values were more 

consistent in lake whitefish and burbot otoliths with 3% or less of data reported below average 

LODs. Variability in otolith arsenic content was lowest for burbot caught in North Yellowknife 

Bay (CV 34%; though sample size was small [n = 4]) and slightly higher for lake whitefish (CVs 

of 58% and 42% at exposure and reference sites, respectively). In lake whitefish and burbot, 

mean otolith arsenic ranged from 0.02 to 0.11 µg/g, and from 0.03 to 0.10 µg/g, respectively (see 

Appendix A).  
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Figure 42. Symmetrical moving averages of arsenic in slimy sculpin, lake whitefish, and burbot 
otoliths, organized by species. Dashed horizontal line represents the average LOD (0.01 µg/g). 

 

What are the pre-remediation otolith microchemistry patterns? 

Antimony was consistently low across all three species and had up to 62% of data 

reported below its average LOD. Slimy sculpin otoliths from the BCO Reach 0 exposure area 

generally had the highest antimony content of the three species (mean of 0.0019 µg/g; Figure 

43), which is consistent with the highest antimony concentrations in water (see Figure 5) and in 

tissue (see Table A1.2, Table A2.2 and Table A3.3 in Appendix A). However, antimony in the 

slimy sculpin otoliths was still not consistently reported and had very high variability relative to 

the mean (CV of 308%), with 44% of data reported below the average LOD at the BCO Reach 0. 

Antimony has not been studied extensively in fish otoliths and it appears only one other otolith 

chemistry study (i.e., Gao, Feng, Ren, Qiao, & Li, 2010) included antimony in their assessment. 

Gao et al. (2010) did not report actual antimony content in carp otoliths but the trace element was 

not reported as one of the most abundant elements (which were strontium, sodium, potassium, 

barium, zinc, selenium, arsenic, and gold).  
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Figure 43. Symmetrical moving averages of antimony for slimy sculpin, lake whitefish, and 
burbot otoliths, organized by species. Dashed horizontal line represents the average LOD. 

 

Lead was also consistently low in slimy sculpin and burbot from their respective sample 

areas. In these two species, up to 46% of lead data were reported below its average LOD and 

mean lead content ranged from < 0.0005 to 0.0012 µg/g in burbot otoliths, and from < 0.0005 to 

0.0035 µg/g in slimy sculpin otoliths. Lake whitefish otoliths had considerably higher and more 

variable lead content than slimy sculpin or burbot (Figure 44) with mean lead content ranging 

from 0.0010 to 0.0328 µg/g between individuals (Appendix A). A similar species difference was 

observed for zinc where lake whitefish otoliths also had considerably higher values than slimy 

sculpin and burbot, even though zinc content was reported consistently in all species (e.g., up to 

4% reported below its average LOD). Mean zinc content ranged from 0.05 to 0.23 µg/g in burbot 

otoliths, from 0.37 to 0.72 µg/g in slimy sculpin otoliths, and from 38 to 137 µg/g in lake 

whitefish otoliths (Figure 44 and Appendix A). Oscillations of zinc were pronounced for all 

species, and differed between individuals, but were of greatest magnitude for lake whitefish. This 

was also observed for otolith copper where lake whitefish had some considerable variation, 

relative to slimy sculpin, which also differed between individuals (Figure 44 and Appendix B). 

Variation in copper content was also pronounced for burbot and differed between individuals 
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(Figure 44 and Appendix B). Overall, mean copper content in individuals ranged from 0.043 to 

0.303 µg/g in burbot otoliths, from 0.069 to 0.290 µg/g in slimy sculpin otoliths, and from 0.022 

to 0.456 µg/g in lake whitefish otoliths (Figure 44 and Appendix A). 

 

Figure 44. Symmetrical moving averages of copper, lead, and zinc in slimy sculpin, lake 
whitefish, and burbot otoliths, organized by species. Dashed horizontal line represents the 
average LOD. 
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In lake whitefish and burbot, lead tended to have coincident peaks with copper and zinc, 

which appeared to correspond to the wider opaque “summer growth” zones (Halden et al., 2000; 

Ranaldi & Gagnon, 2008) of the otoliths. Lead profiles in slimy sculpin were not as pronounced 

but generally followed a similar pattern. Oscillations of zinc have been demonstrated in other 

species and are thought to be related to seasonal uptake of zinc (Halden & Friedrich, 2008; 

Halden et al., 2000). The dietary route is thought to be the most important for the uptake of 

copper and zinc as they are essential elements (Kamunde et al., 2002; Niyogi et al., 2007) and 

dietary uptake of lead has also been demonstrated (Alves & Wood, 2006). Given that lake 

productivity peaks during summer periods in the North, as do water temperatures and 

photoperiod, it is likely that uptake of copper, zinc, and lead, and incorporation onto otoliths, 

could also peak during this time. Thus, profiles of copper and zinc, and lead in lake whitefish, 

could potentially serve as seasonal signals for Yellowknife Bay (Halden et al., 2000).  

It is not clear, however, why lake whitefish had considerably higher otolith lead and zinc 

content than slimy sculpin or burbot. All three species are typically bottom-dwelling and are 

expected to be in contact with, or ingest, sediments in Yellowknife Bay, which also have 

elevated levels of lead and zinc (as well as copper and arsenic) nearest Giant Mine and the Baker 

Creek Outlet (Sibbald & Huebert, 2014). There were no significant differences between sample 

sites for lake whitefish mean 2012 otolith lead or zinc, or in slimy sculpin otoliths (zinc analyzed 

only), so elevated levels cannot be directly attributed to contaminant exposure from Giant Mine 

at this time. The elevated levels of lead and zinc in lake whitefish otoliths, relative to slimy 

sculpin and burbot, may be related to seasonal dietary differences between species, as suggested 

by Halden and Friedrich (2008). Lake whitefish are a foraging fish and primarily consume 

benthic invertebrates but have also been known to consume fish eggs (as found in the stomachs 
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of some fish in this study; Huebert et al., 2014). Slimy sculpin also consume a variety of benthic 

food items, including invertebrates and fish eggs, while burbot are piscivorous. Chen and Folt 

(2000) found differences in freshwater fish tissue metal burdens, specifically lead and arsenic, by 

functional feeding group with lower trophic feeders (in their study, planktivorous fish) having 

higher metal burdens than omnivorous or piscivorous fish. Montanez et al. (2018) also found 

decreasing tissue zinc concentrations with increasing trophic level in an ultraoligotrophic lake 

food web. Tissue data from this study’s samples indicates lead tissue content was typically below 

detection in lake whitefish and burbot muscle and liver. Zinc tissue content was higher in muscle 

of burbot, compared to lake whitefish, though was higher in liver of lake whitefish relative to 

burbot (see Table A2.2 and Table A3.2 in Appendix A). Elevated levels of lead and zinc in lake 

whitefish otoliths may be related to their trophic position and primary food source, relative to 

burbot, but other factors may also be involved.  

Conversely, lake whitefish and slimy sculpin have been shown to occupy similar trophic 

levels in a northern freshwater lake (Arciszewski et al., 2015) and trophic differences may not 

account for the otolith content differences observed between these two species. The elevated 

levels of zinc in lake whitefish otoliths could be due to differences in metabolic requirements 

between species, as suggested by Campbell et al. (2005), while differences in lead are possibly 

related to varying sensitivities and internal processing. Melançon et al. (2009) suggested that 

differences in otolith signatures between fish species could be due to the presence of different 

proteins or organic matrices that influence metal incorporation. Further research is needed in this 

regard to assess potential physiological differences between species for metal uptake and 

incorporation onto otoliths. For example, size-exclusion chromatography ICP-MS and solution 

ICP-MS could be used to evaluate binding interactions of trace elements in endolymph compared 
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to relative enrichment factors in the otolith matrix (i.e., aragonite crystal structure versus protein 

structure), as completed by Thomas, Ganio, Roberts, and Swearer (2017). The proteomic profiles 

of endolymph could also be examined between species to evaluate potential differences in 

protein content and their influence on element binding to otoliths. Proteomics have been used to 

examine endolymph proteins, specifically by Poznar et al. (2017) who evaluated one calcium-

binding protein, otolith macromolecule matrix-64, in rainbow trout otoliths and endolymph.  

Given the relatively low lead concentrations in water of Yellowknife Bay since closure of 

Giant Mine (i.e., typically less than detection limits [0.0001 mg/L]; Sibbald & Huebert, 2014), 

lead uptake by lake whitefish is assumed to be primarily via dietary means. Therefore, the 

significant positive relationship suggested for lake whitefish HSI and log mean 2012 otolith lead 

content, independent of sample site, may be a result of increasing food intake, and subsequently 

increasing HSI values, during the summer growth period in preparation for fall spawning. As 

reported by Huebert et al. (2014), lake whitefish in this study were caught in the fall period 

during spawning. While lead content in muscle and liver tissue of these fish was low, with 90% 

or more of data reported below detection limits (0.03 mg/kg ww; see Appendix A), dietary lead 

has been shown to primarily accumulate in kidneys and the intestine (Mager, 2011), as well as 

the spleen (Kim & Kang, 2015), neither of which were analyzed by Huebert et al. (2014). 

Additional tissue analyses may, therefore, be warranted in future studies.  

In lake whitefish and burbot, overall zinc content, and the magnitude of seasonal 

oscillations, tended to decrease towards the otolith edge, which could be related to changing zinc 

requirements as fish age and body size increases (Halden et al., 2000). Sturrock et al. (2015) has 

also suggested reduced zinc in otoliths could reflect seasonal reproductive events and is likely 

most pronounced for females as zinc is rerouted from blood plasma to ovaries via vitellogenin, a 
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yolk precursor protein. In contrast, zinc content tended to significantly increase from otolith core 

to edge in slimy sculpin. Peaks in otolith zinc content tended to be higher after the fish’s first 

year (see Appendix B1) and may reflect slight differences in food items and/or feeding rate as 

sculpin size and mouth gape increase (Foote & Brown, 1998, as cited by Arciszewski et al., 

2015). 

Seasonal oscillations of strontium were also observed in all three species, and otolith 

strontium was slightly higher in lake whitefish (Figure 45). Mean otolith strontium content of 

individuals ranged from 726 to 878 µg/g in slimy sculpin otoliths, from 662 to 1,007 µg/g in 

burbot otoliths, and from 494 to 1,414 µg/g in lake whitefish otoliths (Figure 45 and 

Appendix A). Overall, variability in strontium content was higher at exposure sites than 

reference sites and this was significant for slimy sculpin otoliths from the BCO Reach 0. 

Strontium concentrations in water of the Baker Creek system are influenced by effluent from 

Giant Mine, with typically higher strontium concentrations than the rest of Yellowknife Bay (see 

Figure 6). The variability in otolith strontium, particularly in BCO Reach 0 resident slimy 

sculpin, may reflect the seasonal release of effluent from Giant Mine.  

 

Figure 45. Symmetrical moving averages of strontium in slimy sculpin, lake whitefish, and 
burbot otoliths, organized by species. Dashed horizontal line represents the average LOD. 
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However, off-peaks of zinc and strontium were sometimes observed in slimy sculpin, 

lake whitefish, and burbot. This implies that otolith strontium content may sometimes peaks in 

the narrower translucent “winter” zones of otoliths (Halden et al., 2000; Ranaldi & Gagnon, 

2008). Strontium peaks during the winter period have been observed for the marine common 

sculpin (Myoxocephalus scorpius) in Greenland and was partly attributed to increased freshwater 

dilution during spring and summer, with increasing salinities during winter (Søndergaard et al., 

2015), the latter of which have been attributed to increasing otolith strontium content (Fowler et 

al., 1995). This was in the marine environment, however, and in Yellowknife Bay, specific 

conductivity, hardness, alkalinity, and the concentrations of many metals (including strontium) 

tend to be highest during summer (particularly at depth) and lowest during winter, which is likely 

related to summer stratification in the bay (Sibbald & Huebert, 2014). Søndergaard et al. (2015) 

also suggested the seasonal variation in otolith strontium was related to physiological processes 

with reduced growth as a result of low water temperatures and decreased food availability during 

the winter period. Negative relationships between otolith strontium, water temperature, and 

growth rate have also been identified in other marine species and are thought to be related to low 

blood protein concentrations (Sturrock et al., 2015). This, in turn, allows for more free ions in 

blood plasma that then can be more rapidly transported into the endolymph and onto the otolith 

(Sturrock et al., 2015). 

Further, as noted in the results for lake whitefish (see section: Lake Whitefish) and 

depicted in Figure 45, sample BC12 showed a distinct decrease in strontium content after the 

fish’s first year (see also Figure 29). This may be related to a change in the otolith crystalline 

structure, from aragonite to vaterite, which is known to retain less strontium, barium, sodium, 

and potassium, but retain more manganese and magnesium (Tomas & Geffen, 2003; Melançon et 
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al., 2005). The presence of vaterite is believed to be related to periods of acute or chronic stress 

(Halden & Friedrich, 2008), which may influence specific genes that code for changes in the 

otolith crystalline structure (Melançon et al., 2005). The crystal structure of the BC12 otolith did 

appear different than other lake whitefish samples (). These strontium results, or crystalline 

structure changes, were not identified in other lake whitefish samples, or in slimy sculpin or 

burbot otoliths but this should be monitored in future otolith microchemistry studies of these 

species and in Yellowknife Bay to account for potential individual differences in otolith 

microchemistry. Inclusion of other trace elements (e.g., manganese, barium) in future studies 

would also improve identification and confirmation of vateritic otoliths.  

Can patterns of arsenic in otoliths serve as an indicator of temporal contaminant exposure? 

Overall, arsenic did not show strong seasonal oscillations in slimy sculpin, lake whitefish, 

or burbot otoliths, and temporal profiles were relatively flat compared to other trace elements. 

Without knowing residency history or origin of individuals, particularly for large-bodied lake 

whitefish and burbot, it is difficult to correlate temporal arsenic signatures to contaminant 

exposure from Giant Mine. However, significant differences between sample sites were 

identified for otolith arsenic for two species. For resident slimy sculpin, otolith arsenic was 

significantly higher at the Yellowknife River reference site, where otolith arsenic also possibly 

decreased over time. For lake whitefish, mean 2012 otolith arsenic was significantly higher at the 

BC Outlet exposure area, and a possible significant negative relationship was suggested for mean 

2012 otolith arsenic with muscle arsenic content (i.e., decreasing otolith arsenic with increasing 

muscle content).  

At the BCO Reach 0, several slimy sculpin otoliths had quite low arsenic content and this 

likely influenced the sample site difference. Slimy sculpin otolith arsenic also tended to be stable 
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over time at the BCO Reach 0 and this difference in temporal change may be related to the 

consistent inputs of arsenic to the BCO Reach 0 system relative to the Yellowknife River. The 

Baker Creek system, including Reach 0, receives seasonal releases of effluent from the upstream 

Giant Mine site, as well as seasonal release from historically-contaminated sediments, and 

downstream sediment transport (INAC & GNWT, 2010). This is reflected in elevated water and 

sediment concentrations of the BCO Reach 0 (see section: Selection of Metal(loid)s for Analysis 

in Otoliths). Given the minimal development upstream along the Yellowknife River, sample sites 

here would likely only receive inputs of arsenic from natural sources, such as weathering of 

mineral-rich rocks and soil (CCME, 2001), at much lower concentrations than those found at the 

BCO Reach 0. 

Though whole-body slimy sculpin total arsenic content was considerably higher at the 

exposure site (site mean of 3.84 mg/kg ww versus 0.098 mg/kg ww at the Yellowknife River; see 

Table 1 and Table A1.2 in Appendix A), differences in otolith arsenic content by sample site, 

whereby higher otolith contents were observed at the reference site for slimy sculpin, may be 

related to arsenic tolerance exhibited by slimy sculpin at the exposure site. This may also be 

observed for lake whitefish, where a possible significant negative relationship may exist for 

otolith and muscle arsenic contents, and possibly for burbot where a negative (but not 

significant) relationship was observed at the GSL Reference between mean 2014 otolith arsenic 

and muscle arsenic (r = -0.23); this was not identified in the 2013 burbot samples from North 

Yellowknife Bay (r = 0.09), which may be related to the small sample size. 

As previously discussed, Shaw et al. (2007) observed reduced toxicity, mortality, and 

tissue arsenic accumulation in the marine killifish that were pre-exposed to non-toxic arsenic 

concentrations, compared to “naïve” (not pre-exposed) killifish. In the “arsenic-acclimated” fish, 
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this was accompanied by an increase in the expression of a multi-drug resistance-associated 

protein gene (MRP2) in liver cell membranes, which codes for efflux transporters that transport 

arsenic-glutathione conjugates out of cells. Increases in metallothioneins, metal-binding proteins 

that reduce toxicity of non-essential metals, have also been identified in lake whitefish livers 

when fed arsenic-contaminated diets (Pedlar et al., 2002), further suggesting a physiological 

response to increasing arsenic content in tissues to reduce toxicity. The production of 

metallothioneins in response to continued arsenic exposure appears biphasic and dose-dependent, 

however, and may be indirect, potentially resulting from arsenic alteration of zinc homeostasis 

(Pedlar et al., 2002). The exact mechanism of metallothionein action on arsenic is not well 

understood (Schlenk et al., 1997; Pedlar et al., 2002; Garla et al., 2016) but their presence does 

have a protective effect in that arsenic does not accumulate in tissues, particularly in the liver 

when hepatic metallothioneins are present (Schlenk et al., 1997). The increased (and potentially 

indirect) action of metallothioneins on arsenic, and likely direct action of efflux transporters 

during arsenic exposure may, therefore, be higher in fish from exposure areas near Giant Mine 

who may have some arsenic-acclimation and be more efficient at excretion, as suggested by 

Dixon and Sprague (1981).  

Transfer of arsenic onto the otolith structure would require blood plasma mobilization of 

arsenic with subsequent transport into the endolymph via the saccular epithelium. Given that 

inorganic arsenic concentrations in naïve rainbow trout, including that in blood, were largely 

(90%) converted to organic arsenicals within 24 hours following a single oral dose (Oladimeji et 

al., 1979), arsenic-acclimation may reduce the arsenic available for incorporation onto the 

otolith. Further, it is not known if the form of arsenic can affect incorporation onto the otolith as 

little evidence or research is available. Though total arsenic tissue content is somewhat elevated 
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at these exposure sites, particularly for slimy sculpin (i.e., see Table 1 to Table 3, and Cott, 

Zajdlik, Palmer & McPherson, 2015), the form of arsenic is most important for determining 

overall toxicity. Muscle arsenic content of Yellowknife Bay lake whitefish in this study was 

primarily comprised of non-toxic arsenobetaine (Huebert et al., 2014), which is typical of 

freshwater fish (Ciardullo, Aureli, Raggi & Cubadda, 2010; McIntyre & Linton, 2011). The 

excretion route for arsenic, including arsenobetaine, is believed to be via the urine and/or gills 

(McIntyre & Linton, 2011), which would require blood mobilization. Based on Melançon et al. 

(2009), similar concentrations of trace metals may exist between blood and endolymph, but it is 

not known if transformation to organic forms (e.g., arsenobetaine, or other organic arsenicals) 

may affect blood-endolymph gradients. Further research would be necessary to investigate 

arsenic forms on otoliths, and incorporation onto the otolith. 

Can the incorporation of other trace elements into the otolith structure provide additional 

relevant information to refine interpretation of any arsenic signatures? 

As noted, overall temporal profiles of arsenic were relatively flat in slimy sculpin, lake 

whitefish, and burbot otoliths compared to other trace elements. However, minor coincident 

peaks of arsenic were typically noted with peaks of copper and zinc for all three species, as well 

as lead in lake whitefish, though this was variable between samples. Seasonal dietary uptake of 

copper and zinc is assumed for the three species, as well as lead for lake whitefish, so it is 

possible minor oscillations in arsenic may result from seasonal uptake as well. Conversely, 

strontium sometimes peaked opposite of copper and zinc and may represent some seasonal 

physiological differences rather than uptake. Antimony is present, to some degree, in otoliths of 

fish consistently exposed to effluent from Giant Mine (i.e., slimy sculpin of BCO Reach 0) and 

sometimes coincided with seasonal peaks of copper, zinc, and arsenic. However, given overall 
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low values, it likely cannot be relied upon to monitor for temporal trends in effluent exposure, 

other than presence or absence.   

As demonstrated for slimy sculpin, lake whitefish, and burbot otoliths in this study, 

however, arsenic content in otolith cores (e.g., Year 1) was variable between individuals (see 

Figure 12, Figure 23, and Figure 38, for mean annual arsenic content in slimy sculpin, lake 

whitefish, and burbot, respectively). Since otolith formation begins during egg incubation 

(Campana & Nielsen, 1985), trace element content in otolith cores represents pre-hatch and early 

life-stage exposures. Variable arsenic content, and other trace element contents, in otolith cores 

would, therefore, be an indication of spawning and rearing ground conditions within Yellowknife 

Bay and tributaries (e.g., Baker Creek, Yellowknife River). Within this study, hatch and rearing 

location is assumed the same as catch location for slimy sculpin given anticipated small home 

ranges but it is unknown for mobile large-bodied lake whitefish and burbot. For resident slimy 

sculpin, otolith core arsenic content, as well as antimony and strontium, were more variable at 

the BCO Reach 0 exposure area than the Yellowknife River reference area. Otolith core contents 

also showed some variability between individuals for lake whitefish (primarily arsenic and lead) 

and burbot (primarily arsenic, copper, and zinc). All three species are believed to either spawn or 

rear in the Baker Creek system (INAC & GNWT, 2010; Fisheries and Oceans Canada, 2012; 

McPherson et al., 2013), and throughout Yellowknife Bay and the Yellowknife River. Arctic 

grayling are also known to spawn in the Baker Creek system, while northern pike and ninespine 

stickleback (Pungitius pungitius) are known resident species, and spawning habitat is also 

available for northern pike and longnose sucker (Catostomas catostomas; Fisheries and Oceans 

Canada, 2012). Further analysis of otolith cores from young-of-year fish from select sample 

sites, particularly for large-bodied species, would therefore provide the opportunity to verify site-
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specific otolith trace element signatures, if any. Other means to verify fish residency (e.g., 

tagging) could also be considered. Otoliths analyzed in this study were archived from previous 

studies and provided the opportunity to evaluate overall pre-remediation patterns of trace 

element content in three species. Additional study is warranted to validate site-specific signatures 

and assess temporal change as site remediation progresses.  
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Conclusions and Recommendations 

The overall objective of this research was to assess pre-remediation patterns of trace 

elements in sagittal otoliths of three fish species from Yellowknife Bay to evaluate if signatures 

of exposure to Giant Mine contaminants are present. The research primarily focused on arsenic, 

as it is the mine’s primary contaminant of concern, however other identified Giant Mine 

contaminants (i.e., antimony, copper, lead, strontium, and zinc) were analyzed to assess the 

contaminant exposure history of Yellowknife Bay fish. Overall results from the study indicate: 

• Antimony content is generally low in slimy sculpin, lake whitefish, and burbot 

otoliths. Its presence/absence may provide an indication of contaminant exposure 

but it likely cannot be used to assess temporal changes given highly variable and 

overall low values. 

• Copper and zinc showed oscillations in otoliths from all three species that tended 

to coincide with the opaque summer growth bands, and likely correspond to 

seasonal dietary uptake. This likely also occurs for lead in lake whitefish otoliths, 

but not in slimy sculpin or burbot where lead content was generally low. Overall 

variability in these trace element contents may be related to differing trophic 

levels (Chen & Folt, 2000), differing metabolic requirements (Campbell et al., 

2005), or differences in otolith proteins or organic matrices that influence metal 

incorporation (Melançon et al., 2009). Further research is needed to assess 

potential physiological differences between species. 

• Overall zinc content, and the magnitude of seasonal oscillations, tended to 

decrease towards the otolith edge in lake whitefish and burbot, but significantly 

increased in slimy sculpin. The temporal changes in lake whitefish and burbot 
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could be related to changing zinc requirements as fish age (Halden & Friedrich, 

2008) and could reflect seasonal reproductive events (Sturrock et al., 2015). 

Temporal changes in slimy sculpin may reflect slight differences in food items 

and/or feeding rate as sculpin size increases. 

• Strontium also showed oscillations but they were sometimes opposite that of zinc. 

This may be related to seasonal variation in physiological processes (i.e., reduced 

growth and food intake during winter; Søndergaard et al., 2015). Strontium 

content was more variable in otoliths from exposure sites, relative to reference 

sites, and may provide some indication of seasonal effluent release from Giant 

Mine.  

• Arsenic content was lowest, and most variable, in resident slimy sculpin otoliths 

from the BCO Reach 0 exposure area and was more consistent in lake whitefish 

and burbot otoliths. Differences in otolith arsenic content between exposure and 

reference sites may be related to arsenic tolerance in exposure area fish, with low 

otolith arsenic content associated with higher tissue content. Further research 

would be necessary to confirm arsenic tolerance of exposure area fish and 

investigate arsenic forms on otoliths.  

• Overall arsenic temporal profiles were relatively flat with minor oscillations 

corresponding to copper and zinc, which may indicate seasonal dietary uptake of 

arsenic. Without knowing residency history or origin of individuals, particularly 

for large-bodied fish, it is difficult to correlate temporal arsenic signatures to 

contaminant exposure. Further study of otoliths is needed with verified fish 

residency.  
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As noted, otoliths analyzed in this study were archived from previous technical fish tissue 

studies and provided the opportunity to evaluate overall pre-remediation patterns of trace 

element content in three species. The study provided an initial examination of otolith trace 

element content that can be comparatively used to assess changes in exposure and overall trace 

element patterns. For future otolith studies, the following are recommended: 

• Continue to assess arsenic, copper, strontium and zinc content in otoliths from 

Yellowknife Bay to evaluate temporal trends, and potential contaminant 

exposures. Antimony may not be useful in future studies given low values in the 

current study (other than presence/absence), and lead may be species-specific. 

• Verify fish residency and subsequent site-specific patterns of otolith trace 

elements. Target select sample sites within Yellowknife Bay exposure and 

reference areas for young-of-year fish, particularly large-bodied species, to assess 

species-specific spawning- and rearing-ground trace element signatures in 

otoliths.  

• Consider use of tagging to assess seasonal residency and movements of large-

bodied species throughout Yellowknife Bay. This will improve the overall 

understanding of the life histories and ecology of fish species in the bay, and 

provide insight to potential contaminant exposures (e.g., timing), which will 

improve assessment of otolith microchemistry. 

• Consider the use of laboratory studies to evaluate arsenic loading on otoliths and 

any changes over time, in endolymph and otolith arsenic, relative to potential 

arsenic-acclimation. This could allow for verification of otolith arsenic patterns 
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relative to ambient and tissue arsenic concentrations with potential arsenic-

acclimation.  

• Pair otolith microchemistry analysis with future lethal fish tissue studies for the 

Giant Mine to continue to evaluate fish tissue contents in relation to otolith 

content. This will assist with evaluating potential arsenic-acclimation of exposure 

area fish, and possible changes in acclimation as site remediation progresses.  
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Table A1.1: Summary Statistics for Slimy Sculpin Otoliths, by Site and Sample; Yellowknife, NT

Overall Site 213 222 260 271 277 278 279 289 292 293 313 Overall Site 430 440 489 495 496 497 518 583 591 592 595
Antimony (µg/g)
nND / n 1734 / 3935 172 / 340 163 / 326 154 / 428 108 / 354 158 / 372 183 / 362 116 / 276 193 / 389 191 / 402 168 / 403 128 / 283 1937 / 3714 145 / 315 174 / 328 218 / 387 201 / 375 175 / 324 219 / 407 143 / 222 137 / 261 176 / 380 207 / 388 142 / 327
% ND 44% 51% 50% 36% 31% 42% 51% 42% 50% 48% 42% 45% 52% 46% 53% 56% 54% 54% 54% 64% 52% 46% 53% 43%
Minimum <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Maximum 0.0216 0.0165 0.0197 0.0199 0.0216 0.0208 0.0163 0.0152 0.0168 0.0188 0.0185 0.0168 0.0216 0.0146 0.0216 0.0144 0.0128 0.0154 0.0154 0.0135 0.0140 0.0136 0.0165 0.0169
Mean 0.0019 0.0009 0.0014 0.0033 0.0034 0.0019 0.0008 0.0016 0.0015 0.0015 0.0023 0.0014 0.0007 0.0013 0.0011 0.0003 <0.0006 0.0006 0.0007 -0.0004 0.0002 0.0010 0.0009 0.0016
Q25 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Median 0.0014 <0.0006 0.0006 0.0028 0.0032 0.0017 <0.0006 0.0015 0.0007 0.0010 0.0020 0.0008 0.0002 0.0008 0.0000 0.0000 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 0.0009 <0.0006 0.0009
Q75 0.0054 0.0040 0.0053 0.0076 0.0067 0.0060 0.0041 0.0052 0.0048 0.0051 0.0056 0.0044 0.0040 0.0044 0.0043 0.0034 0.0032 0.0046 0.0038 0.0030 0.0032 0.0041 0.0041 0.0054
SD 0.0057 0.0051 0.0061 0.0064 0.0061 0.0063 0.0053 0.0049 0.0054 0.0057 0.0055 0.0049 0.0050 0.0046 0.0051 0.0047 0.0045 0.0055 0.0048 0.0052 0.0045 0.0048 0.0053 0.0057
Variance 0.00003 0.00003 0.00004 0.00004 0.00004 0.00004 0.00003 0.00002 0.00003 0.00003 0.00003 0.00002 0.00002 0.00002 0.00003 0.00002 0.00002 0.00003 0.00002 0.00003 0.00002 0.00002 0.00003 0.00003
CV 308% 595% 438% 194% 176% 333% 676% 313% 369% 372% 242% 338% 687% 355% 472% 1769% 1378% 874% 682% 1388% 2739% 467% 599% 355%
Arsenic (µg/g)
nND / n 1357 / 3945 176 / 342 206 / 327 68 / 429 75 / 355 185 / 374 194 / 361 118 / 275 75 / 390 109 / 405 70 / 403 81 / 284 574 / 3727 66 / 315 28 / 335 57 / 388 56 / 372 39 / 324 66 / 410 35 / 223 40 / 264 55 / 378 32 / 389 100 / 329
% ND 34% 51% 63% 16% 21% 49% 54% 43% 19% 27% 17% 29% 15% 21% 8% 15% 15% 12% 16% 16% 15% 15% 8% 30%
Minimum <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Maximum 0.30 0.16 0.16 0.30 0.21 0.17 0.19 0.16 0.28 0.21 0.23 0.18 0.29 0.21 0.25 0.25 0.23 0.26 0.24 0.28 0.25 0.23 0.29 0.24
Mean 0.04 0.01 <0.01 0.08 0.06 0.01 0.01 0.02 0.07 0.05 0.06 0.04 0.07 0.05 0.09 0.08 0.07 0.08 0.07 0.08 0.07 0.07 0.09 0.05
Q25 <0.01 <0.01 <0.01 0.03 0.02 <0.01 <0.01 <0.01 0.03 0.01 0.02 0.00 0.03 0.02 0.04 0.04 0.03 0.04 0.03 0.04 0.03 0.03 0.05 0.00
Median 0.04 0.01 <0.01 0.08 0.06 0.01 0.00 0.02 0.07 0.05 0.06 0.04 0.07 0.05 0.09 0.07 0.07 0.08 0.07 0.08 0.07 0.06 0.09 0.05
Q75 0.08 0.04 0.03 0.13 0.10 0.05 0.05 0.06 0.12 0.08 0.10 0.08 0.11 0.09 0.13 0.12 0.11 0.12 0.11 0.13 0.11 0.11 0.13 0.09
SD 0.07 0.05 0.07 0.07 0.06 0.06 0.06 0.05 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.06 0.06
Variance 0.005 0.003 0.005 0.005 0.004 0.003 0.004 0.002 0.005 0.003 0.003 0.003 0.004 0.003 0.004 0.004 0.003 0.004 0.003 0.005 0.004 0.003 0.004 0.004
CV 176% 837% -560% 86% 102% 438% 839% 212% 95% 130% 92% 133% 85% 106% 68% 81% 85% 73% 85% 83% 85% 80% 68% 137%
Copper (µg/g)
nND / n 33 / 3922 0 / 340 7 / 325 11 / 428 0 / 347 0 / 375 0 / 361 0 / 275 1 / 389 0 / 402 11 / 394 3 / 286 26 / 3728 1 / 314 0 / 332 0 / 389 2 / 375 4 / 325 0 / 410 0 / 223 0 / 264 0 / 378 0 / 390 19 / 328
% ND 1% 0% 2% 3% 0% 0% 0% 0% 0% 0% 3% 1% 1% 0% 0% 0% 1% 1% 0% 0% 0% 0% 0% 6%
Minimum <0.005 0.018 <0.005 <0.005 0.018 0.014 0.014 0.023 <0.005 0.023 <0.005 <0.005 <0.005 <0.005 0.008 0.054 <0.005 <0.005 0.018 0.020 0.018 0.026 0.025 <0.005
Maximum 0.368 0.227 0.222 0.250 0.368 0.271 0.305 0.240 0.221 0.274 0.274 0.300 4.431 0.213 4.431 0.322 0.322 0.227 0.243 0.315 0.264 0.228 0.276 0.190
Mean 0.119 0.106 0.093 0.106 0.134 0.144 0.145 0.133 0.108 0.134 0.078 0.131 0.145 0.102 0.290 0.179 0.156 0.111 0.131 0.157 0.135 0.129 0.139 0.069
Q25 0.081 0.078 0.062 0.070 0.088 0.106 0.109 0.103 0.082 0.102 0.044 0.090 0.095 0.073 0.108 0.147 0.116 0.079 0.100 0.113 0.104 0.105 0.102 0.037
Median 0.116 0.103 0.092 0.104 0.123 0.147 0.142 0.131 0.107 0.132 0.072 0.127 0.130 0.101 0.139 0.175 0.152 0.111 0.129 0.159 0.135 0.128 0.134 0.065
Q75 0.153 0.133 0.124 0.143 0.152 0.179 0.180 0.162 0.135 0.160 0.102 0.176 0.168 0.127 0.189 0.212 0.192 0.143 0.160 0.199 0.167 0.151 0.173 0.098
SD 0.054 0.040 0.047 0.053 0.067 0.049 0.053 0.042 0.040 0.044 0.050 0.061 0.178 0.040 0.550 0.051 0.058 0.045 0.043 0.060 0.048 0.037 0.049 0.044
Variance 0.0030 0.0016 0.0022 0.0028 0.0045 0.0024 0.0028 0.0018 0.0016 0.0019 0.0025 0.0037 0.0318 0.0016 0.3027 0.0026 0.0034 0.0020 0.0018 0.0037 0.0023 0.0014 0.0024 0.0019
CV 46% 38% 50% 50% 50% 34% 36% 32% 37% 32% 65% 47% 123% 39% 190% 28% 37% 40% 33% 39% 36% 29% 35% 64%
Lead (µg/g)
nND / n 1511 / 3927 78 / 341 131 / 325 228 / 428 135 / 347 155 / 375 145 / 362 97 / 274 155 / 389 171 / 401 130 / 403 86 / 282 1701 / 3716 150 / 315 121 / 329 179 / 388 179 / 373 148 / 321 185 / 407 107 / 223 123 / 262 185 / 380 189 / 390 135 / 328
% ND 38% 23% 40% 53% 39% 41% 40% 35% 40% 43% 32% 30% 46% 48% 37% 46% 48% 46% 45% 48% 47% 49% 48% 41%
Minimum <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Maximum 0.0248 0.0151 0.0165 0.0139 0.0248 0.0121 0.0133 0.0108 0.0141 0.0141 0.0138 0.0155 0.0217 0.0116 0.0217 0.0110 0.0102 0.0121 0.0154 0.0128 0.0141 0.0100 0.0115 0.0133
Mean 0.0019 0.0035 0.0019 0.0003 0.0027 0.0013 0.0019 0.0018 0.0018 0.0015 0.0023 0.0026 0.0010 0.0011 0.0018 0.0010 0.0006 0.0009 0.0014 0.0008 0.0010 0.0007 0.0009 0.0012
Q25 <0.0005 0.0009 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Median 0.0016 0.0034 0.0014 0.0001 0.0017 0.0011 0.0015 0.0018 0.0015 0.0011 0.0021 0.0024 0.0008 0.0007 0.0012 0.0009 0.0006 0.0006 0.0010 0.0007 0.0009 0.0007 0.0007 0.0011
Q75 0.0045 0.0061 0.0050 0.0035 0.0050 0.0041 0.0042 0.0040 0.0047 0.0038 0.0047 0.0049 0.0033 0.0037 0.0038 0.0031 0.0029 0.0031 0.0037 0.0030 0.0031 0.0029 0.0032 0.0036
SD 0.0044 0.0039 0.0048 0.0048 0.0060 0.0040 0.0041 0.0032 0.0042 0.0041 0.0037 0.0041 0.0036 0.0037 0.0041 0.0031 0.0031 0.0035 0.0040 0.0036 0.0033 0.0032 0.0036 0.0038
Variance 0.00002 0.00001 0.00002 0.00002 0.00004 0.00002 0.00002 0.00001 0.00002 0.00002 0.00001 0.00002 0.00001 0.00001 0.00002 0.00001 0.00001 0.00001 0.00002 0.00001 0.00001 0.00001 0.00001 0.00001
CV 229% 109% 253% 1562% 221% 301% 223% 181% 228% 273% 160% 156% 341% 328% 232% 310% 484% 410% 277% 456% 328% 465% 396% 311%
Strontium (µg/g)
nND / n 0 / 3932 0 / 341 0 / 324 0 / 426 0 / 355 0 / 376 0 / 361 0 / 276 0 / 386 0 / 404 0 / 401 0 / 282 0 / 3728 0 / 315 0 / 335 0 / 389 0 / 375 0 / 322 0 / 410 0 / 221 0 / 264 0 / 378 0 / 390 0 / 329
% ND 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Minimum 382.98 439.50 455.63 382.98 541.61 524.72 557.01 411.04 554.87 399.67 475.63 583.05 510.32 534.51 611.55 628.40 565.39 617.32 510.32 658.86 568.26 626.64 619.12 628.93
Maximum 1,365.67 1,062.50 1,236.62 1,326.34 1,336.86 1,119.28 1,123.41 1,216.86 1,275.07 1,247.01 1,037.30 1,365.67 1,012.99 917.54 1,012.99 907.87 945.07 948.09 995.39 969.06 945.01 959.34 962.46 978.74
Mean 779.30 725.67 785.05 750.35 878.19 777.34 789.91 765.64 771.35 764.99 726.11 866.25 764.02 727.13 787.04 755.29 743.94 787.93 739.76 791.24 730.88 775.54 779.44 792.71
Q25 666.83 644.12 681.17 627.02 706.11 708.09 713.40 604.30 655.99 642.49 649.94 764.05 712.56 658.02 733.80 718.09 685.74 752.67 676.42 753.10 658.62 733.88 731.07 738.35
Median 755.05 709.20 755.03 706.01 884.92 778.02 773.86 749.67 712.58 755.74 716.50 827.60 763.39 721.18 781.95 749.87 727.76 785.94 735.08 787.81 720.90 767.01 778.58 784.91
Q75 872.44 808.94 854.74 835.82 1,025.72 845.39 850.82 920.44 865.17 877.68 794.18 940.36 815.76 794.96 834.62 795.02 802.07 823.89 806.64 820.62 799.99 812.21 831.75 839.32
SD 158.79 116.73 142.72 183.14 187.94 115.62 114.90 195.34 159.17 171.20 106.91 151.66 75.54 86.28 75.50 53.80 73.97 54.44 89.57 57.91 84.68 60.59 70.62 69.73
Variance 25,215 13,626 20,370 33,540 35,322 13,367 13,202 38,159 25,337 29,311 11,430 23,000 5,706 7,443 5,700 2,895 5,472 2,964 8,022 3,354 7,171 3,671 4,987 4,863
CV 20% 16% 18% 24% 21% 15% 15% 26% 21% 22% 15% 18% 10% 12% 10% 7% 10% 7% 12% 7% 12% 8% 9% 9%

Baker Creek Reach 0 (Exposure Area) Yellowknife River (Upstream Reference)
Statistic1
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Table A1.1: Summary Statistics for Slimy Sculpin Otoliths, by Site and Sample; Yellowknife, NT

Overall Site 213 222 260 271 277 278 279 289 292 293 313 Overall Site 430 440 489 495 496 497 518 583 591 592 595
Baker Creek Reach 0 (Exposure Area) Yellowknife River (Upstream Reference)

Statistic1

Zinc (µg/g)
nND / n 2 / 3931 0 / 341 1 / 325 0 / 429 0 / 342 1 / 374 0 / 361 0 / 276 0 / 390 0 / 404 0 / 404 0 / 285 15 / 3716 0 / 313 0 / 328 0 / 389 2 / 374 0 / 325 0 / 409 4 / 222 0 / 262 0 / 378 0 / 388 9 / 328
% ND 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 2% 0% 0% 0% 3%
Minimum <0.01 0.18 <0.01 0.12 0.23 0.00 0.06 0.26 0.13 0.10 0.11 0.06 <0.01 0.10 0.12 0.11 <0.01 0.05 0.06 -0.06 0.04 0.04 0.11 -0.09
Maximum 2.08 1.19 1.46 0.97 2.08 1.00 0.94 1.23 0.91 1.11 1.44 0.80 3.10 0.84 3.10 0.91 0.97 0.88 1.07 1.11 1.18 0.92 1.35 0.95
Mean 0.57 0.60 0.60 0.52 0.69 0.50 0.49 0.72 0.54 0.57 0.66 0.37 0.51 0.45 0.57 0.51 0.48 0.46 0.50 0.56 0.58 0.48 0.60 0.42
Q25 0.42 0.45 0.40 0.40 0.49 0.40 0.38 0.56 0.45 0.45 0.47 0.26 0.39 0.37 0.40 0.41 0.37 0.36 0.37 0.45 0.46 0.39 0.43 0.27
Median 0.54 0.58 0.55 0.50 0.61 0.50 0.47 0.71 0.54 0.57 0.62 0.35 0.49 0.44 0.51 0.51 0.47 0.45 0.47 0.57 0.57 0.48 0.55 0.43
Q75 0.69 0.73 0.74 0.63 0.76 0.60 0.60 0.89 0.65 0.68 0.84 0.45 0.61 0.53 0.65 0.60 0.59 0.55 0.61 0.69 0.68 0.59 0.73 0.56
SD 0.23 0.20 0.28 0.17 0.34 0.17 0.16 0.21 0.15 0.18 0.26 0.15 0.20 0.13 0.31 0.14 0.16 0.15 0.18 0.22 0.19 0.16 0.24 0.21
Variance 0.053 0.040 0.080 0.031 0.115 0.028 0.026 0.045 0.021 0.032 0.066 0.022 0.041 0.017 0.096 0.019 0.027 0.021 0.034 0.046 0.038 0.025 0.056 0.042
CV 41% 33% 47% 34% 49% 33% 33% 30% 27% 31% 39% 40% 40% 29% 55% 27% 34% 32% 37% 38% 33% 33% 39% 49%

Notes:
1.  Statistics:

nND / n = number of data points below average limits of detection (nLOD) over total number of data points (n) Maximum = maximum value Median = median/50th percentile of data Variance = variance of data
% LOD = percentage of data points reported below average limits of detection Mean = mean of data Q75 = 75th percentile of data CV = coefficient of variation
Minimum = minimum value Q25 = 25th percentile of data SD = standard deviation of data
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Table A1.2: Whole-Body Composite Tissue Contents of Slimy Sculpin Samples by Site; Yellowknife, NT1

Antimony Arsenic Copper Lead Strontium Zinc
Baker Creek Outlet Reach 0 (Exposure Area)

213 Female 3 1.3698 0.0256 52
222 Female 2 4.7651 0.1047 83
289 Female 2 4.6355 0.1064 80
260 Male 3 5.6954 0.0894 89
292 Male 3 7.0173 0.0649 94
293 Male 5 9.4288 0.0946 102
277 Male 2 2.8046 0.0402 68
278 Male 2 2.9591 0.0607 69
279 Male 3 2.7393 0.0321 69
270a - - - - -
271 Female 5 2.4506 0.0932 65
313 Female 3 2.3396 0.0977 63

Yellowknife River (Reference Area)
430 Male 3 3.7618 0.0653 73
496 Male 2 3.417 0.0526 70
497 Male 5 5.745 0.08 81
440 Male 2 3.6941 0.0406 73
489 Male 4 4.1456 0.0885 74
495 Male 3 4.1724 0.081 76
516a - - - - -
518 Female 1 1.2591 0.0272 53
583 Female 2 1.7676 0.0419 57
591 Female 3 3.184 0.081 65
592 Female 3 2.8811 0.0755 67
595 Female 3 3.9903 0.0639 74

Notes:
1. Data from Sharpe et al. (2011)
a.  Samples SLSC 270 and SLSC 516 were not analyzed in this study; otoliths missing.

32.2

0.0034 0.0624 0.705 0.013 11.7 25.9

0.0099 0.114 0.989 0.0196 23.4

30.2

0.0038 0.0902 1.09 0.0185 23 35.3

0.0108 0.127 0.743 0.0276 26.6

36.6

0.161 3.33 1.79 0.105 23.1 47.9

0.169 4.25 2.21 0.0897 19.7

55.5

0.351 4.84 2.5 0.243 47.5 53.8

0.18 2.92 1.21 0.101 27.4

Whole-Body Composite (mg/kg wet weight)Sample Sex Est. Age Body Weight
(g)

Liver Weight
(g)

Total Length
(mm)
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Table A2.1: Summary Statistics for Lake Whitefish Otoliths, by Site and Sample; Yellowknife, NT

Overall Site BC04 BC05 BC09 BC10 BC12 BC13 BC15 BC17 BC19 BC21 Overall Site HI01 HI04 HI05 HI06 HI11 HI15 HI17 HI19 HI20 HI21
Antimony (µg/g)  
nND / n 2796 / 5072 200 / 371 638 / 1182 182 / 324 528 / 911 140 / 316 227 / 407 212 / 385 235 / 428 239 / 399 195 / 349 2476 / 4751 160 / 353 162 / 383 249 / 360 285 / 670 227 / 387 275 / 477 264 / 481 228 / 408 268 / 470 358 / 762
% ND 55% 54% 54% 56% 58% 44% 56% 55% 55% 60% 56% 52% 45% 42% 69% 43% 59% 58% 55% 56% 57% 47%
Minimum <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Maximum 0.0088 0.0047 0.0088 0.0040 0.0061 0.0087 0.0040 0.0038 0.0034 0.0032 0.0039 0.0072 0.0072 0.0055 0.0032 0.0057 0.0038 0.0037 0.0041 0.0049 0.0045 0.0067
Mean 0.0007 0.0007 0.0007 0.0006 0.0006 0.0015 0.0007 0.0006 0.0006 <0.0006 0.0007 0.0007 0.0011 0.0010 0.0003 0.0010 <0.0006 <0.0006 0.0006 0.0007 0.0007 0.0009
Q25 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Median 0.0005 <0.0006 <0.0006 <0.0006 <0.0006 0.0013 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 0.0006 0.0008 0.0008 <0.0006 0.0009 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 0.0007
Q75 0.0015 0.0014 0.0017 0.0013 0.0017 0.0032 0.0014 0.0011 0.0013 0.0011 0.0013 0.0016 0.0020 0.0017 0.0009 0.0021 0.0011 0.0012 0.0013 0.0015 0.0015 0.0021
SD 0.0016 0.0012 0.0018 0.0011 0.0019 0.0026 0.0011 0.0010 0.0010 0.0010 0.0011 0.0014 0.0016 0.0013 0.0010 0.0017 0.0011 0.0011 0.0012 0.0013 0.0013 0.0019
Variance 0.000002 0.000002 0.000003 0.000001 0.000004 0.000007 0.000001 0.000001 0.000001 0.000001 0.000001 0.000002 0.000003 0.000002 0.000001 0.000003 0.000001 0.000001 0.000001 0.000002 0.000002 0.000003
CV 231% 168% 271% 170% 342% 172% 149% 179% 164% 202% 158% 196% 146% 140% 314% 168% 220% 233% 204% 206% 179% 207%
Arsenic (µg/g)
nND / n 169 / 5096 0 / 375 102 / 1194 0 / 325 14 / 912 53 / 315 0 / 409 0 / 388 0 / 428 0 / 399 0 / 351 122 / 4775 4 / 359 0 / 390 1 / 363 110 / 669 1 / 387 6 / 480 0 / 481 0 / 409 0 / 470 0 / 767
% ND 3% 0% 9% 0% 2% 17% 0% 0% 0% 0% 0% 3% 1% 0% 0% 16% 0% 1% 0% 0% 0% 0%
Minimum <0.01 0.02 <0.01 0.01 <0.01 <0.01 0.02 0.05 0.03 0.03 0.05 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.01 0.01 0.01
Maximum 0.20 0.14 0.09 0.13 0.11 0.06 0.18 0.19 0.17 0.18 0.20 0.14 0.11 0.11 0.11 0.08 0.11 0.10 0.12 0.11 0.14 0.12
Mean 0.07 0.08 0.03 0.07 0.05 0.02 0.10 0.11 0.10 0.10 0.11 0.05 0.05 0.06 0.06 0.03 0.06 0.05 0.07 0.06 0.07 0.06
Q25 0.04 0.07 0.02 0.05 0.03 0.01 0.08 0.09 0.08 0.08 0.09 0.04 0.04 0.04 0.05 0.01 0.04 0.03 0.06 0.04 0.06 0.05
Median 0.06 0.08 0.03 0.07 0.05 0.02 0.10 0.11 0.10 0.10 0.11 0.05 0.05 0.06 0.06 0.03 0.05 0.04 0.07 0.06 0.07 0.06
Q75 0.10 0.09 0.05 0.08 0.06 0.03 0.12 0.13 0.12 0.12 0.13 0.07 0.07 0.07 0.07 0.04 0.07 0.06 0.08 0.07 0.09 0.07
SD 0.04 0.02 0.02 0.02 0.02 0.01 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Variance 0.0016 0.0005 0.0003 0.0005 0.0004 0.0002 0.0009 0.0007 0.0007 0.0007 0.0008 0.0005 0.0004 0.0003 0.0004 0.0003 0.0004 0.0003 0.0003 0.0003 0.0005 0.0004
CV 58% 27% 54% 34% 41% 57% 30% 23% 27% 26% 25% 42% 37% 30% 33% 66% 36% 40% 25% 31% 31% 33%
Copper (µg/g)
nND / n 63 / 5025 0 / 375 48 / 1179 0 / 325 10 / 897 1 / 313 0 / 401 0 / 383 3 / 413 1 / 402 0 / 337 56 / 4702 0 / 353 0 / 382 22 / 362 7 / 652 2 / 383 12 / 471 2 / 472 8 / 401 1 / 465 2 / 761
% ND 1% 0% 4% 0% 1% 0% 0% 0% 1% 0% 0% 1% 0% 0% 6% 1% 1% 3% 0% 2% 0% 0%
Minimum <0.005 0.010 <0.005 0.006 <0.005 <0.005 0.007 0.010 <0.005 <0.005 0.008 <0.005 0.017 0.012 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Maximum 1.255 0.240 0.393 0.173 0.370 1.255 0.318 0.145 0.167 0.127 0.183 2.903 0.928 0.408 0.054 0.286 0.192 0.133 0.126 0.414 2.903 0.520
Mean 0.090 0.101 0.072 0.060 0.104 0.348 0.082 0.055 0.038 0.050 0.044 0.125 0.175 0.082 0.022 0.081 0.050 0.038 0.041 0.072 0.456 0.182
Q25 0.033 0.056 0.030 0.033 0.046 0.066 0.036 0.033 0.022 0.028 0.027 0.031 0.053 0.037 0.015 0.042 0.029 0.020 0.028 0.031 0.051 0.101
Median 0.055 0.094 0.055 0.049 0.079 0.303 0.056 0.051 0.033 0.044 0.035 0.054 0.092 0.054 0.022 0.067 0.041 0.031 0.037 0.045 0.118 0.149
Q75 0.100 0.142 0.097 0.076 0.144 0.526 0.108 0.073 0.050 0.071 0.049 0.115 0.193 0.087 0.029 0.103 0.063 0.046 0.051 0.070 0.661 0.252
SD 0.115 0.055 0.062 0.038 0.077 0.296 0.067 0.028 0.023 0.028 0.031 0.253 0.207 0.081 0.010 0.056 0.031 0.027 0.021 0.077 0.655 0.110
Variance 0.0132 0.0030 0.0038 0.0015 0.0060 0.0877 0.0045 0.0008 0.0005 0.0008 0.0009 0.0641 0.0428 0.0066 0.0001 0.0031 0.0009 0.0007 0.0004 0.0059 0.4287 0.0122
CV 129% 54% 86% 64% 74% 85% 81% 50% 60% 56% 70% 202% 118% 99% 48% 69% 62% 72% 50% 108% 144% 61%
Lead (µg/g)
nND / n 393 / 5024 51 / 363 29 / 1177 78 / 326 4 / 909 44 / 307 0 / 405 28 / 386 107 / 418 21 / 391 31 / 342 579 / 4725 22 / 348 11 / 385 116 / 363 10 / 667 156 / 378 113 / 475 51 / 479 59 / 399 41 / 464 0 / 767
% ND 8% 14% 2% 24% 0% 14% 0% 7% 26% 5% 9% 12% 6% 3% 32% 1% 41% 24% 11% 15% 9% 0%
Minimum <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 0.0011 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 0.0007
Maximum 0.0871 0.0182 0.0746 0.0049 0.0226 0.0507 0.0525 0.0168 0.0083 0.0871 0.0088 0.0671 0.0311 0.0203 0.0041 0.0167 0.0072 0.0052 0.0091 0.0296 0.0138 0.0671
Mean 0.0088 0.0033 0.0174 0.0015 0.0086 0.0098 0.0127 0.0045 0.0014 0.0078 0.0024 0.0080 0.0041 0.0054 0.0010 0.0056 0.0010 0.0014 0.0026 0.0030 0.0035 0.0328
Q25 0.0019 0.0010 0.0048 0.0005 0.0052 0.0028 0.0042 0.0015 0.0005 0.0020 0.0012 0.0012 0.0013 0.0025 0.0003 0.0029 0.0001 0.0005 0.0012 0.0010 0.0015 0.0240
Median 0.0047 0.0022 0.0122 0.0014 0.0079 0.0074 0.0069 0.0032 0.0011 0.0041 0.0021 0.0028 0.0025 0.0039 0.0010 0.0047 0.0008 0.0012 0.0021 0.0021 0.0029 0.0324
Q75 0.0112 0.0042 0.0269 0.0022 0.0113 0.0139 0.0167 0.0050 0.0020 0.0104 0.0033 0.0069 0.0042 0.0066 0.0018 0.0077 0.0016 0.0021 0.0036 0.0035 0.0047 0.0407
SD 0.0111 0.0034 0.0155 0.0012 0.0046 0.0102 0.0125 0.0043 0.0014 0.0106 0.0017 0.0126 0.0058 0.0044 0.0011 0.0037 0.0014 0.0012 0.0020 0.0037 0.0027 0.0131
Variance 0.00012 0.00001 0.00024 0.00000 0.00002 0.00010 0.00016 0.00002 0.00000 0.00011 0.00000 0.00016 0.00003 0.00002 0.00000 0.00001 0.00000 0.00000 0.00000 0.00001 0.00001 0.00017
CV 126% 105% 89% 81% 53% 104% 99% 96% 100% 135% 70% 157% 141% 82% 103% 65% 135% 88% 77% 126% 78% 40%
Strontium (µg/g)
nND / n 0 / 5103 0 / 375 0 / 1197 0 / 327 0 / 911 0 / 317 0 / 407 0 / 389 0 / 429 0 / 402 0 / 349 0 / 4787 0 / 360 0 / 391 0 / 363 0 / 670 0 / 390 0 / 480 0 / 483 0 / 410 0 / 473 0 / 767
% ND 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Minimum 99.48 898.91 954.29 904.36 1,229.87 99.48 793.91 758.12 987.00 1,043.22 1,053.39 726.40 811.45 960.57 775.57 886.59 726.40 899.38 995.09 929.87 869.84 888.88
Maximum 1,841.79 1,667.01 1,472.65 1,543.55 1,654.88 1,319.59 1,497.69 1,326.59 1,794.71 1,747.15 1,841.79 1,842.81 1,292.32 1,618.18 1,606.28 1,416.31 1,244.61 1,648.29 1,842.81 1,605.43 1,331.73 1,371.60
Mean 1,223.13 1,208.03 1,242.66 1,229.03 1,413.61 493.72 1,103.38 1,073.64 1,290.27 1,370.88 1,385.80 1,160.32 1,019.92 1,229.95 1,156.21 1,143.37 980.64 1,253.73 1,386.70 1,240.66 1,088.61 1,099.10
Q25 1,133.66 1,068.82 1,158.23 1,138.86 1,354.19 120.78 990.17 1,019.71 1,159.60 1,257.59 1,293.72 1,035.00 958.36 1,131.00 1,035.09 1,032.96 909.45 1,128.78 1,283.61 1,124.20 1,028.37 988.32
Median 1,266.78 1,220.79 1,256.16 1,223.64 1,402.43 135.55 1,107.60 1,088.05 1,252.65 1,358.79 1,377.07 1,145.68 1,017.89 1,216.05 1,150.40 1,144.84 975.91 1,261.52 1,361.24 1,233.23 1,092.51 1,123.15
Q75 1,374.77 1,329.56 1,317.26 1,310.54 1,468.99 1,125.56 1,203.80 1,146.89 1,393.02 1,491.54 1,474.01 1,267.20 1,079.48 1,315.93 1,266.93 1,247.63 1,048.98 1,376.15 1,481.79 1,346.21 1,148.89 1,188.75
SD 274.69 157.55 97.77 124.43 79.41 494.27 133.87 106.31 167.92 144.30 146.42 167.66 88.55 132.68 157.08 124.14 100.98 151.80 149.95 145.80 82.28 109.61
Variance 75,456 24,823 9,558 15,483 6,306 244,301 17,922 11,301 28,198 20,822 21,439 28,109 7,841 17,604 24,674 15,410 10,197 23,042 22,485 21,257 6,770 12,013
CV 22% 13% 8% 10% 6% 100% 12% 10% 13% 11% 11% 14% 9% 11% 14% 11% 10% 12% 11% 12% 8% 10%

Statistic1
Baker Creek Outlet (Exposure Area) Horseshoe Island (Downstream Reference)
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Table A2.1: Summary Statistics for Lake Whitefish Otoliths, by Site and Sample; Yellowknife, NT

Overall Site BC04 BC05 BC09 BC10 BC12 BC13 BC15 BC17 BC19 BC21 Overall Site HI01 HI04 HI05 HI06 HI11 HI15 HI17 HI19 HI20 HI21Statistic1
Baker Creek Outlet (Exposure Area) Horseshoe Island (Downstream Reference)

Zinc (µg/g)
nND / n 0 / 5109 0 / 375 0 / 1197 0 / 326 0 / 914 0 / 316 0 / 409 0 / 389 0 / 430 0 / 402 0 / 351 0 / 4790 0 / 362 0 / 391 0 / 363 0 / 670 0 / 390 0 / 479 0 / 485 0 / 410 0 / 473 0 / 767
% ND 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Minimum 9.42 32.41 15.74 27.95 19.31 48.37 23.21 9.42 14.79 24.90 20.78 12.90 13.05 49.03 22.51 44.21 78.70 12.90 27.76 21.37 32.79 35.18
Maximum 260.38 181.16 99.19 136.80 71.37 260.38 124.35 179.14 135.14 110.86 110.16 211.15 168.92 125.98 132.71 113.85 211.15 67.26 134.55 106.00 118.85 90.53
Mean 63.86 101.03 46.55 64.55 38.93 130.96 66.43 79.00 66.79 65.58 61.73 70.84 69.28 81.70 53.67 73.48 137.44 37.98 76.19 56.99 69.75 63.21
Q25 37.76 70.77 32.00 44.17 26.04 106.54 44.10 34.72 46.89 50.77 38.53 50.16 43.99 68.80 30.25 61.97 111.58 30.70 57.77 34.33 54.41 56.75
Median 53.31 96.64 45.81 58.96 37.88 128.41 60.85 58.98 64.65 62.42 57.36 65.08 59.65 79.15 37.16 71.89 133.54 37.63 81.14 54.05 62.46 62.72
Q75 81.60 136.30 57.56 80.65 50.51 149.74 87.20 136.62 88.04 81.62 89.37 87.05 78.03 94.45 78.01 82.22 163.92 43.81 93.21 80.08 84.86 71.07
SD 37.30 40.77 17.55 25.66 13.37 42.44 27.15 55.22 27.84 19.92 25.67 31.88 38.45 17.52 30.28 15.05 30.50 9.77 22.96 23.74 20.15 11.48
Variance 1391.39 1662.34 308.13 658.19 178.81 1801.41 737.18 3049.09 775.17 397.00 658.80 1016.20 1478.74 306.79 916.97 226.40 930.45 95.52 527.35 563.54 405.95 131.86
CV 58% 40% 38% 40% 34% 32% 41% 70% 42% 30% 42% 45% 56% 21% 56% 20% 22% 26% 30% 42% 29% 18%

Notes:
1.  Statistics:

nND / n = number of data points below average limits of detection (nLOD) over total number of data points (n) Maximum = maximum value Median = median/50th percentile of data Variance = variance of data
% LOD = percentage of data points reported below average limits of detection Mean = mean of data Q75 = 75th percentile of data CV = coefficient of variation
Minimum = minimum value Q25 = 25th percentile of data SD = standard deviation of data
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Table A2.2: Muscle and Liver Tissue Contents of Lake Whitefish Samples by Site; Yellowknife, NT1

Antimony Arsenic Copper Lead Strontium Zinc Antimony Arsenic Copper Lead Strontium Zinc
Baker Creek Outlet (Exposure Area)

BC04 M 11 1200 7.61 415 79.8 76.7 <0.05 <0.05 <0.5 <0.03 <0.5 2 <0.05 0.37 60 <0.03 <0.5 47
BC05 M 13 950 7.1 378 79.9 77.1 <0.05 0.32 <0.5 <0.03 <0.5 2 <0.05 0.2 13 <0.03 <0.5 36
BC09 M 11 692 5.12 375 80.1 78.3 <0.05 0.18 <0.5 <0.03 <0.5 2 <0.05 0.23 12 <0.03 <0.5 29
BC10 M - 884 8.52 409 79.6 80.2 <0.05 0.33 <0.5 0.05 <0.5 3 <0.05 0.25 15 <0.03 <0.5 30
BC12 M 13 878 11.57 390 78.6 80.2 <0.05 0.3 <0.5 <0.03 <0.5 2 <0.05 0.18 8.5 <0.03 <0.5 42
BC13 M 11 718 7.71 376 80.5 78.6 <0.05 0.16 <0.5 <0.03 <0.5 2 <0.05 0.17 11 <0.03 <0.5 28
BC15 F 22 1402 17.51 448 81.5 78.2 <0.05 0.09 <0.5 <0.03 <0.5 2 <0.05 0.17 8.3 0.03 <0.5 26
BC17 M 19 1213 8.85 467 80.1 80.8 <0.05 0.08 0.5 <0.03 <0.5 2 <0.05 0.28 20 <0.03 <0.5 39
BC19 M 16 1125 9.17 425 80.1 79.3 <0.05 0.19 <0.5 <0.03 <0.5 2 <0.05 0.17 42 <0.03 <0.5 34
BC21 F 10 819 5.18 414 82.7 77.8 <0.05 0.12 <0.5 0.04 <0.5 2 <0.05 0.2 19 <0.03 <0.5 52

Horseshoe Island (Reference Area)
HI01 F 15 1024 15.68 414 78.9 78.4 <0.05 0.07 <0.5 <0.03 <0.5 3 <0.05 0.17 10 <0.03 <0.5 30
HI04 F 11 892 10.97 408 80.7 80.5 <0.05 0.05 <0.5 <0.03 <0.5 3 <0.05 0.21 4.9 <0.03 <0.5 34
HI05 M 17 956 9.85 418 76.7 79.6 <0.05 0.15 <0.5 <0.03 <0.5 3 <0.05 0.07 13 <0.03 <0.5 36
HI06 M 22 778 8.91 387 78.6 79.5 <0.05 0.22 1.2 <0.03 1.3 4 <0.05 0.2 13 <0.03 <0.5 37
HI11 F 8 512 3.34 364 80 77.6 <0.05 <0.05 <0.5 <0.03 <0.5 3 <0.05 0.31 2.9 <0.03 <0.5 110
HI15 M 16 737 5.12 365 81.7 79.8 <0.05 0.13 <0.5 <0.03 <0.5 2 <0.05 0.27 6.8 <0.03 <0.5 24
HI17 F 12 997 13.25 412 78.1 78.2 <0.05 0.09 <0.5 <0.03 <0.5 3 <0.05 0.19 17 <0.03 <0.5 30
HI19 F 9 881 9.79 397 78.6 77.8 <0.05 0.06 <0.5 <0.03 <0.5 3 <0.05 0.35 7.5 <0.03 <0.5 33
HI20 F 12 1185 15.67 439 77.8 79.9 <0.05 0.07 <0.5 <0.03 <0.5 3 <0.05 0.18 10 <0.03 <0.5 26
HI21 M 13 719 5.49 385 80.9 76.2 <0.05 0.21 <0.5 <0.03 <0.5 2 <0.05 0.36 9.6 <0.03 <0.5 26

Notes:
1. Data from Huebert et al. (2014)

Liver Tissue (mg/kg wet weight)Muscle 
Moisture (%)

Liver 
Moisture (%)

Muscle Tissue (mg/kg wet weight)Sample Sex Est. Age Body Weight
(g)

Liver Weight
(g)

Fork Length
(mm)
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Table A3.1: Summary Statistics for Burbot Otoliths, by Site and Sample; Yellowknife, NT

Overall Site 14-04 14-27 15-82 MO-5 Overall Site 13-02 13-03 13-04 13-05 13-07 13-09 13-12 13-14 13-15 13-16
Antimony (µg/g)
nND / n 2022 / 3245 316 / 508 480 / 775 693 / 1093 533 / 869 3592 / 5939 400 / 676 303 / 518 286 / 427 411 / 691 311 / 518 304 / 470 376 / 626 304 / 613 390 / 607 507 / 793
% ND 62% 62% 62% 63% 61% 60% 59% 58% 67% 59% 60% 65% 60% 50% 64% 64%
Minimum <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Maximum 0.0035 0.0035 0.0035 0.0034 0.0031 0.0051 0.0038 0.0043 0.0042 0.0039 0.0044 0.0051 0.0043 0.0044 0.0039 0.0034
Mean 0.0004 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 0.0007 <0.0006 <0.0006
Q25 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Median 0.0003 <0.0006 <0.0006 <0.0006 <0.0006 0.0003 0.0004 0.0003 0.0002 0.0003 0.0003 0.0002 0.0001 0.0006 0.0002 0.0002
Q75 0.0010 0.0010 0.0010 0.0010 0.0010 0.0012 0.0013 0.0013 0.0009 0.0011 0.0012 0.0013 0.0012 0.0014 0.0011 0.0009
SD 0.0010 0.0010 0.0010 0.0009 0.0009 0.0012 0.0011 0.0012 0.0013 0.0011 0.0012 0.0015 0.0013 0.0012 0.0012 0.0010
Variance 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
CV 246% 294% 253% 230% 235% 279% 233% 256% 600% 232% 277% 398% 317% 177% 324% 291%
Arsenic (µg/g)
nND / n 6 / 3256 0 / 512 0 / 779 1 / 1097 5 / 868 81 / 5949 7 / 671 0 / 516 19 / 429 1 / 696 10 / 519 7 / 473 0 / 629 18 / 610 19 / 609 0 / 797
% ND 0% 0% 0% 0% 1% 1% 1% 0% 4% 0% 2% 1% 0% 3% 3% 0%
Minimum <0.01 0.02 0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01
Maximum 0.11 0.11 0.11 0.09 0.09 0.31 0.10 0.31 0.08 0.09 0.09 0.09 0.09 0.11 0.07 0.12
Mean 0.05 0.06 0.05 0.05 0.04 0.05 0.04 0.10 0.03 0.05 0.04 0.04 0.05 0.04 0.03 0.06
Q25 0.04 0.05 0.04 0.04 0.03 0.03 0.03 0.06 0.02 0.04 0.03 0.03 0.04 0.03 0.02 0.05
Median 0.05 0.06 0.05 0.05 0.04 0.04 0.04 0.08 0.03 0.04 0.04 0.04 0.05 0.04 0.03 0.06
Q75 0.06 0.07 0.07 0.06 0.05 0.06 0.05 0.12 0.04 0.05 0.05 0.05 0.06 0.05 0.04 0.08
SD 0.02 0.02 0.02 0.02 0.01 0.03 0.02 0.07 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.02
Variance 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CV 34% 30% 35% 30% 34% 63% 46% 64% 49% 29% 39% 37% 33% 47% 40% 29%
Copper (µg/g)
nND / n 18 / 3197 3 / 500 1 / 763 8 / 1075 6 / 859 6 / 5898 1 / 671 0 / 516 3 / 431 0 / 674 0 / 506 0 / 468 1 / 613 0 / 617 1 / 607 0 / 795
% ND 1% 1% 0% 1% 1% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0%
Minimum <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 0.007 <0.005 0.011 0.007 0.010 <0.005 0.009 <0.005 0.019
Maximum 0.341 0.341 0.251 0.169 0.168 1.773 0.370 0.608 0.101 0.235 1.773 0.914 0.160 0.111 0.113 0.228
Mean 0.066 0.082 0.087 0.053 0.055 0.113 0.110 0.204 0.043 0.068 0.303 0.211 0.056 0.056 0.047 0.090
Q25 0.036 0.035 0.051 0.032 0.032 0.042 0.039 0.108 0.028 0.043 0.055 0.063 0.039 0.042 0.031 0.056
Median 0.053 0.053 0.084 0.047 0.048 0.063 0.079 0.178 0.040 0.056 0.164 0.140 0.052 0.055 0.043 0.074
Q75 0.085 0.108 0.111 0.067 0.069 0.114 0.175 0.262 0.056 0.074 0.432 0.335 0.067 0.070 0.060 0.110
SD 0.046 0.073 0.046 0.030 0.033 0.147 0.084 0.130 0.020 0.042 0.334 0.185 0.026 0.019 0.022 0.047
Variance 0.0021 0.0053 0.0021 0.0009 0.0011 0.0216 0.0070 0.0170 0.0004 0.0018 0.1112 0.0343 0.0007 0.0004 0.0005 0.0022
CV 70% 89% 53% 57% 60% 130% 77% 64% 46% 62% 110% 88% 46% 34% 46% 52%
Lead (µg/g)
nND / n 1237 / 3240 213 / 511 296 / 772 437 / 1089 291 / 868 2460 / 5940 300 / 669 137 / 518 249 / 429 307 / 694 213 / 518 146 / 472 274 / 624 286 / 616 299 / 607 249 / 793
% ND 38% 42% 38% 40% 34% 41% 45% 26% 58% 44% 41% 31% 44% 46% 49% 31%
Minimum <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Maximum 0.0043 0.0036 0.0040 0.0043 0.0035 0.0047 0.0040 0.0046 0.0030 0.0034 0.0046 0.0047 0.0039 0.0032 0.0033 0.0039
Mean 0.0009 0.0008 0.0009 0.0009 0.0009 0.0008 0.0008 0.0012 <0.0005 0.0007 0.0010 0.0011 0.0007 0.0006 0.0006 0.0010
Q25 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Median 0.0008 0.0007 0.0008 0.0008 0.0009 0.0007 0.0006 0.0011 <0.0005 0.0006 0.0008 0.0010 0.0006 0.0006 0.0005 0.0009
Q75 0.0014 0.0013 0.0015 0.0015 0.0015 0.0014 0.0014 0.0020 0.0010 0.0013 0.0016 0.0018 0.0014 0.0011 0.0012 0.0016
SD 0.0009 0.0009 0.0010 0.0010 0.0009 0.0010 0.0010 0.0011 0.0009 0.0009 0.0011 0.0012 0.0010 0.0008 0.0009 0.0009
Variance 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
CV 108% 119% 108% 114% 96% 124% 131% 90% 206% 125% 116% 106% 143% 134% 149% 91%
Strontium (µg/g)
nND / n 0 / 3242 0 / 512 0 / 766 0 / 1092 0 / 872 0 / 5938 0 / 669 0 / 519 0 / 425 0 / 694 0 / 522 0 / 474 0 / 617 0 / 612 0 / 606 0 / 800
% ND 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Minimum 469.11 469.11 585.92 575.57 570.11 519.35 557.03 587.76 594.88 608.68 586.71 590.78 653.06 548.03 587.04 519.35
Maximum 2,218.91 819.06 2,218.91 1,096.05 986.01 1,179.81 1,086.34 1,155.99 1,046.32 973.00 1,073.05 1,179.81 1,142.39 946.25 1,030.04 994.67
Mean 812.95 662.11 1,007.17 786.51 764.01 777.42 768.68 820.72 744.67 749.93 794.13 889.13 823.96 711.39 757.42 750.52
Q25 703.53 624.16 805.20 722.56 710.71 703.48 697.07 735.99 685.75 696.03 733.31 793.13 753.68 662.36 693.03 702.11
Median 771.39 665.91 894.75 776.52 761.94 759.94 752.26 809.56 723.69 733.51 785.52 899.84 801.61 700.87 743.01 747.92
Q75 849.12 702.19 1,028.66 835.70 815.25 834.33 822.10 895.49 777.71 799.71 838.33 968.98 881.45 751.85 810.18 807.30
SD 220.53 64.46 356.24 97.50 73.01 103.88 100.22 119.94 88.72 70.97 92.43 121.78 91.71 74.78 88.44 82.18
Variance 48,632 4,156 126,908 9,507 5,331 10,792 10,044 14,385 7,872 5,036 8,544 14,830 8,411 5,592 7,822 6,753
CV 27% 10% 35% 12% 10% 13% 13% 15% 12% 9% 12% 14% 11% 11% 12% 11%

Statistic1
North Yellowknife Bay (Exposure Area) Great Slave Lake (Post Island Reference Area)
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Table A3.1: Summary Statistics for Burbot Otoliths, by Site and Sample; Yellowknife, NT

Overall Site 14-04 14-27 15-82 MO-5 Overall Site 13-02 13-03 13-04 13-05 13-07 13-09 13-12 13-14 13-15 13-16Statistic1
North Yellowknife Bay (Exposure Area) Great Slave Lake (Post Island Reference Area)

Zinc (µg/g)
nND / n 57 / 3235 13 / 506 11 / 771 12 / 1085 21 / 873 229 / 5903 8 / 669 14 / 516 66 / 428 28 / 670 18 / 512 2 / 470 43 / 623 17 / 614 32 / 603 1 / 798
% ND 2% 3% 1% 1% 2% 4% 1% 3% 15% 4% 4% 0% 7% 3% 5% 0%
Minimum <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Maximum 0.76 0.67 0.76 0.34 0.43 0.89 0.48 0.71 0.15 0.39 0.89 0.61 0.25 0.21 0.17 0.42
Mean 0.14 0.16 0.20 0.09 0.14 0.13 0.14 0.23 0.05 0.08 0.22 0.20 0.08 0.08 0.06 0.16
Q25 0.06 0.06 0.08 0.05 0.06 0.05 0.06 0.11 0.02 0.04 0.07 0.11 0.04 0.05 0.04 0.10
Median 0.10 0.10 0.13 0.08 0.11 0.09 0.11 0.21 0.04 0.06 0.17 0.19 0.07 0.08 0.06 0.14
Q75 0.16 0.19 0.26 0.11 0.22 0.17 0.19 0.32 0.07 0.10 0.31 0.27 0.11 0.11 0.08 0.21
SD 0.13 0.16 0.18 0.05 0.10 0.12 0.10 0.16 0.03 0.06 0.19 0.12 0.05 0.04 0.04 0.08
Variance 0.017 0.025 0.031 0.002 0.010 0.014 0.009 0.025 0.001 0.004 0.036 0.014 0.003 0.002 0.001 0.007
CV 92% 96% 88% 56% 71% 91% 72% 68% 74% 82% 87% 59% 67% 53% 58% 52%

Notes:
1.  Statistics:

nND / n = number of data points below average limits of detection (nLOD) over total number of data points (n) Maximum = maximum value Median = median/50th percentile of data Variance = variance of data
% LOD = percentage of data points reported below average limits of detection Mean = mean of data Q75 = 75th percentile of data CV = coefficient of variation
Minimum = minimum value Q25 = 25th percentile of data SD = standard deviation of data
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Table A3.2: Muscle and Liver Tissue Contents of Burbot Samples by Site; Yellowknife, NT1

Antimony Arsenic Copper Lead Strontium Zinc Antimony Arsenic Copper Lead Strontium Zinc
North Yellowknife Bay (Exposure Area)

14-04 Female 7 2014 760 482 <0.0043 0.215 0.215 0.00645 0.430 5.440 <0.0043 0.387 1.462 <0.0043 <0.043 4.752
14-27 Female 12 2014 715 555 <0.0043 0.323 0.215 0.00645 0.796 5.354 0.0043 1.527 21.436 <0.0043 0.151 25.585
MO-5 Female 16 2014 3150 805 <0.0043 0.172 0.237 0.0086 0.258 4.795 - - - - - -
15-82 Male 11 2015 2550 695 <0.0043 0.151 0.258 0.01075 0.108 4.193 <0.0043 0.215 9.138 <0.0043 <0.043 11.352

Great Slave Lake (Post Island Reference Area)
13-02 - 13 2013 650 520 0.00645 0.280 0.215 0.0043 0.151 5.461 0.0043 1.075 30.745 <0.0043 0.194 30.745
13-03 - 9 2013 900 518 <0.0043 0.194 0.194 <0.0043 0.086 3.935 <0.0043 0.452 15.631 <0.0043 0.172 16.039
13-04 - 12 2013 900 560 <0.0043 0.194 0.151 <0.0043 0.065 4.171 <0.0043 0.796 12.535 <0.0043 0.108 24.295
13-05 - 8 2013 450 445 - 0.267 0.171 <0.0043 0.108 3.892 <0.0043 0.430 13.932 <0.0043 0.086 21.436
13-07 - 8 2013 700 475 <0.0043 0.237 0.151 <0.0043 0.086 3.268 <0.0043 0.514 6.601 <0.0043 0.033 12.062
13-09 - 13 2013 2200 710 - 0.128 0.344 <0.0043 0.095 7.267 <0.0043 0.559 2.387 <0.0043 0.175 8.299
13-12 - 14 2013 1500 620 - 0.230 0.174 <0.0043 0.111 4.021 <0.0043 0.774 29.240 <0.0043 0.344 25.800
13-14 - 11 2013 650 510 - 0.158 0.170 <0.0043 0.069 4.042 0.0074 0.518 9.009 <0.0043 0.149 17.157
13-15 - 12 2013 600 470 <0.0043 0.215 0.172 <0.0043 0.086 3.376 0.0065 0.839 31.390 <0.0043 0.172 28.380
13-16 - 16 2013 1600 675 - 0.201 0.179 <0.0043 0.099 3.698 <0.0043 0.510 22.145 <0.0043 0.071 29.240

Notes:
1. Data from J. Chetelat (pers. comm., 2016)
2. Information on fish sex not available for all samples
3. Tissue data for burbot initially suppled as milligrams per kilogram dry weights; these were converted to wet weights as per Lusk et al. (2005), as cited by US EPA (2016), using a general moisture content of 78.5%.

Muscle Tissue (mg/kg wet weight)3 Liver Tissue (mg/kg wet weight)3Capture 
YearSample Sex2 Est. Age Body Weight

(g)
Total Length

(mm)
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APPENDIX B: 

Trace Element Profiles in Slimy Sculpin, Lake Whitefish, and Burbot Otoliths 
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APPENDIX B1.1: 

Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Yellowknife River (Reference Area) Samples 

Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.1—Symmetrical Moving Averages of Trace Elements in Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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APPENDIX B1.2: 

Trace Element Profiles in Slimy Sculpin Otoliths 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Baker Creek Outlet Reach 0 (Exposure Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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Appendix B1.2—Trace Element Profiles of Slimy Sculpin Otoliths 

Yellowknife River (Reference Area) Samples 
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APPENDIX B2.1: 

Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 
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Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Horseshoe Island (Reference Area) Samples 

Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Horseshoe Island (Reference Area) Samples 
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Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Horseshoe Island (Reference Area) Samples 
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Appendix B2.1—Symmetrical Moving Averages of Trace Elements in Lake Whitefish Otoliths 

Horseshoe Island (Reference Area) Samples 
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APPENDIX B2.2: 

Trace Element Profiles in Lake Whitefish Otoliths 
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Appendix B2.2—Trace Element Profiles of Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Appendix B2.2—Trace Element Profiles of Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Appendix B2.2—Trace Element Profiles of Lake Whitefish Otoliths 

Baker Creek Outlet (Exposure Area) Samples 
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Appendix B3.2—Trace Element Profiles of Burbot Otoliths 

Great Slave Lake Post Island (Reference Area) Samples 
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Table C.1: 

Variable 1 Variable 2 cor (r ) R 2 p Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto Zn.oto 0.35 0.12 0.294 Zn.oto tissueSr 0.29 0.08 0.393
Cu.oto As.oto -0.45 0.20 0.169 As.oto tissueSr -0.29 0.08 0.394
Zn.oto As.oto -0.51 0.26 0.106 Sr.oto tissueSr -0.22 0.05 0.521
Cu.oto Sr.oto -0.01 0.00 0.984 bod_weight tissueSr 0.03 0.00 0.927
Zn.oto Sr.oto -0.07 0.00 0.840 liv_weight tissueSr 0.11 0.01 0.758
As.oto Sr.oto 0.66 0.44 0.026 tlength tissueSr 0.01 0.00 0.967
Cu.oto bod_weight -0.55 0.31 0.077 tissueAs tissueSr 0.67 0.45 0.024
Zn.oto bod_weight -0.12 0.01 0.735 tissueCu tissueSr 0.55 0.30 0.079
As.oto bod_weight 0.39 0.16 0.230 tissueZn tissueSr 0.59 0.35 0.055
Sr.oto bod_weight -0.01 0.00 0.982 Cu.oto tissueSb 0.13 0.02 0.699
Cu.oto liv_weight -0.78 0.61 0.004 Zn.oto tissueSb 0.26 0.07 0.449
Zn.oto liv_weight -0.42 0.18 0.193 As.oto tissueSb -0.28 0.08 0.404
As.oto liv_weight 0.52 0.27 0.100 Sr.oto tissueSb -0.16 0.03 0.639
Sr.oto liv_weight 0.32 0.11 0.330 bod_weight tissueSb -0.10 0.01 0.780

bod_weight liv_weight 0.44 0.19 0.174 liv_weight tissueSb 0.15 0.02 0.653
Cu.oto tlength -0.50 0.25 0.119 tlength tissueSb -0.11 0.01 0.737
Zn.oto tlength -0.12 0.01 0.726 tissueAs tissueSb 0.80 0.64 0.003
As.oto tlength 0.39 0.15 0.238 tissueCu tissueSb 0.69 0.48 0.019
Sr.oto tlength 0.05 0.00 0.883 tissueZn tissueSb 0.43 0.18 0.191

bod_weight tlength 0.97 0.95 0.000 tissueSr tissueSb 0.98 0.96 0.000
liv_weight tlength 0.49 0.24 0.127 Cu.oto tissuePb 0.20 0.04 0.559

Cu.oto tissueAs 0.04 0.00 0.896 Zn.oto tissuePb 0.31 0.10 0.350
Zn.oto tissueAs 0.12 0.02 0.717 As.oto tissuePb -0.37 0.14 0.266
As.oto tissueAs -0.24 0.06 0.468 Sr.oto tissuePb -0.22 0.05 0.512
Sr.oto tissueAs 0.03 0.00 0.935 bod_weight tissuePb -0.15 0.02 0.670

bod_weight tissueAs -0.51 0.26 0.110 liv_weight tissuePb 0.07 0.00 0.838
liv_weight tissueAs 0.21 0.05 0.526 tlength tissuePb -0.16 0.02 0.644

tlength tissueAs -0.52 0.27 0.098 tissueAs tissuePb 0.78 0.61 0.004
Cu.oto tissueCu 0.13 0.02 0.708 tissueCu tissuePb 0.70 0.49 0.016
Zn.oto tissueCu 0.18 0.03 0.604 tissueZn tissuePb 0.44 0.19 0.177
As.oto tissueCu -0.36 0.13 0.272 tissueSr tissuePb 0.98 0.96 0.000
Sr.oto tissueCu -0.03 0.00 0.935 tissueSb tissuePb 0.99 0.98 0.000

bod_weight tissueCu -0.66 0.44 0.027 Cu.oto hsi -0.30 0.09 0.377
liv_weight tissueCu 0.08 0.01 0.804 Zn.oto hsi -0.38 0.15 0.247

tlength tissueCu -0.66 0.44 0.026 As.oto hsi 0.19 0.04 0.569
tissueAs tissueCu 0.97 0.94 0.000 Sr.oto hsi 0.34 0.12 0.302
Cu.oto tissueZn 0.16 0.02 0.643 bod_weight hsi -0.52 0.28 0.098
Zn.oto tissueZn 0.24 0.06 0.481 liv_weight hsi 0.45 0.20 0.167 NOTES:
As.oto tissueZn -0.10 0.01 0.764 tlength hsi -0.52 0.27 0.103  1. Yellow-shaded values indicate significant relationships
Sr.oto tissueZn -0.31 0.10 0.352 tissueAs hsi 0.58 0.33 0.064

bod_weight tissueZn 0.60 0.36 0.052 tissueCu hsi 0.59 0.35 0.054
liv_weight tissueZn -0.09 0.01 0.799 tissueZn hsi -0.82 0.68 0.002

tlength tissueZn 0.59 0.35 0.056 tissueSr hsi -0.15 0.02 0.650
tissueAs tissueZn -0.20 0.04 0.548 tissueSb hsi 0.03 0.00 0.934
tissueCu tissueZn -0.33 0.11 0.326 tissuePb hsi -0.02 0.00 0.947
Cu.oto tissueSr 0.16 0.03 0.636

 3. As = arsenic, Cu = copper, Pb = lead, 
    Sr = strontium, Zn = zinc

Pearson Correlation Coefficients and p-values for Mean 2010 Slimy Sculpin Trace Element Content, Fish 
Metrics, and WB-tiss Data from the Baker Creek Outlet Reach 0 exposure area (n = 11)

 2. XX.oto = mean otolith content; WB-tissXX = whole-
    body content (from composite samples, each sample
    n = 3); bod_weight = body weight; liv_weight = liver
    weight; tlength = total length; hsi = heptaosomatic
    index
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Table C.1: Pearson Correlation Coefficients and p-values for Mean 2010 Slimy Sculpin Trace Element Content, Fish 
Metrics, and WB-tiss Data from the Baker Creek Outlet Reach 0 exposure area (n = 11)
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Table C.2: 

Variable 1 Variable 2 cor (r ) R 2 p Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto Zn.oto 0.47 0.22 0.141 Zn.oto tissueSr -0.05 0.00 0.886
Cu.oto As.oto 0.57 0.33 0.067 As.oto tissueSr -0.15 0.02 0.670
Zn.oto As.oto 0.25 0.06 0.460 Sr.oto tissueSr -0.31 0.10 0.353
Cu.oto Sr.oto -0.01 0.00 0.972 bod_weight tissueSr -0.13 0.02 0.710
Zn.oto Sr.oto -0.03 0.00 0.941 liv_weight tissueSr -0.15 0.02 0.663
As.oto Sr.oto -0.23 0.05 0.490 tlength tissueSr -0.22 0.05 0.519
Cu.oto bod_weight -0.18 0.03 0.592 tissueAs tissueSr 0.95 0.90 0.000
Zn.oto bod_weight -0.15 0.02 0.667 tissueCu tissueSr 0.42 0.17 0.202
As.oto bod_weight -0.24 0.06 0.482 tissueZn tissueSr 0.73 0.53 0.011
Sr.oto bod_weight -0.15 0.02 0.654 Cu.oto tissueSb -0.74 0.55 0.009
Cu.oto liv_weight -0.02 0.00 0.956 Zn.oto tissueSb -0.22 0.05 0.506
Zn.oto liv_weight 0.06 0.00 0.865 As.oto tissueSb -0.18 0.03 0.595
As.oto liv_weight -0.28 0.08 0.396 Sr.oto tissueSb -0.14 0.02 0.674
Sr.oto liv_weight 0.04 0.00 0.906 bod_weight tissueSb 0.35 0.13 0.286

bod_weight liv_weight 0.68 0.47 0.020 liv_weight tissueSb 0.32 0.10 0.339
Cu.oto tlength -0.18 0.03 0.601 tlength tissueSb 0.31 0.10 0.351
Zn.oto tlength -0.20 0.04 0.556 tissueAs tissueSb 0.94 0.89 0.000
As.oto tlength -0.25 0.06 0.453 tissueCu tissueSb 0.00 0.00 0.993
Sr.oto tlength -0.05 0.00 0.879 tissueZn tissueSb 0.25 0.06 0.464

bod_weight tlength 0.97 0.95 0.000 tissueSr tissueSb 0.79 0.62 0.004
liv_weight tlength 0.65 0.43 0.030 Cu.oto tissuePb -0.62 0.39 0.042

Cu.oto tissueAs -0.73 0.54 0.010 Zn.oto tissuePb -0.15 0.02 0.663
Zn.oto tissueAs -0.15 0.02 0.669 As.oto tissuePb -0.12 0.01 0.736
As.oto tissueAs -0.17 0.03 0.619 Sr.oto tissuePb -0.41 0.17 0.206
Sr.oto tissueAs -0.25 0.06 0.450 bod_weight tissuePb 0.20 0.04 0.555

bod_weight tissueAs 0.13 0.02 0.713 liv_weight tissuePb -0.01 0.00 0.987
liv_weight tissueAs 0.08 0.01 0.809 tlength tissuePb 0.13 0.02 0.709

tlength tissueAs 0.05 0.00 0.874 tissueAs tissuePb 0.93 0.86 0.000
Cu.oto tissueCu -0.16 0.03 0.638 tissueCu tissuePb -0.03 0.00 0.938
Zn.oto tissueCu 0.22 0.05 0.518 tissueZn tissuePb 0.37 0.14 0.257
As.oto tissueCu -0.07 0.01 0.832 tissueSr tissuePb 0.90 0.80 0.000
Sr.oto tissueCu 0.10 0.01 0.768 tissueSb tissuePb 0.83 0.69 0.002

bod_weight tissueCu -0.75 0.56 0.008 Cu.oto hsi 0.23 0.05 0.506
liv_weight tissueCu -0.40 0.16 0.219 Zn.oto hsi 0.41 0.17 0.215

tlength tissueCu -0.81 0.65 0.003 As.oto hsi 0.01 0.00 0.973
tissueAs tissueCu 0.20 0.04 0.549 Sr.oto hsi 0.14 0.02 0.679
Cu.oto tissueZn -0.34 0.11 0.312 bod_weight hsi -0.56 0.31 0.075
Zn.oto tissueZn 0.17 0.03 0.619 liv_weight hsi 0.20 0.04 0.550 NOTES:
As.oto tissueZn -0.09 0.01 0.792 tlength hsi -0.59 0.35 0.054  1. Yellow-shaded values indicate significant relationships
Sr.oto tissueZn -0.13 0.02 0.714 tissueAs hsi 0.00 0.00 1.000

bod_weight tissueZn -0.66 0.43 0.028 tissueCu hsi 0.63 0.40 0.038
liv_weight tissueZn -0.46 0.21 0.155 tissueZn hsi 0.48 0.23 0.139

tlength tissueZn -0.75 0.56 0.008 tissueSr hsi 0.10 0.01 0.759
tissueAs tissueZn 0.51 0.26 0.108 tissueSb hsi -0.08 0.01 0.825
tissueCu tissueZn 0.91 0.82 0.000 tissuePb hsi -0.20 0.04 0.556
Cu.oto tissueSr -0.66 0.43 0.028

Pearson Correlation Coefficients and p-values for Mean 2010 Slimy Sculpin Trace Element Content, Fish 
Metrics, and WB-tiss Data from the Yellowknife River reference area (n = 11)

 2. XX.oto = mean otolith content; WB-tissXX = whole-
    body content (from composite samples, each sample
    n = 3); bod_weight = body weight; liv_weight = liver
    weight; tlength = total length; hsi = heptaosomatic
    index

 3. As = arsenic, Cu = copper, Pb = lead, 
    Sr = strontium, Zn = zinc



253

Table C.2: Pearson Correlation Coefficients and p-values for Mean 2010 Slimy Sculpin Trace Element Content, Fish 
Metrics, and WB-tiss Data from the Yellowknife River reference area (n = 11)
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Table C.3: 

Variable 1 Variable 2 cor (r ) R 2 p Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto Zn.oto 0.61 0.38 0.080 Sr.oto livCu 0.37 0.14 0.326
Cu.oto As.oto -0.63 0.40 0.069 Pb.oto livCu -0.40 0.16 0.285
Zn.oto As.oto -0.67 0.44 0.050 bod_weight livCu 0.37 0.14 0.327
Cu.oto Sr.oto -0.53 0.28 0.139 liv_weight livCu -0.22 0.05 0.568
Zn.oto Sr.oto -0.87 0.76 0.002 flength livCu 0.24 0.06 0.536
As.oto Sr.oto 0.45 0.20 0.224 tissAs livCu -0.44 0.19 0.241
Cu.oto Pb.oto 0.72 0.52 0.029 Cu.oto livZn -0.32 0.10 0.396
Zn.oto Pb.oto 0.63 0.40 0.067 Zn.oto livZn 0.25 0.06 0.524
As.oto Pb.oto -0.49 0.24 0.185 As.oto livZn 0.02 0.00 0.963
Sr.oto Pb.oto -0.64 0.41 0.061 Sr.oto livZn -0.16 0.03 0.680
Cu.oto bod_weight -0.41 0.17 0.276 Pb.oto livZn -0.13 0.02 0.747
Zn.oto bod_weight -0.27 0.08 0.476 bod_weight livZn -0.04 0.00 0.925
As.oto bod_weight 0.53 0.28 0.141 liv_weight livZn -0.40 0.16 0.285
Sr.oto bod_weight 0.01 0.00 0.989 flength livZn 0.12 0.01 0.761
Pb.oto bod_weight 0.04 0.00 0.915 tissAs livZn -0.12 0.01 0.760
Cu.oto liv_weight 0.16 0.03 0.673 livCu livZn 0.43 0.18 0.248
Zn.oto liv_weight 0.14 0.02 0.727 Cu.oto livAs -0.58 0.33 0.104
As.oto liv_weight 0.30 0.09 0.430 Zn.oto livAs -0.12 0.01 0.756
Sr.oto liv_weight -0.45 0.20 0.223 As.oto livAs 0.05 0.00 0.890
Pb.oto liv_weight 0.49 0.24 0.182 Sr.oto livAs 0.13 0.02 0.744

bod_weight liv_weight 0.69 0.47 0.041 Pb.oto livAs -0.55 0.30 0.123
Cu.oto flength -0.54 0.29 0.133 bod_weight livAs 0.28 0.08 0.468
Zn.oto flength -0.37 0.13 0.334 liv_weight livAs -0.30 0.09 0.431
As.oto flength 0.65 0.42 0.060 flength livAs 0.24 0.06 0.538
Sr.oto flength 0.06 0.00 0.872 tissAs livAs -0.53 0.28 0.139
Pb.oto flength -0.25 0.06 0.521 livCu livAs 0.68 0.46 0.044

bod_weight flength 0.83 0.68 0.006 livZn livAs 0.46 0.21 0.209
liv_weight flength 0.48 0.23 0.190 Cu.oto hsi 0.68 0.46 0.044

Cu.oto tissAs 0.72 0.52 0.027 Zn.oto hsi 0.54 0.29 0.136
Zn.oto tissAs 0.56 0.31 0.116 As.oto hsi -0.14 0.02 0.714
As.oto tissAs -0.80 0.64 0.009 Sr.oto hsi -0.71 0.50 0.033
Sr.oto tissAs -0.35 0.12 0.353 Pb.oto hsi 0.68 0.46 0.044
Pb.oto tissAs 0.78 0.60 0.014 bod_weight hsi 0.09 0.01 0.817

bod_weight tissAs -0.47 0.22 0.202 liv_weight hsi 0.77 0.59 0.016
liv_weight tissAs -0.10 0.01 0.797 flength hsi -0.06 0.00 0.888

flength tissAs -0.64 0.41 0.061 tissAs hsi 0.30 0.09 0.432
Cu.oto livCu -0.49 0.24 0.181 livCu hsi -0.54 0.29 0.134
Zn.oto livCu -0.16 0.03 0.673 livZn hsi -0.47 0.22 0.207
As.oto livCu 0.28 0.08 0.469 livAs hsi -0.59 0.34 0.097

NOTES:
1. Yellow-shaded values indicate significant relationships
2. XX.oto = mean otolith content; tissXX = muscle tissue content; livXX = liver tissue content; bod_weight = body weight; liv_weight = liver weight; flength = fork length; hsi = heptaosomatic index
3. As = arsenic, Cu = copper, Pb = lead, Sr = strontium, Zn = zinc

Pearson Correlation Coefficients and p-values for Mean 2012 Lake Whitefish Trace Element Content, Fish Metrics, and 
Tissue Data from the Baker Creek Outlet exposure area (n = 9)
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Table C.3: Pearson Correlation Coefficients and p-values for Mean 2012 Lake Whitefish Trace Element Content, Fish Metrics, and 
Tissue Data from the Baker Creek Outlet exposure area (n = 9)
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Table C.4: 

Variable 1 Variable 2 cor (r ) R 2 p Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto Zn.oto -0.13 0.02 0.721 Sr.oto livCu 0.23 0.05 0.516
Cu.oto As.oto 0.14 0.02 0.707 Pb.oto livCu 0.07 0.01 0.841
Zn.oto As.oto 0.03 0.00 0.928 bod_weight livCu 0.53 0.28 0.119
Cu.oto Sr.oto -0.56 0.32 0.090 liv_weight livCu 0.49 0.24 0.155
Zn.oto Sr.oto -0.49 0.24 0.152 flength livCu 0.48 0.23 0.159
As.oto Sr.oto -0.24 0.06 0.500 tissAs livCu 0.44 0.19 0.205
Cu.oto Pb.oto 0.55 0.30 0.102 Cu.oto livZn -0.15 0.02 0.682
Zn.oto Pb.oto -0.25 0.06 0.488 Zn.oto livZn 0.76 0.57 0.011
As.oto Pb.oto 0.26 0.07 0.463 As.oto livZn -0.13 0.02 0.713
Sr.oto Pb.oto -0.50 0.25 0.140 Sr.oto livZn -0.53 0.28 0.119
Cu.oto bod_weight 0.65 0.42 0.043 Pb.oto livZn -0.27 0.07 0.454
Zn.oto bod_weight -0.61 0.38 0.059 bod_weight livZn -0.65 0.42 0.041
As.oto bod_weight 0.33 0.11 0.346 liv_weight livZn -0.51 0.26 0.136
Sr.oto bod_weight -0.06 0.00 0.868 flength livZn -0.48 0.23 0.161
Pb.oto bod_weight 0.37 0.14 0.287 tissAs livZn -0.31 0.09 0.388
Cu.oto liv_weight 0.67 0.44 0.036 livCu livZn -0.51 0.26 0.130
Zn.oto liv_weight -0.52 0.27 0.125 Cu.oto livAs -0.29 0.08 0.422
As.oto liv_weight 0.34 0.11 0.341 Zn.oto livAs 0.42 0.17 0.233
Sr.oto liv_weight -0.30 0.09 0.398 As.oto livAs 0.12 0.01 0.750
Pb.oto liv_weight 0.51 0.26 0.129 Sr.oto livAs -0.03 0.00 0.942

bod_weight liv_weight 0.94 0.89 0.000 Pb.oto livAs -0.12 0.02 0.731
Cu.oto flength 0.63 0.39 0.053 bod_weight livAs -0.61 0.37 0.063
Zn.oto flength -0.38 0.14 0.282 liv_weight livAs -0.59 0.35 0.074
As.oto flength 0.39 0.15 0.261 flength livAs -0.64 0.41 0.046
Sr.oto flength -0.22 0.05 0.549 tissAs livAs -0.01 0.00 0.988
Pb.oto flength 0.35 0.12 0.326 livCu livAs -0.53 0.28 0.119

bod_weight flength 0.94 0.89 0.000 livZn livAs 0.23 0.05 0.515
liv_weight flength 0.90 0.82 0.000 Cu.oto hsi 0.52 0.27 0.126

Cu.oto tissAs -0.36 0.13 0.308 Zn.oto hsi -0.47 0.22 0.168
Zn.oto tissAs -0.04 0.00 0.908 As.oto hsi 0.27 0.07 0.456
As.oto tissAs -0.28 0.08 0.438 Sr.oto hsi -0.33 0.11 0.353
Sr.oto tissAs 0.47 0.22 0.174 Pb.oto hsi 0.51 0.26 0.130
Pb.oto tissAs -0.11 0.01 0.761 bod_weight hsi 0.84 0.70 0.003

bod_weight tissAs -0.24 0.06 0.509 liv_weight hsi 0.96 0.92 0.000
liv_weight tissAs -0.34 0.11 0.339 flength hsi 0.81 0.66 0.004

flength tissAs -0.25 0.06 0.490 tissAs hsi -0.30 0.09 0.402
Cu.oto livCu 0.01 0.00 0.975 livCu hsi 0.48 0.23 0.157
Zn.oto livCu -0.50 0.25 0.142 livZn hsi -0.45 0.21 0.188
As.oto livCu 0.33 0.11 0.355 livAs hsi -0.55 0.31 0.097

NOTES:
1. Yellow-shaded values indicate significant relationships
2. XX.oto = mean otolith content; tissXX = muscle tissue content; livXX = liver tissue content; bod_weight = body weight; liv_weight = liver weight; flength = fork length; hsi = heptaosomatic index
3. As = arsenic, Cu = copper, Pb = lead, Sr = strontium, Zn = zinc

Pearson Correlation Coefficients and p-values for Mean 2012 Lake Whitefish Trace Element Content, Fish Metrics, and 
Tissue Data from the Horseshoe Island reference area (n = 10)
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Table C.4: Pearson Correlation Coefficients and p-values for Mean 2012 Lake Whitefish Trace Element Content, Fish Metrics, and 
Tissue Data from the Horseshoe Island reference area (n = 10)
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Table C.5: 

Variable 1 Variable 2 cor (r ) R 2 p Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto Zn.oto 0.95 0.91 - Pb.oto tissSr -0.06 0.00 -
Cu.oto As.oto 0.51 0.26 - bod_weight tlength 0.97 0.94 -
Cu.oto Sr.oto -0.70 0.49 - bod_weight tissCu 0.80 0.64 -
Cu.oto Pb.oto 0.84 0.70 - bod_weight tissZn -0.80 0.64 -
Cu.oto bod_weight -0.19 0.04 - bod_weight tissAs -0.78 0.61 -
Cu.oto tlength -0.41 0.17 - bod_weight tissSr -0.79 0.62 -
Cu.oto tissCu 0.30 0.09 - tlength tissCu 0.71 0.50 -
Cu.oto tissZn -0.27 0.07 - tlength tissZn -0.72 0.51 -
Cu.oto tissAs -0.39 0.16 - tlength tissAs -0.60 0.36 -
Cu.oto tissSr -0.43 0.18 - tlength tissSr -0.61 0.37 -
Zn.oto As.oto 0.35 0.12 - tissCu tissZn -1.00 1.00 -
Zn.oto Sr.oto -0.71 0.51 - tissCu tissAs -0.78 0.61 -
Zn.oto Pb.oto 0.70 0.50 - tissCu tissSr -0.85 0.72 -
Zn.oto bod_weight 0.11 0.01 - tissZn tissAs 0.75 0.56 -
Zn.oto tlength -0.13 0.02 - tissZn tissSr 0.81 0.66 -
Zn.oto tissCu 0.54 0.29 - tissAs tissSr 0.99 0.99 -
Zn.oto tissZn -0.50 0.25 -
Zn.oto tissAs -0.65 0.42 -
Zn.oto tissSr -0.68 0.46 -
As.oto Sr.oto -0.79 0.63 -
As.oto Pb.oto 0.24 0.06 -
As.oto bod_weight -0.64 0.41 -
As.oto tlength -0.78 0.61 -
As.oto tissCu -0.57 0.33 -
As.oto tissZn 0.62 0.38 -
As.oto tissAs 0.09 0.01 -
As.oto tissSr 0.16 0.03 -
Sr.oto Pb.oto -0.22 0.05 -
Sr.oto bod_weight 0.08 0.01 -
Sr.oto tlength 0.31 0.09 -
Sr.oto tissCu 0.00 0.00 -
Sr.oto tissZn -0.06 0.00 -
Sr.oto tissAs 0.53 0.28 -
Sr.oto tissSr 0.47 0.22 -
Pb.oto bod_weight -0.40 0.16 -
Pb.oto tlength -0.51 0.26 -
Pb.oto tissCu 0.23 0.05 -
Pb.oto tissZn -0.22 0.05 -
Pb.oto tissAs 0.02 0.00 -

NOTES:
1. Yellow-shaded values indicate significant relationships
2. XX.oto = mean otolith content; tissXX = muscle tissue content; bod_weight = body weight; tlength = total length; hsi = heptaosomatic index
3. As = arsenic, Cu = copper, Pb = lead, Sr = strontium, Zn = zinc

Correlation Coefficients for Mean 2013 Burbot Trace Element Content, Fish Metrics, and Tissue Data from the North 
Yellowknife Bay exposure area (n = 4)
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Table C.5: Correlation Coefficients for Mean 2013 Burbot Trace Element Content, Fish Metrics, and Tissue Data from the North 
Yellowknife Bay exposure area (n = 4)
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Table C.6: 

Variable 1 Variable 2 cor (r ) R 2 p Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto Zn.oto 0.79 0.62 0.007 Sr.oto tissAs 0.59 0.35 0.070
Cu.oto As.oto 0.57 0.33 0.084 Pb.oto tissAs -0.32 0.10 0.363
Zn.oto As.oto 0.72 0.51 0.020 bod_weight tissAs -0.59 0.34 0.076
Cu.oto Sr.oto -0.24 0.06 0.501 tlength tissAs -0.55 0.31 0.096
Zn.oto Sr.oto -0.23 0.05 0.525 tissCu tissAs -0.50 0.25 0.144
As.oto Sr.oto -0.47 0.22 0.166 tissZn tissAs -0.39 0.16 0.259
Cu.oto Pb.oto 0.17 0.03 0.634 Cu.oto tissSr 0.13 0.02 0.718
Zn.oto Pb.oto 0.52 0.27 0.123 Zn.oto tissSr 0.28 0.08 0.441
As.oto Pb.oto 0.28 0.08 0.434 As.oto tissSr -0.06 0.00 0.860
Sr.oto Pb.oto -0.03 0.00 0.924 Sr.oto tissSr 0.80 0.64 0.006
Cu.oto bod_weight 0.50 0.25 0.140 Pb.oto tissSr 0.06 0.00 0.868
Zn.oto bod_weight 0.66 0.43 0.040 bod_weight tissSr 0.02 0.00 0.952
As.oto bod_weight 0.42 0.18 0.222 tlength tissSr 0.05 0.00 0.895
Sr.oto bod_weight -0.21 0.05 0.552 tissCu tissSr 0.24 0.06 0.499
Pb.oto bod_weight 0.73 0.53 0.017 tissZn tissSr 0.32 0.10 0.370
Cu.oto tlength 0.47 0.22 0.171 tissAs tissSr 0.65 0.42 0.042
Zn.oto tlength 0.68 0.46 0.031 Cu.oto livCu -0.26 0.07 0.472
As.oto tlength 0.50 0.25 0.144 Zn.oto livCu 0.01 0.00 0.968
Sr.oto tlength -0.23 0.05 0.525 As.oto livCu 0.14 0.02 0.701
Pb.oto tlength 0.64 0.40 0.048 Sr.oto livCu 0.61 0.37 0.064

bod_weight tlength 0.97 0.93 0.000 Pb.oto livCu 0.17 0.03 0.630
Cu.oto tissCu 0.45 0.20 0.195 bod_weight livCu -0.20 0.04 0.575
Zn.oto tissCu 0.36 0.13 0.313 tlength livCu -0.12 0.01 0.750
As.oto tissCu -0.11 0.01 0.771 tissCu livCu -0.30 0.09 0.393
Sr.oto tissCu 0.19 0.03 0.605 tissZn livCu -0.28 0.08 0.425
Pb.oto tissCu 0.47 0.22 0.173 tissAs livCu 0.57 0.33 0.084

bod_weight tissCu 0.70 0.49 0.024 tissSr livCu 0.54 0.30 0.104
tlength tissCu 0.61 0.37 0.060 Cu.oto livZn -0.21 0.05 0.556
Cu.oto tissZn 0.24 0.06 0.500 Zn.oto livZn 0.10 0.01 0.778
Zn.oto tissZn 0.25 0.06 0.493 As.oto livZn 0.20 0.04 0.579
As.oto tissZn -0.25 0.06 0.485 Sr.oto livZn 0.37 0.13 0.297
Sr.oto tissZn 0.25 0.06 0.492 Pb.oto livZn 0.00 0.00 0.992
Pb.oto tissZn 0.34 0.12 0.337 bod_weight livZn -0.27 0.07 0.458

bod_weight tissZn 0.61 0.37 0.062 tlength livZn -0.09 0.01 0.798
tlength tissZn 0.58 0.33 0.080 tissCu livZn -0.45 0.20 0.196
tissCu tissZn 0.94 0.88 0.000 tissZn livZn -0.34 0.12 0.337
Cu.oto tissAs -0.25 0.06 0.492 tissAs livZn 0.56 0.32 0.091
Zn.oto tissAs -0.14 0.02 0.694 tissSr livZn 0.42 0.18 0.225
As.oto tissAs -0.23 0.05 0.527 livCu livZn 0.88 0.78 0.001

Pearson Correlation Coefficients and p-values for Mean 2014 Burbot Trace Element Content, Fish Metrics, and Tissue Data 
from the Great Slave Lake Reference area (n = 10)
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Table C.6: Pearson Correlation Coefficients and p-values for Mean 2014 Burbot Trace Element Content, Fish Metrics, and Tissue Data 
from the Great Slave Lake Reference area (n = 10)

Variable 1 Variable 2 cor (r ) R 2 p
Cu.oto livAs -0.58 0.33 0.080
Zn.oto livAs -0.26 0.07 0.460
As.oto livAs -0.41 0.17 0.239
Sr.oto livAs 0.72 0.52 0.019
Pb.oto livAs 0.09 0.01 0.810

bod_weight livAs -0.13 0.02 0.717
tlength livAs -0.03 0.00 0.938
tissCu livAs -0.01 0.00 0.974
tissZn livAs 0.18 0.03 0.613
tissAs livAs 0.38 0.14 0.281
tissSr livAs 0.48 0.23 0.161
livCu livAs 0.67 0.45 0.033
livZn livAs 0.63 0.40 0.051

Cu.oto livSr -0.37 0.14 0.287
Zn.oto livSr -0.04 0.00 0.904
As.oto livSr 0.05 0.00 0.889
Sr.oto livSr 0.37 0.14 0.290
Pb.oto livSr 0.56 0.32 0.090

bod_weight livSr 0.29 0.09 0.410
tlength livSr 0.27 0.08 0.444
tissCu livSr 0.23 0.05 0.526
tissZn livSr 0.26 0.07 0.467
tissAs livSr -0.02 0.00 0.960
tissSr livSr 0.33 0.11 0.349
livCu livSr 0.50 0.25 0.137
livZn livSr 0.22 0.05 0.536
livAs livSr 0.46 0.21 0.185

NOTES:
1. Yellow-shaded values indicate significant relationships
2. XX.oto = mean otolith content; tissXX = muscle tissue content; bod_weight = body weight; tlength = total length; hsi = heptaosomatic index
3. As = arsenic, Cu = copper, Pb = lead, Sr = strontium, Zn = zinc



262

Table C.6: Pearson Correlation Coefficients and p-values for Mean 2014 Burbot Trace Element Content, Fish Metrics, and Tissue Data 
from the Great Slave Lake Reference area (n = 10)
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APPENDIX D: 

Statistical Models and Results for Slimy Sculpin and Lake Whitefish 
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APPENDIX D1: 

Final Linear Mixed-Effect Models and Results for Slimy Sculpin 
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Introduction. 

All analyses were completed using R 3.5.0 and R Studio 1.1.447. 

Arsenic. 

A linear mixed-effect (LME) model was conducted for mean annual otolith arsenic 

content for all samples at each site. This included 11 samples from the Baker Creek Outlet 

(BCO) Reach 0 (exposure area) and 11 samples from the Yellowknife River (reference area). 

Mean annual otolith arsenic was considered the response variable while sample site, estimated 

age, and fish sex, with their interactions, were considered fixed effects. Random effects were 

modeled over individual samples (i.e., intercepts). Autocorrelation was present and was best 

modeled with a compound symmetry correlation structure with estimated age by individual 

sample. The final model was fit with restricted maximum likelihood estimation (REML) to 

obtain unbiased estimates for model parameters (Zuur et al., 2009). See the following summary. 

 
Call: 
 As.Opt <- lme(As_oto ~ site * EstAge * sex, random = ~ 1 | sample,  
    method = "REML", data = slsc_AgeMetals, correlation = corCompSymm( 
    form = ~EstAge | sample)) 
 
> summary(As.Opt) 
Linear mixed-effects model fit by REML 
 Data: slsc_AgeMetals  
        AIC       BIC   logLik 
  -268.1034 -245.8245 145.0517 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)    Residual 
StdDev:  0.02528851 0.009137231 
 
Correlation Structure: Compound symmetry 
 Formula: ~EstAge | sample  
 Parameter estimate(s): 
Rho  
  0  
 
Fixed effects: As_oto ~ site * EstAge * sex  
                               Value   Std.Error DF    t-value p-value 
(Intercept)               0.03506221 0.012500454 38  2.8048749  0.0079 
siteykriv                 0.05042994 0.018151485 18  2.7782817  0.0124 
EstAge                   -0.00071346 0.002344540 38 -0.3043088  0.7626 



CONTAMINANT EXPOSURE HISTORY  266 

sexmale                   0.01318228 0.016955229 18  0.7774759  0.4470 
siteykriv:EstAge         -0.00848635 0.004260981 38 -1.9916426  0.0536 
siteykriv:sexmale        -0.02228992 0.024294413 18 -0.9174917  0.3710 
EstAge:sexmale           -0.00453038 0.003217784 38 -1.4079180  0.1673 
siteykriv:EstAge:sexmale  0.01106614 0.005209941 38  2.1240434  0.0402 
 
Correlation:  
                         (Intr) stykrv EstAge sexmal sty:EA stykr: EstAg: 
siteykriv                -0.689                                           
EstAge                   -0.377  0.259                                    
sexmale                  -0.737  0.508  0.278                             
siteykriv:EstAge          0.207 -0.423 -0.550 -0.153                      
siteykriv:sexmale         0.515 -0.747 -0.194 -0.698  0.316               
EstAge:sexmale            0.274 -0.189 -0.729 -0.381  0.401  0.266        
siteykriv:EstAge:sexmale -0.169  0.346  0.450  0.235 -0.818 -0.404 -0.618 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-1.99542674 -0.44534494 -0.06318561  0.39978197  2.44565863  
 
Number of Observations: 64 
Number of Groups: 22  
 
> intervals(As.Opt) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                                 lower          est.        upper 
(Intercept)               0.0097563629  0.0350622084 0.0603680540 
siteykriv                 0.0122950830  0.0504299377 0.0885647925 
EstAge                   -0.0054597362 -0.0007134639 0.0040328083 
sexmale                  -0.0224393317  0.0131822819 0.0488038955 
siteykriv:EstAge         -0.0171122568 -0.0084863516 0.0001395537 
siteykriv:sexmale        -0.0733305900 -0.0222899229 0.0287507443 
EstAge:sexmale           -0.0110444376 -0.0045303753 0.0019836869 
siteykriv:EstAge:sexmale  0.0005191667  0.0110661416 0.0216131165 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                       lower       est.    upper 
sd((Intercept)) 0.0001353215 0.02528851 4.725847 
 
 Correlation structure: 
    lower est. upper 
Rho -0.25    0     1 
attr(,"label") 
[1] "Correlation structure:" 
 
 Within-group standard error: 
       lower         est.        upper  
3.928597e-20 9.137231e-03 2.125161e+15  
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With all data included in the optimal model (As.Opt), there was significant variance in 

mean annual otolith arsenic content across individuals (sample intercepts) (SD = 0.025) however 

confidence intervals are large (95% CI: 0.0001, 4.73). There was, on average, higher mean 

annual arsenic content (b = 0.050 µg/g) in slimy sculpin otoliths at the Yellowknife River 

reference area, compared to the BCO Reach 0 exposure area, and this difference was significant 

(t(18) = 2.78, p = 0.012). The model suggested no significant change in mean annual arsenic 

content over time/estimated age (t(38) = -0.30, p = 0.76) and no significant difference in mean 

annual arsenic content between sexes (t(18) = 0.78, p = 0.45). There appeared to be a possible 

interaction between site and estimated age, suggesting a decrease in mean annual arsenic content 

with time at the Yellowknife River, but it was not significant at the 95% level (t(38) = -1.99, p = 

0.054). However, the model also suggested a three-way interaction between site, estimated age, 

and sex, which was significant (t(38) = 2.12, p = 0.040). 

Investigating the three-way interaction further, data were subset by site and by sex, and 

the LME re-run (using the maximum likelihood estimation [ML] due to differing fixed effects). 

See the following summary. 

 
Call: 
 As.bcr0 <- lme(As.oto ~ EstAge * sex, random = ~ 1 | sample, method =  
    "ML", data = slsc_AgeMetals, subset = BCR0subset, correlation =  
    corCompSymm(form = ~EstAge | sample)) 
 
> summary(As.bcr0) 
Linear mixed-effects model fit by maximum likelihood 
 Data: slsc_AgeMetals  
  Subset: BCR0subset  
        AIC      BIC   logLik 
  -162.2715 -151.796 88.13577 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)    Residual 
StdDev:  0.02970845 0.009591605 
 
Correlation Structure: Compound symmetry 
 Formula: ~EstAge | sample  
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 Parameter estimate(s): 
Rho  
  0  
 
Fixed effects: As.oto ~ EstAge * sex  
                     Value   Std.Error DF    t-value p-value 
(Intercept)     0.03515120 0.015377255 20  2.2859220  0.0333 
EstAge         -0.00077220 0.002628570 20 -0.2937735  0.7720 
sexmale         0.01320708 0.020851000  9  0.6334029  0.5422 
EstAge:sexmale -0.00455725 0.003607365 20 -1.2633195  0.2210 
 Correlation:  
               (Intr) EstAge sexmal 
EstAge         -0.343               
sexmale        -0.737  0.253        
EstAge:sexmale  0.250 -0.729 -0.347 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-1.94614360 -0.38933136  0.03296303  0.39385522  2.29348487  
 
Number of Observations: 33 
Number of Groups: 11  
 
> intervals(As.bcr0) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                      lower          est.       upper 
(Intercept)     0.005081613  0.0351512043 0.065220796 
EstAge         -0.005912266 -0.0007722043 0.004367858 
sexmale        -0.031010162  0.0132070839 0.057424330 
EstAge:sexmale -0.011611309 -0.0045572543 0.002496800 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                       lower       est.    upper 
sd((Intercept)) 1.273076e-05 0.02970845 69.32754 
 
 Correlation structure: 
    lower est. upper 
Rho -0.25    0   NaN 
attr(,"label") 
[1] "Correlation structure:" 
 
 Within-group standard error: 
       lower         est.        upper  
5.417735e-35 9.591605e-03 1.698106e+30 
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Call: 
 As.ykriv <- lme(As.oto ~ EstAge * sex, random = ~ 1 | sample, method =  
    "ML", data = slsc_AgeMetals, subset = YKRIVsubset, correlation =  
    corCompSymm(form = ~EstAge | sample)) 
 
> summary(As.ykriv) 

Linear mixed-effects model fit by maximum likelihood 
 Data: slsc_AgeMetals  
  Subset: YKRIVsubset 

        AIC       BIC   logLik 
  -177.5766 -167.5387 95.78832 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)    Residual 
StdDev:  0.01251947 0.007578037 
 
Correlation Structure: Compound symmetry 
 Formula: ~EstAge | sample  
 Parameter estimate(s): 
Rho  
  0  
Fixed effects: As_oto ~ EstAge * sex  
                     Value   Std.Error DF   t-value p-value 
(Intercept)     0.08554626 0.008461814 18 10.109683  0.0000 
EstAge         -0.00931333 0.003129870 18 -2.975629  0.0081 
sexmale        -0.00904043 0.010936196  9 -0.826653  0.4298 
EstAge:sexmale  0.00652966 0.003605975 18  1.810790  0.0869 
 Correlation:  
               (Intr) EstAge sexmal 
EstAge         -0.639               
sexmale        -0.774  0.495        
EstAge:sexmale  0.555 -0.868 -0.600 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-2.1315563 -0.5544724 -0.1717333  0.4390702  1.9174976  
 
Number of Observations: 31 
Number of Groups: 11  
 
> intervals(As.ykriv) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                       lower         est.        upper 
(Intercept)     0.0689551918  0.085546265  0.102137338 
EstAge         -0.0154500631 -0.009313330 -0.003176598 
sexmale        -0.0321286362 -0.009040435  0.014047767 
EstAge:sexmale -0.0005405673  0.006529664  0.013599895 
attr(,"label") 
[1] "Fixed effects:" 
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 Random Effects: 
  Level: sample  
                       lower       est.    upper 
sd((Intercept)) 8.480359e-07 0.01251947 184.8238 
 
 Correlation structure: 
    lower est. upper 
Rho -0.25    0     1 
attr(,"label") 
[1] "Correlation structure:" 
 
 
 Within-group standard error: 
       lower         est.        upper  
3.268176e-14 7.578037e-03 1.757146e+09 
 

 

At the BCO Reach 0, there was no significant change in mean annual arsenic content 

over time (estimated age), or between sexes, and no interaction between sex and estimated. At 

the Yellowknife River, there was a significant decrease in mean annul arsenic content over time 

(b = -0.009 µg/g, t(18) = -2.98, p = 0.008), but no difference between sexes, and no interaction 

between estimated age and sex. 

 
Call: 
 As.male <- lme(As.oto ~ EstAge * sex, random = ~ 1 | sample, method =  
    "ML", data = slsc_AgeMetals, subset = MaleSubset, correlation =  
    corCompSymm(form = ~EstAge | sample)) 
 
> summary(As.male) 
Linear mixed-effects model fit by maximum likelihood 
 Data: MaleSubset  
        AIC       BIC   logLik 
  -203.3982 -192.1218 108.6991 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)    Residual 
StdDev:  0.02138916 0.007668021 
 
Correlation Structure: Compound symmetry 
 Formula: ~EstAge | sample  
 Parameter estimate(s): 
Rho  
  0  
Fixed effects: As_oto ~ site * EstAge  
                       Value   Std.Error DF   t-value p-value 
(Intercept)       0.04825318 0.010244247 23  4.710271  0.0001 
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siteykriv         0.02813013 0.014441283 10  1.947897  0.0800 
EstAge           -0.00525037 0.001958593 23 -2.680687  0.0134 
siteykriv:EstAge  0.00258749 0.002664206 23  0.971205  0.3415 
 Correlation:  
                 (Intr) stykrv EstAge 
siteykriv        -0.709               
EstAge           -0.384  0.272        
siteykriv:EstAge  0.282 -0.377 -0.735 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-2.38207895 -0.43024809 -0.02613253  0.42749371  2.91078017  
 
Number of Observations: 37 
Number of Groups: 12  
 
> intervals(As.male) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                        lower         est.        upper 
(Intercept)       0.028239598  0.048253178  0.068266759 
siteykriv        -0.002258011  0.028130131  0.058518272 
EstAge           -0.009076762 -0.005250375 -0.001423988 
siteykriv:EstAge -0.002617411  0.002587491  0.007792392 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                      lower       est.      upper 
sd((Intercept)) 0.005946102 0.02138916 0.07694055 
 
 Correlation structure: 
    lower est. upper 
Rho -0.25    0     1 
attr(,"label") 
[1] "Correlation structure:" 
 
 Within-group standard error: 
       lower         est.        upper  
6.263418e-07 7.668021e-03 9.387615e+01 
 
Call: 
 As.female <- lme(As.oto ~ EstAge * sex, random = ~ 1 | sample, method =  
    "ML", data = slsc_AgeMetals, subset = FemaleSubset, correlation =  
    corCompSymm(form = ~EstAge | sample)) 
 
> summary(As.female) 
Linear mixed-effects model fit by maximum likelihood 
 Data: FemaleSubset  
        AIC       BIC   logLik 
  -130.3454 -121.2745 72.17269 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)   Residual 
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StdDev:  0.02431505 0.01001461 
 
Correlation Structure: Compound symmetry 
 Formula: ~EstAge | sample  
 Parameter estimate(s): 
Rho  
  0  
Fixed effects: As_oto ~ site * EstAge  
                       Value   Std.Error DF    t-value p-value 
(Intercept)       0.03493274 0.013369594 15  2.6128501  0.0196 
siteykriv         0.05057092 0.019529370  8  2.5894806  0.0321 
EstAge           -0.00062806 0.002779256 15 -0.2259813  0.8243 
siteykriv:EstAge -0.00859448 0.005050508 15 -1.7017061  0.1094 
 Correlation:  
                 (Intr) stykrv EstAge 
siteykriv        -0.685               
EstAge           -0.418  0.286        
siteykriv:EstAge  0.230 -0.467 -0.550 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-1.4797010 -0.5420393 -0.1224209  0.4734253  1.8831655  
 
Number of Observations: 27 
Number of Groups: 10  
 
> intervals(As.female) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                        lower          est.       upper 
(Intercept)       0.008631560  0.0349327447 0.061233929 
siteykriv         0.009005678  0.0505709227 0.092136167 
EstAge           -0.006095521 -0.0006280599 0.004839401 
siteykriv:EstAge -0.018530034 -0.0085944797 0.001341075 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                      lower       est.     upper 
sd((Intercept)) 0.001674461 0.02431505 0.3530819 
 
 Correlation structure: 
    lower est. upper 
Rho -0.25    0     1 
attr(,"label") 
[1] "Correlation structure:" 
 
 Within-group standard error: 
       lower         est.        upper  
1.788332e-09 1.001461e-02 5.608159e+04 
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For Males, the model suggested slightly higher mean annual arsenic content at the 

Yellowknife River but it was not significant (b = 0.028 µg/g, t(10) = 1.95, p = 0.080). A 

significant decrease in mean annual arsenic content over time (estimate age) was also suggested 

for Males (b = -0.005 µg/g, t(23) = -2.68, p = 0.013) but  no interaction between site and 

estimated age. For Females, the model suggested significantly higher mean annual arsenic 

content at the Yellowknife River (b = 0.051 µg/g, t(8) = 2.59, p = 0.032), but no significant 

change over time/estimated age, and no interaction between site and estimated age. 

 

Copper. 

An LME model was conducted for mean annual otolith copper content for all samples at 

each site. This included 11 samples from the BCO Reach 0 (exposure area) and 11 samples from 

the Yellowknife River (reference area). In the optimal model, mean annual otolith copper was 

considered the response variable while sample site and estimated age were considered fixed 

effects. Random effects were modeled over individual samples (i.e., intercepts) while a 

combination variance structure was used to model the variance of mean annual copper content by 

sample site and by estimated age as a variance covariate. No autocorrelation was present. The 
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final model was fit with REML to obtain unbiased estimates for model parameters (Zuur et al., 

2009). See the following summary. 

 
Call: 
 Cu.Opt <- lme(Cu_oto ~ site + EstAge, random = ~ 1 | sample, weights =  
    varIdent(form = ~ 1 | EstAge), method = "REML", data =  
    slsc_AgeMetals) 
 

> summary(Cu.Opt) 
Linear mixed-effects model fit by REML 
 Data: slsc_AgeMetals  
       AIC       BIC  logLik 
  -221.878 -207.1019 117.939 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)   Residual 
StdDev:  0.02686993 0.05276285 
 
Combination of variance functions:  
 Structure: Different standard deviations per stratum 
 Formula: ~1 | site  
 Parameter estimates: 
    bcr0    ykriv  
1.000000  1.603881  
 
 Structure: Exponential of variance covariate 
 Formula: ~EstAge  
 Parameter estimates: 
 
     expon  
-0.4704925  
Fixed effects: Cu_oto ~ site + EstAge  
                  Value   Std.Error DF   t-value p-value 
(Intercept)  0.13134456 0.010887240 41 12.064082  0.0000 
siteykriv    0.02162370 0.013456360 20  1.606950  0.1237 
EstAge      -0.00825797 0.002331601 41 -3.541761  0.0010 
  
  
 Correlation:  
          (Intr) stykrv 
siteykriv -0.540        
EstAge    -0.577 -0.001 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-1.40132950 -0.44683526 -0.09646351  0.35762508  3.68614877  
 
Number of Observations: 64 
Number of Groups: 22  
 
> intervals(Cu.Opt) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
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                   lower         est.       upper 
(Intercept)  0.109357330  0.131344557  0.15333178 
siteykriv   -0.006445779  0.021623697  0.04969317 
EstAge      -0.012966736 -0.008257973 -0.00354921 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                     lower       est.      upper 
sd((Intercept)) 0.01673394 0.02686993 0.04314542 
 
 Variance function: 
             lower       est.     upper 
A.ykriv  1.0001151  1.6038810  2.572138 
B.expon -0.7109661 -0.4704925 -0.230019 
attr(,"label") 
[1] "Variance function:" 
 
 Within-group standard error: 
     lower       est.      upper  
0.02949883 0.05276285 0.09437383 

 

With all data included in the optimal model (Cu.opt), there was, on average, slightly 

higher mean annual copper content (b = 0.022 ug/g) in slimy sculpin otoliths at the Yellowknife 

River reference area, than the BCO Reach 0 exposure area, but this difference was not significant 

(t(20) = 1.61, p = 0.12). A significant decrease in mean annual copper content with estimated age 

was suggested (b = -0.008 ug/g; t(41) = -3.54, p = 0.001). The model also implied significant 

variance in mean annual copper content between individuals (sample intercepts; SD = 0.027, 

95% CI: 0.017, 0.043), and between sample sites, with the Yellowknife River having more 

variance than the BCO Reach 0 (SD = 1.60 times [95% CI: 1.00, 2.57]). The model also implied 

a decrease in variance with estimated age (SD = -0.47, [95% CI: -0.71, -0.23]).  

However, one sample (SLSC 440) appeared as an outlier in the all-data optimal model. 

SLSC 440 had considerably high Year 1 copper content relative to its Year 2, and to all other 

samples. To evaluate the effect of this outlier on the model, data from Sample 440 were excluded 
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and the model was re-run; mean annual copper data met assumption of normality with SLSC 440 

excluded. See the following summary. 

Call: 
 Cu.Opt_no440 <- lme(Cu_oto ~ site + EstAge, random = ~ 1 | sample,  
    method = "REML", data = slsc_AgeMetals_no440) 
 
> summary(Cu.Opt_no440) 
Linear mixed-effects model fit by REML 
 Data: slsc_AgeMetals_no440  
        AIC       BIC   logLik 
  -244.7162 -234.3285 127.3581 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)   Residual 
StdDev:  0.02517528 0.01919821 
 
Fixed effects: Cu_oto ~ site + EstAge  
                  Value   Std.Error DF   t-value p-value 
(Intercept)  0.13634102 0.009733414 40 14.007522  0.0000 
siteykriv    0.01410885 0.012152866 19  1.160948  0.2600 
EstAge      -0.01013925 0.002463555 40 -4.115700  0.0002 
  
Correlation:  
          (Intr) stykrv 
siteykriv -0.594        
EstAge    -0.513  0.007 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-1.7126304 -0.6613557 -0.1480009  0.5754182  2.1631344  
 
Number of Observations: 62 
Number of Groups: 21  
 
> intervals(Cu.Opt_no440) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                  lower        est.        upper 
(Intercept)  0.11666906  0.13634102  0.156012986 
siteykriv   -0.01132739  0.01410885  0.039545085 
EstAge      -0.01511829 -0.01013925 -0.005160223 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                   lower       est.     upper 
sd((Intercept)) 0.017194 0.02517528 0.0368614 
 
 Within-group standard error: 
     lower       est.      upper  
0.01545769 0.01919821 0.02384387  
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Excluding SLSC 440, there was still slightly higher mean annual copper content  

(b = 0.014) at the Yellowknife River, compared to the BCO Reach 0, but the difference was still 

not significant (t(19) = 1.16, p = 0.26). The model still suggested a significant decrease in mean 

annual copper content with estimated age (b = -0.010 ug/g; t(40) = -4.12, p = 0.0002).  

Excluding SLSC 440, there was still significant variance in mean annual copper content 

across individuals (sample intercepts; SD = 0.025 [95% CI: 0.017, 0.037]) however a distinct 

variance structure was not needed to model the variance of mean annual copper content by 

sample site and by estimated age as a variance covariate. With the random effect of ‘sample’ 

included in the model, there was no significant variance across estimated ages, or between sites, 

with SLSC 440 excluded. Hence, SLSC 440 was an outlier and significantly affected variance 

estimates between sites and over estimated ages. 

In either model, with all data or without SLSC 440, there was no interaction between site 

and estimated age, implying the change in mean annual copper content over time did not differ 

between the BCO Reach 0 and the Yellowknife River; this interaction term was dropped from 

the final models. There was also no significant difference between sexes in mean annual copper 

content (t(18) = 0.41, p = 0.67) and this predictor variable was dropped from the final models. 

Strontium. 

An LME model was conducted for mean annual otolith strontium content for all samples 

at each site. This included 11 samples from the BCO Reach 0 (exposure area) and 11 samples 

from the Yellowknife River (reference area). In the optimal model, mean annual otolith 

strontium was considered the response variable while sample site, estimated age, and sex were 

considered fixed effects. Random effects were modeled over individual samples (i.e., intercepts). 
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Mean annual strontium content met assumptions of normality but not homogeneity of variances; 

transformation did not improve fit. A variance structure was used to model the variance of mean 

annual copper content by sample site. No autocorrelation was present. The final model was fit 

with REML to obtain unbiased estimates for model parameters (Zuur et al., 2009). See the 

following summary. 

 
Call: 
 Sr.Opt <- lme(Sr_oto ~ site + EstAge + sex, random = ~ 1 | sample,  
    weights = varIdent(form = ~ 1 | site), method = "REML", data =  
    slsc_AgeMetals) 
 
> summary(Sr.Opt) 
Linear mixed-effects model fit by REML 
 Data: slsc_AgeMetals  
       AIC      BIC    logLik 
  709.9884 724.6488 -347.9942 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept) Residual 
StdDev:    21.08513 110.5371 
 
Variance function: 
 Structure: Different standard deviations per stratum 
 Formula: ~1 | site  
 Parameter estimates: 
     bcr0     ykriv  
1.0000000 0.3563229  
 
Fixed effects: Sr_oto ~ site + EstAge + sex  
               Value Std.Error DF   t-value p-value 
(Intercept) 760.1650 26.111987 41 29.111726  0.0000 
siteykriv   -15.6865 22.585307 19 -0.694543  0.4957 
EstAge       23.9247  6.604739 41  3.622347  0.0008 
sexmale     -39.9903 17.813302 19 -2.244971  0.0369 
  
Correlation:  
          (Intr) stykrv EstAge 
siteykriv -0.715               
EstAge    -0.504  0.045        
sexmale   -0.311 -0.035 -0.113 
 
Standardized Within-Group Residuals: 
        Min          Q1         Med          Q3         Max  
-2.13489849 -0.55399746 -0.02082051  0.50422872  1.82308765  
 
Number of Observations: 64 
Number of Groups: 22  
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> intervals(Sr.Opt) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                lower      est.      upper 
(Intercept) 707.43077 760.16500 812.899230 
siteykriv   -62.95806 -15.68647  31.585120 
EstAge       10.58612  23.92466  37.263199 
sexmale     -77.27401 -39.99034  -2.706674 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                   lower     est.    upper 
sd((Intercept)) 7.605275 21.08513 58.45716 
 
 Variance function: 
          lower      est.     upper 
ykriv 0.2376667 0.3563229 0.5342186 
attr(,"label") 
[1] "Variance function:" 
 
 Within-group standard error: 
    lower      est.     upper  
 86.17633 110.53705 141.78417  
 

 

With all data included in the optimal model (Sr.Opt), there was, on average, lower mean 

annual strontium content (b = -15.69 ug/g) in slimy sculpin otoliths at the Yellowknife River 

reference area than the BCO Reach 0 exposure area, but this difference was not significant  

(t(19) = -0.69, p = 0.50). There was, however, a significant increase in mean annual strontium 

content with estimated age (b = 23.92 ug/g; t(41) = 3.62, p = 0.0008), and there was a significant 

difference between sexes (t(19) = -2.24, p = 0.037) with males having, on average, less mean 

annual strontium than females (b = -39.99ug/g). There were no significant interactions between 

site and estimated age, site and sex, or estimated age and sex, and these interaction terms were 

dropped from the final model. 

The model also implied variance in mean annual strontium content across individuals 

(sample intercepts) (SD = 21.46 [95% CI: 7.61, 58.46]) but the effect was not significant. 
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Variance in mean annual strontium content varied by site, however, and there was significantly 

less variance in mean annual strontium at the Yellowknife River (SD = 0.36 [95% CI: 0.24, 

0.53]) than the BCO Reach 0. 

Zinc. 

An LME model was conducted for mean annual otolith copper content for all samples at 

each site. This included 11 samples from the BCO Reach 0 (exposure area) and 11 samples from 

the Yellowknife River (reference area). In the optimal model, mean annual otolith copper was 

considered the response variable while sample site and estimated age were considered fixed 

effects. Random effects were modeled over individual samples (i.e., intercepts). Mean annual 

zinc content did not meet assumptions of normality for Yellowknife River only however data 

met assumptions of homogeneity of variance. No autocorrelation was present. The final model 

was fit with REML to obtain unbiased estimates for model parameters (Zuur et al., 2009). See 

the following summary. 

 
Call: 
 Zn.Opt <- lme(Zn_oto ~ site + EstAge, random = ~ 1 | sample, method =  
   "REML", data = slsc_AgeMetals) 
 
> summary(Zn.Opt) 
Linear mixed-effects model fit by REML 
 Data: slsc_AgeMetals  
        AIC       BIC   logLik 
  -65.16488 -54.61052 37.58244 
 
Random effects: 
 Formula: ~1 | sample 
        (Intercept)  Residual 
StdDev:  0.07661652 0.1022906 
 
Fixed effects: Zn_oto ~ site + EstAge  
                 Value  Std.Error DF   t-value p-value 
(Intercept)  0.4721973 0.03946224 41 11.965800  0.0000 
siteykriv   -0.0625713 0.04213286 20 -1.485094  0.1531 
EstAge       0.0586080 0.01268827 41  4.619070  0.0000 
  
Correlation:  
          (Intr) stykrv 
siteykriv -0.539        
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EstAge    -0.663  0.022 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-1.8605892 -0.6147383 -0.1596812  0.6709428  2.2520210  
 
Number of Observations: 64 
Number of Groups: 22  
 
> intervals(Zn.Opt) 
Approximate 95% confidence intervals 
 
 Fixed effects: 
                  lower        est.      upper 
(Intercept)  0.39250171  0.47219733 0.55189294 
siteykriv   -0.15045887 -0.06257126 0.02531634 
EstAge       0.03298352  0.05860800 0.08423248 
attr(,"label") 
[1] "Fixed effects:" 
 
 Random Effects: 
  Level: sample  
                     lower       est.     upper 
sd((Intercept)) 0.04515743 0.07661652 0.1299917 
 
 Within-group standard error: 
     lower       est.      upper  
0.08250805 0.10229056 0.12681622  
 

 

With all data included in the optimal model (Zn.Opt), there was, on average, slightly 

lower mean annual zinc content at the Yellowknife River reference area (b = -0.063 ug/g), 

compared to the BCO Reach 0 exposure area, but the difference was not significant  

(t(20) = -1.49, p = 0.15). However, the model implied a significant increase in mean annual zinc 

content with estimated age (b = 0.059 ug/g; t(41) = -4.20, p = 0.001). There was also significant 

variance in mean annual zinc content across individuals (sample intercepts) (SD = 0.077 [95% 

CI: 0.045, 0.130], X2(10) = 19.76, p < 0.001), but no significant variance across estimated ages; 

model fit did not significantly improve when variance was modeled across estimated ages with 

the random effect of ‘sample’ (X2(14) = 4.73, p = 0.094). This implies the change in mean 

annual zinc content is not significantly different between individuals (i.e., similar change 

[increase] over time). 
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There was no interaction between site and estimated age, implying the change in mean 

annual zinc content over time did not differ between the BCO Reach 0 and the Yellowknife 

River; this interaction term was dropped from the final model. There was also no significant 

difference between sexes in mean annual zinc content (t(19) = -0.81, p = 0.43) and this predictor 

variable was dropped from the final model. 
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APPENDIX D2: 

Final ANCOVA Models and Results for Lake Whitefish 
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Introduction. 

All analyses were completed using R 3.5.0 and R Studio 1.1.447. 

Arsenic. 

Three-way factorial analysis of covariance (ANCOVA) was used to evaluate differences 

in lake whitefish mean 2012 otolith arsenic content between sample sites. This included nine 

samples from the Baker Creek Outlet (BC Outlet; exposure area) and 10 samples from 

Horseshoe Island (reference area); one sample from the exposure area (BC10) could not be aged 

post-ablation and was excluded. Mean 2012 otolith arsenic was considered the response variable 

while sample site was considered the predictor variable with covariates of fork length, sex, and 

muscle tissue arsenic content. An interaction between site and sex was not tested for given the 

unbalanced design (i.e., two females and seven males at the BC Outlet and six females and four 

males at Horseshoe Island). See the following summary. 

 
Call: 
 lwfAOV.As <- aov(As.oto ~ site * tissAs + flength + sex, data =  
    lwfLastYear) 
 
> Anova(lwfAOV.As, type = "III") 
Anova Table (Type III tests) 
 
Response: As.oto 
               Sum Sq Df F value    Pr(>F)     
(Intercept) 0.0004274  1  2.2131 0.1606940     
site        0.0053580  1 27.7470 0.0001522 *** 
tissAs      0.0025427  1 13.1677 0.0030592 **  
flength     0.0001049  1  0.5433 0.4741428     
sex         0.0021388  1 11.0758 0.0054460 **  
site:tissAs 0.0029789  1 15.4265 0.0017331 **  
Residuals   0.0025103 13                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> summary.lm(lwfAOV.As, correlation = TRUE) 
Call: 
aov(formula = As.oto ~ site * tissAs + flength + sex, data = lwfLastYear) 
 
Residuals: 
       Min         1Q     Median         3Q        Max  
-0.0215673 -0.0058426 -0.0008115  0.0058489  0.0283172  
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Coefficients: 
                  Estimate Std. Error t value Pr(>|t|)     
(Intercept)      0.0983140  0.0660869   1.488 0.160694     
sitehs-i        -0.0943633  0.0179141  -5.268 0.000152 *** 
tissAs          -0.2240693  0.0617487  -3.629 0.003059 **  
flength          0.0001054  0.0001430   0.737 0.474143     
sexMale         -0.0354178  0.0106423  -3.328 0.005446 **  
sitehs-i:tissAs  0.4339737  0.1104918   3.928 0.001733 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.0139 on 13 degrees of freedom 
Multiple R-squared:  0.824, Adjusted R-squared:  0.7564  
F-statistic: 12.18 on 5 and 13 DF,  p-value: 0.0001574 
 
Correlation of Coefficients: 
                (Intercept) sitehs-i tissAs flength sexMale 
sitehs-i        -0.54                                       
tissAs          -0.54        0.45                           
flength         -0.99        0.43     0.46                  
sexMale         -0.30        0.60    -0.17   0.23           
sitehs-i:tissAs  0.39       -0.91    -0.38  -0.30   -0.57   
 
> confint(lwfAOV.As, by = "site", level = 0.95) 
                        2.5 %        97.5 % 
(Intercept)     -0.0444580380  0.2410860118 
sitehs-i        -0.1330643878 -0.0556622625 
tissAs          -0.3574692666 -0.0906692736 
flength         -0.0002035046  0.0004143009 
sexMale         -0.0584090695 -0.0124266174 
sitehs-i:tissAs  0.1952706450  0.6726766731 
 
> omega_sq(lwfAOV.As, ci.lvl = 0.95) 
# A tibble: 5 x 4 
  term        omegasq conf.low conf.high 
  <chr>         <dbl>    <dbl>     <dbl> 
1 site        0.144     0.0532     0.635 
2 tissAs      0.354     0.233      0.771 
3 flength     0.0454      NA       0.479 
4 sex         0.00993     NA       0.367 
5 site:tissAs 0.193     0.0954     0.679 
 

 

The model suggested a significant main effect of site on the mean 2012 otolith arsenic 

content (F(1, 13) = 27.75, p = 0.0002, ω2 = 0.144). However, there was a significant interaction 

effect between site and the muscle tissue arsenic content on the otolith arsenic content  

(F(1, 13) = 15.43, p = 0.002, ω2 = 0.193), which indicates that otolith arsenic content at the two 

sites were affected differently by muscle tissue arsenic content. Post-hoc tests showed adjusted 
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estimated marginal mean (EMM) otolith arsenic was higher at the BC Outlet (0.094 ug/g; 95% 

CIs: 0.080, 0.106) than Horseshoe Island (0.057 ug/g; 95% CIs: 0.047, 0.068). At the BC Outlet 

otolith arsenic content also tended to decrease with increasing tissue content (-0.224 ug/g; 95% 

CIs: -0.357, -0.091), which was significant (t(13) = -3.93, p = 0.002). See the following post-hoc 

summary. 

 
> emmeans(lwfAOV.As, specs = pairwise ~ site | tissAs) 
$emmeans 
tissAs = 0.1363158: 
 site     emmean          SE df   lower.CL   upper.CL 
 bco  0.09264730 0.005894327 13 0.07991338 0.10538122 
 hs-i 0.05744143 0.004949536 13 0.04674861 0.06813426 
 
Results are averaged over the levels of: sex  
Confidence level used: 0.95  
 
$contrasts 
tissAs = 0.1363158: 
 contrast     estimate          SE df t.ratio p.value 
 bco - hs-i 0.03520586 0.007670971 13   4.589  0.0005 
 
Results are averaged over the levels of: sex  
 
> emtrends(lwfAOV.As, specs = pairwise ~ site | tissAs, var = "tissAs") 
$emtrends 
tissAs = 0.1363158: 
 site tissAs.trend         SE df    lower.CL    upper.CL 
 bco    -0.2240693 0.06174872 13 -0.35746927 -0.09066927 
 hs-i    0.2099044 0.10379591 13 -0.01433304  0.43414182 
 
Results are averaged over the levels of: sex  
Confidence level used: 0.95  
 
$contrasts 
tissAs = 0.1363158: 
 contrast     estimate        SE df t.ratio p.value 
 bco - hs-i -0.4339737 0.1104918 13  -3.928  0.0017 
 
Results are averaged over the levels of: sex 
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The ANCOVA model also suggested a significant main effect of fish sex on the mean 

2012 otolith arsenic content (F(1, 13) = 11.08, p = 0.005) though the effect size is considered 

small (ω2 = 0.010). Post-hoc tests suggested female lake whitefish tend to have higher otolith 

arsenic content (EMM 0.093 ug/g; 95% CIs: 0.076, 0.110) than males (EMM 0.057 ug/g; 95% 

CIs: 0.047, 0.068) and the difference was significant (t(13) = 3.33, p = 0.005). However, sample 

size for males and females was not even (i.e., eight females versus 11 males), and the result is 

interpreted with caution. See the following post-hoc summary. 

 
> emmeans(lwfAOV.As, specs = list("sex")) 
$`emmeans of sex` 
 sex        emmean          SE df   lower.CL   upper.CL 
 Female 0.09275329 0.007878290 13 0.07573328 0.10977330 
 Male   0.05733544 0.004937673 13 0.04666825 0.06800264 
 
Results are averaged over the levels of: site  
Confidence level used: 0.95 
 
> pairs(As.postHoc.sex) 
$`emmeans of sex` 
 contrast        estimate         SE df t.ratio p.value 
 Female - Male 0.03541784 0.01064227 13   3.328  0.0054 
 
Results are averaged over the levels of: site  
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Copper. 

Three-way factorial ANCOVA was used to evaluate differences in lake whitefish mean 

2012 otolith copper content between sample sites. This included nine samples from the BC 

Outlet (exposure area) and 10 samples from Horseshoe Island (reference area); one sample from 

the exposure area (BC10) could not be aged post-ablation and was excluded. Mean 2012 otolith 

copper was considered the response variable while sample site was considered the predictor 

variable with covariates of hepatosomatic index (HSI) and sex. Mean 2012 otolith copper data 

did not meet assumptions of normality at Horseshoe Island and residuals were not normally 

distributed so the data were log transformed.  

The model suggested no significant effect of sample site on log mean 2012 otolith copper 

content, and no significant effect of HSI or sex, or an interaction between site and HSI. Effect 

sizes were small for site (ω2 = -0.015) and sex (ω2 = -0.034), and large for HSI (ω2 = 0.220). See 

the following summary. 
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Call: 
 lwfAOV.Cu.L <- aov(log(Cu.oto) ~ site * hsi + sex, data = lwfLastYear) 
 
> Anova(lwfAOV.Cu.L, type = "III") 
 
Anova Table (Type III tests) 
 
Response: log10(Cu.oto) 
             Sum Sq Df F value   Pr(>F)    
(Intercept) 1.96183  1  9.3409 0.008543 ** 
site        0.00071  1  0.0034 0.954592    
hsi         0.42077  1  2.0034 0.178806    
sex         0.05107  1  0.2432 0.629573    
site:hsi    0.00000  1  0.0000 0.999652    
Residuals   2.94037 14                     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> summary.lm(lwfAOV.Cu.L, correlation = TRUE) 
Call: 
aov(formula = log10(Cu.oto) ~ site * hsi + sex, data = lwfLastYear) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-0.5327 -0.3135  0.0105  0.2341  0.9122  
 
Coefficients: 
               Estimate Std. Error t value Pr(>|t|)    
(Intercept)  -1.8756771  0.6137107  -3.056  0.00854 ** 
sitehs-i     -0.0470004  0.8107656  -0.058  0.95459    
hsi           0.8745192  0.6178542   1.415  0.17881    
sexMale      -0.1238242  0.2511041  -0.493  0.62957    
sitehs-i:hsi -0.0003639  0.8194727   0.000  0.99965    
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.4583 on 14 degrees of freedom 
Multiple R-squared:  0.3234, Adjusted R-squared:  0.1301  
F-statistic: 1.673 on 4 and 14 DF,  p-value: 0.2119 
 
Correlation of Coefficients: 
             (Intercept) sitehs-i hsi   sexMale 
sitehs-i     -0.59                              
hsi          -0.92        0.66                  
sexMale      -0.39       -0.12     0.08         
sitehs-i:hsi  0.59       -0.96    -0.73  0.20  
 
omega_sq(lwfAOV.Cu.3) 
# A tibble: 4 x 4 
  term     omegasq conf.low conf.high 
  <chr>      <dbl>    <dbl>     <dbl> 
1 site     -0.0152       NA     0.290 
2 hsi       0.220        NA     0.518 
3 sex      -0.0344       NA     0.238 
4 site:hsi -0.0461       NA    NA   
 



CONTAMINANT EXPOSURE HISTORY  290 

Lead. 

Three-way factorial ANCOVA was used to evaluate differences in lake whitefish mean 

2012 otolith lead content between sample sites. This included nine samples from the BC Outlet 

(exposure area) and 10 samples from Horseshoe Island (reference area); one sample from the 

exposure area (BC10) could not be aged post-ablation and was excluded. Mean 2012 otolith lead 

was considered the response variable while sample site was considered the predictor variable 

with covariates of hepatosomatic index (HSI). Mean 2012 otolith lead data did not meet 

assumptions of normality at Horseshoe Island and residuals were not normally distributed so the 

data were log transformed. See the following summary. 

 
Call: 
 lwfAOV.Pb.L <- aov(log10(Pb.oto) ~ site * hsi + sex, data = lwfLastYear) 
 
> Anova(lwfAOV.Pb.L, type = "III")  
Anova Table (Type III tests) 
 
Response: log10(Pb.oto) 
            Sum Sq Df F value    Pr(>F)     
(Intercept) 5.9342  1 42.3075 1.392e-05 *** 
site        0.0055  1  0.0392   0.84591     
hsi         0.7323  1  5.2211   0.03843 *   
sex         0.0000  1  0.0000   0.99771     
site:hsi    0.0547  1  0.3897   0.54250     
Residuals   1.9637 14                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> summary.lm(lwfAOV.Pb.L, correlation = TRUE) 
Call: 
aov(formula = log10(Pb.oto) ~ site * hsi + sex, data = lwfLastYear) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-0.48730 -0.19233 -0.07493  0.10695  0.68913  
 
Coefficients: 
               Estimate Std. Error t value Pr(>|t|)     
(Intercept)  -3.2621737  0.5015317  -6.504 1.39e-05 *** 
sitehs-i      0.1311737  0.6625673   0.198   0.8459     
hsi           1.1537179  0.5049178   2.285   0.0384 *   
sexMale      -0.0005993  0.2052053  -0.003   0.9977     
sitehs-i:hsi -0.4180500  0.6696829  -0.624   0.5425     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Residual standard error: 0.3745 on 14 degrees of freedom 
Multiple R-squared:  0.3808, Adjusted R-squared:  0.2038  
F-statistic: 2.152 on 4 and 14 DF,  p-value: 0.128 
 
Correlation of Coefficients: 
             (Intercept) sitehs-i hsi   sexMale 
sitehs-i     -0.59                              
hsi          -0.92        0.66                  
sexMale      -0.39       -0.12     0.08         
sitehs-i:hsi  0.59       -0.96    -0.73  0.20 
 
> omega_sq(lwfAOV.Pb.L, ci.lvl = 0.95) 
# A tibble: 4 x 4 
  term     omegasq conf.low conf.high 
  <chr>      <dbl>    <dbl>     <dbl> 
1 site     -0.0303  NA          0.243 
2 hsi       0.293    0.0144     0.567 
3 sex      -0.0417  NA          0.127 
4 site:hsi -0.0259  NA          0.258 
 

 

The model suggested no significant effect of sample site on log mean 2012 otolith lead 

content (F(1,14) = 0.039, p = 0.846). A significant effect of HSI on log mean 2012 otolith lead 

content was suggested however (F(1,14) = 5.22, p = 0.038), with a positive relationship between 

mean 2012 otolith lead content and HSI.  

 

Strontium. 

Three-way factorial ANCOVA was used to evaluate differences in lake whitefish mean 

2012 otolith strontium content between sample sites. This included nine samples from the BC 
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Outlet (exposure area) and 10 samples from Horseshoe Island (reference area); one sample from 

the exposure area (BC10) could not be aged post-ablation and was excluded. Mean 2012 otolith 

strontium was considered the response variable while sample site was considered the predictor 

variable with covariates of hepatosomatic index (HSI) and sex, as well as an interaction between 

site and HSI. See the following summary. 

 
Call: 
 lwfAOV.Sr <- aov(Sr.oto ~ site * hsi + sex, data = lwfLastYear) 
 
> Anova(lwfAOV.Sr, type = "III") 
Anova Table (Type III tests) 
 
Response: Sr.oto 
             Sum Sq Df F value    Pr(>F)     
(Intercept) 2382799  1 36.8438 2.887e-05 *** 
site         202960  1  3.1382   0.09823 .   
hsi          659704  1 10.2006   0.00650 **  
sex           16051  1  0.2482   0.62608     
site:hsi     290364  1  4.4897   0.05246 .   
Residuals    905423 14                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> summary.lm(lwfAOV.Sr, correlation = TRUE) 
Call: 
aov(formula = Sr.oto ~ site * hsi + sex, data = lwfLastYear) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-557.34 -113.47    4.49  103.76  345.93  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept)   2067.14     340.56   6.070 2.89e-05 *** 
sitehs-i      -797.01     449.90  -1.772   0.0982 .   
hsi          -1095.02     342.86  -3.194   0.0065 **  
sexMale         69.42     139.34   0.498   0.6261     
sitehs-i:hsi   963.54     454.74   2.119   0.0525 .   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 254.3 on 14 degrees of freedom 
Multiple R-squared:  0.4455, Adjusted R-squared:  0.2871  
F-statistic: 2.812 on 4 and 14 DF,  p-value: 0.06639 
 
Correlation of Coefficients: 
             (Intercept) sitehs-i hsi   sexMale 
sitehs-i     -0.59                              
hsi          -0.92        0.66                  
sexMale      -0.39       -0.12     0.08         
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sitehs-i:hsi  0.59       -0.96    -0.73  0.20   
 
> confint(lwfAOV.Sr, level = 0.95) 
                   2.5 %    97.5 % 
(Intercept)   1336.72379 2797.5643 
sitehs-i     -1761.95922  167.9391 
hsi          -1830.37625 -359.6728 
sexMale       -229.43844  368.2750 
sitehs-i:hsi   -11.77318 1938.8511 
 
> omega_sq(lwfAOV.Sr, ci.lvl = 0.95) 
# A tibble: 4 x 4 
  term     omegasq conf.low conf.high 
  <chr>      <dbl>    <dbl>     <dbl> 
1 site     -0.0381 NA         NA      
2 hsi       0.219   0.00387    0.542  
3 sex      -0.0379 NA          0.0764 
4 site:hsi  0.133  NA          0.481 
 

 

The model suggested no significant effect of sample site or sex on mean 2012 otolith 

strontium content, and there was no significant interaction between sample site and HSI on mean 

2012 otolith strontium content at the 95% confidence level. A significant effect of HSI on mean 

2012 otolith strontium content was suggested however (F(1,14) = 10.20, p = 0.007, ω2 = 0.542) 

with a negative relationship between mean 2012 otolith lead content and HSI (b = -1,095 µg/g). 

One sample (BC12) appeared as an outlier in this model given the low strontium values reported 

after the fish’s first year (see Appendix B2). Data from this sample was removed and the model 

re-run. Excluding sample BC12, results still suggested a decrease in mean 2012 otolith strontium 

with increasing HSI values (b = -216 µg/g), but the result was not significant (F(1, 13) = 0.65, p 

= 0.433) with a medium effect (ω2 = 0.070). 
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Call: 
 lwfAOV.Sr.noOutl <- aov(Sr.oto ~ site *hsi + sex, data =  
    lwfLastYear_noBC12) 
 
> Anova(lwfAOV.Sr.noOutl, type = "III") #Type III SS due to unbalanced design 
& possible interaction of site & hsi 
Anova Table (Type III tests) 
 
Response: Sr.oto 
            Sum Sq Df F value    Pr(>F)     
(Intercept) 662106  1 28.6391 0.0001316 *** 
site         10738  1  0.4644 0.5075127     
hsi          15129  1  0.6544 0.4330995     
sex          92719  1  4.0105 0.0665266 .   
site:hsi      7141  1  0.3089 0.5878016     
Residuals   300546 13                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> summary.lm(lwfAOV.Sr.noOutl, correlation = TRUE) 
 
Call: 
aov(formula = Sr.oto ~ site * hsi + sex, data = lwfLastYear_noBC12) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-210.22  -77.78  -27.09  102.29  257.31  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept)   1333.10     249.11   5.352 0.000132 *** 
sitehs-i      -199.84     293.24  -0.682 0.507513     
hsi           -216.35     267.45  -0.809 0.433099     
sexMale        171.57      85.67   2.003 0.066527 .   
sitehs-i:hsi   173.77     312.67   0.556 0.587802     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 152 on 13 degrees of freedom 
Multiple R-squared:  0.4339, Adjusted R-squared:  0.2597  
F-statistic: 2.491 on 4 and 13 DF,  p-value: 0.09459 
 
Correlation of Coefficients: 
             (Intercept) sitehs-i hsi   sexMale 
sitehs-i     -0.67                              
hsi          -0.94        0.72                  
sexMale      -0.45       -0.01     0.21         
sitehs-i:hsi  0.70       -0.96    -0.80  0.06 
 
> confint(lwfAOV.Sr.noOutl, level = 0.95) 
                  2.5 %    97.5 % 
(Intercept)   794.94157 1871.2603 
sitehs-i     -833.34103  433.6575 
hsi          -794.14678  361.4375 
sexMale       -13.51385  356.6474 
sitehs-i:hsi -501.70099  849.2455 
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> omega_sq(lwfAOV.Sr.noOutl, ci.lvl = 0.95) 
# A tibble: 4 x 4 
  term     omegasq conf.low conf.high 
  <chr>      <dbl>    <dbl>     <dbl> 
1 site      0.0873     NA     0.445 
2 hsi       0.0695     NA     0.427 
3 sex       0.121      NA     0.476 
4 site:hsi -0.0288     NA     0.257 
 

 

 

Zinc. 

Three-way factorial ANCOVA was used to evaluate differences in lake whitefish mean 

2012 otolith zinc content between sample sites. This included nine samples from the BC Outlet 

(exposure area) and 10 samples from Horseshoe Island (reference area); one sample from the 

exposure area (BC10) could not be aged post-ablation and was excluded. Mean 2012 otolith zinc 

was considered the response variable while sample site was considered the predictor variable 

with covariates of liver tissue zinc content and sex, as well as an interaction between sample site 

and liver zinc content. Mean 2012 otolith zinc data did not meet assumptions of normality at the 

BC Outlet and residuals were not normally distributed so the data were log transformed. 

The model suggested no significant effect of sample site on log mean 2012 otolith zinc 

content, and no significant effect of liver zinc content or sex, or an interaction between site and 



CONTAMINANT EXPOSURE HISTORY  296 

liver zinc content. Effect sizes were small for site (ω2 = -0.027) and sex (ω2 = 0.025), and large 

for liver zinc content (ω2 = 0.132). See the following summary. 

 
Call: 
 lwfAOV.Zn.L <- aov(log10(Zn.oto) ~ site * livZn + sex, data =  
    lwfLastYear) 
 
> Anova(lwfAOV.Zn.L, type = "III")  
Anova Table (Type III tests) 
 
Response: log10(Zn.oto) 
             Sum Sq Df F value  Pr(>F)   
(Intercept) 0.38168  1  5.9104 0.02908 * 
site        0.02828  1  0.4380 0.51884   
livZn       0.07051  1  1.0918 0.31377   
sex         0.09828  1  1.5219 0.23765   
site:livZn  0.00909  1  0.1408 0.71308   
Residuals   0.90408 14                   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> summary.lm(lwfAOV.Zn.L, correlation = TRUE) 
Call: 
aov(formula = log10(Zn.oto) ~ site * livZn + sex, data = lwfLastYear) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-0.33545 -0.15296 -0.00605  0.07468  0.59303  
 
Coefficients: 
                Estimate Std. Error t value Pr(>|t|)   
(Intercept)     0.987861   0.406337   2.431   0.0291 * 
sitehs-i        0.275470   0.416242   0.662   0.5188   
livZn           0.010615   0.010159   1.045   0.3138   
sexMale         0.161644   0.131030   1.234   0.2376   
sitehs-i:livZn -0.003999   0.010657  -0.375   0.7131   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.2541 on 14 degrees of freedom 
Multiple R-squared:  0.2943, Adjusted R-squared:  0.09268  
F-statistic:  1.46 on 4 and 14 DF,  p-value: 0.2667 
 
Correlation of Coefficients: 
               (Intercept) sitehs-i livZn sexMale 
sitehs-i       -0.91                              
livZn          -0.95        0.91                  
sexMale        -0.33        0.13     0.08         
sitehs-i:livZn  0.88       -0.95    -0.95 -0.01 
 
> confint(lwfAOV.Zn.L, by = "site") 
                     2.5 %     97.5 % 
(Intercept)     0.11635484 1.85936647 
sitehs-i       -0.61727965 1.16821995 
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livZn          -0.01117317 0.03240248 
sexMale        -0.11938757 0.44267520 
sitehs-i:livZn -0.02685733 0.01885834 
 
 
> omega_sq(lwfAOV.Zn.L, ci.lvl = 0.95) 
# A tibble: 4 x 4 
  term       omegasq conf.low conf.high 
  <chr>        <dbl>    <dbl>     <dbl> 
1 site       -0.0271       NA     0.264 
2 livZn       0.132        NA     0.456 
3 sex         0.0245       NA     0.353 
4 site:livZn -0.0412       NA     0.213 
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