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Abstract 

Commercial, subsistence and recreational fisheries often require management to ensure 

their sustainability because of the pressures of human consumption, habitat degradation and 

climate change. Great Slave Lake (GSL), Northwest Territories (NT) contains a large 

commercial Lake Whitefish (Coregonus clupeaformis) fishery in which Inconnu (Stenodus 

leucichthys) is considered a bycatch. In recent years, some Inconnu stocks have declined leading 

to increased efforts to understand how to best manage stocks. Genetic markers, like 

microsatellites, are increasingly being used to assess the genetic diversity and population 

structure to inform the management of fisheries. Seventeen microsatellite markers developed for 

related fish species were tested using Inconnu tissue samples from seven sites in the Northwest 

Territories (Chapter 1). In all locations, loci were polymorphic and most loci (16/17) met 

assumptions of Hardy-Weinberg equilibrium and linkage equilibrium. I then used these 16 loci to 

determine the influence of geography on Inconnu population genetic variation and structure, and 

test for differences in genetic diversity among populations to understand post-glaciation 

colonization patterns. I tested two predictions: 1) genetic differentiation will increase as 

geographic distance increases between locations; 2) fish from GSL will be less genetically 

diverse than fish from the upper/lower Mackenzie River system due to post-glacial colonization 

dynamics. I found no significant effect of isolation by distance (IBD) on genetic differentiation. 

However, significant genetic structure was detected among locations suggesting that more sites 

from a wider geographic area should be sampled before concluding that geographic isolation has 

had little influence on the genetic structure of Inconnu. Genetic diversity was lower at locations 

in GSL compared to the Mackenzie river system, which supports the hypothesis that post-

glaciation fish from the Mackenzie River system colonized GSL. Further, these results suggest 

that like other fish, freshwater forms of Inconnu are less genetically diverse than anadromous 
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forms though more work is needed to independently assess ecotype. In Chapter 2, additional 

spatial and temporal sampling locations were added to further test for IBD, estimate effective 

population size and determine whether Inconnu population genetic structure corresponded to 

rivers flowing in and out of GSL supporting spawning habitat. With a greater number of sites, 

IBD had a significant effect on the population structure of Inconnu. Genetic differentiation was 

observed among three river systems that contain spawning runs in GSL suggesting that 

philopatry is a driver of genetic structure. Each river system exhibited unique genetic 

characteristics such as the presence of bottlenecks, outbreeding depression, and admixture 

suggesting that different management approaches may be needed for each stock. This research 

suggests that management should focus on characterizing the genetic diversity of fish from more 

river systems to understand how the variety of genetic populations in this area are contributing to 

the overall fishery in GSL.  



iii 
 

Acknowledgements 

I thank my supervisors; Dr. Jillian Detwiler and Dr. Ross Tallman for the support and 

guidance throughout the process of developing this thesis. Your encouragement and advise has 

helped me grow as a researcher. Dr. Jillian Detwiler was instrumental in the writing and analyses 

of this thesis. I thank my committee members, Dr. Colin Garroway and Dr. Kimberly Howland 

for their comments and advise. Dr. Colin Garroway’s guidance and expertise on the analyses was 

appreciated.  

Thanks to my family who supported and encouraged me throughout the entire thesis. 

Thanks goes to the Fisheries and Oceans Canada and University of Manitoba graduate students 

and friends whom provided support and advice throughout this thesis. In particular, Gabrielle 

Grenier helped in the planning and execution of field work. Also, Sarah Arnold assisted with 

community relations and Brendan Malley collected samples in the field.  

I thank all those involved in the collection of the samples including researchers at 

Fisheries and Oceans Canada especially Dr. Jim Reist, Dr. Kimberly Howland, Deanna Leonard, 

Fred Taptuna, Ellen Lea, Chris Day, George Low, Mike Low and Melanie Toyne. A special 

thanks to Dr. Muhammad Yamin Janjua for sampling Buffalo River, and his help and support in 

field work. Sampling would not have happened without him. Members of the communities and 

First Nations and Métis governments in the Northwest Territories provided some of the samples 

and supported my research. Individuals that provided some samples include, Moise Rabesca, 

Barry Buckley, Shawn Buckley, Richard Popko and Arthur Beck. Further support was provided 

by the Métis Nation in Hay River who helped with sampling in Buffalo River. Special thanks to 

Peter Sabourin and members of the K’atl’Odeeche First Nations government for help in 

sampling Buffalo River. Further thanks to Don Balsillie and his staff at Taltson River Big Pike 

Lodge for his hospitality and help in sampling Taltson River. I thank all those at the Akaitcho 



iv 
 

First Nation especially Diane Giroux and Rosy Bjornson and for their help and advice. Golder 

Associates Ltd. out of Yellowknife also collected several samples from the Marion River under 

contract with DFO.  

Staff at The Genetics Lab at the Freshwater Institute (Department of Fisheries and 

Oceans) performed some DNA extractions and genotyping. Special thanks to Robert Bajno for 

his help in the lab and showing me how the instruments, equipment and software work. His lab 

also provided data for this project, and without it this project would not be possible. Thank you 

to Denise Tenkula for her help with the instruments in the lab. Jarrett Friesen (Freshwater 

Institute) performed the least cost path analysis using ArcGIS. Thank you to Samantha Fulton 

(Freshwater Institute) for help with R statistics language for some of the analyses. 

The main sources of funding for the research and my personal support were from 

operating funds to Dr. Ross Tallman from the DFO Science, and DFO Northern Operations. 

Funds for samples in the DFO archives came from the Fisheries Joint Management Committee of 

the Invuvialuit Final Agreement. Additional financial support came from a grant to Dr. Ross 

Tallman from the Northwest Territories Cumulative Impact Monitoring Program and Northern 

Studies Training Program administered by the University of Manitoba. The Faculty of Graduate 

Studies and Department of Biological Sciences at the University of Manitoba provided funding 

for travel and attendance to conferences throughout my graduate studies. 

  



v 
 

Table of Contents 

Abstract ............................................................................................................................................ i 

Acknowledgements ........................................................................................................................ iii 

Table of Contents ............................................................................................................................ v 

List of Tables ................................................................................................................................ vii 

List of Figures .............................................................................................................................. viii 

Thesis Introduction ......................................................................................................................... 1 

References ................................................................................................................................... 8 

Chapter 1: Utility of Microsatellite Markers in Determining Genetic Structure of Inconnu 

(Stenodus leucichthys) in the Northwest Territories and the Relevance to Fisheries Management

....................................................................................................................................................... 14 

Abstract ..................................................................................................................................... 14 

Introduction ............................................................................................................................... 15 

Materials and methods .............................................................................................................. 18 

Sampling, DNA extractions and genotyping ......................................................................... 18 

Data analyses ......................................................................................................................... 20 

Results ....................................................................................................................................... 22 

Discussion ................................................................................................................................. 24 

References ................................................................................................................................. 28 

Chapter 2: Genetic Assessment of Inconnu (Stenodus leucichthys) Populations in Great Slave 

Lake, Northwest Territories .......................................................................................................... 47 



vi 
 

Abstract ..................................................................................................................................... 47 

Introduction ............................................................................................................................... 48 

Materials and Methods .............................................................................................................. 53 

Origin of tissue samples ........................................................................................................ 53 

Microsatellite genotyping and scoring .................................................................................. 54 

Population genetic analyses ................................................................................................... 55 

Results ....................................................................................................................................... 58 

Discussion ................................................................................................................................. 62 

References ................................................................................................................................. 73 

Thesis Conclusion ......................................................................................................................... 90 

References ................................................................................................................................. 93 

Appendix A ................................................................................................................................... 95 

Appendix B ................................................................................................................................. 102 

 

  



vii 
 

List of Tables 

Table 1.1 Characteristics of 17 microsatellites cross-amplified in Inconnu (Stenodus leucichthys) 

from the Northwest Territories, Canada ....................................................................................  35 

Table 1.2 Description of 17 microsatellite loci that cross-amplified in Inconnu (Stenodus 

leucichthys) from the Northwest Territories, Canada ................................................................. 40 

Table 1.3 Genetic characteristics of six populations of Inconnu (Stenodus leucichthys) in the 

Northwest Territories .................................................................................................................. 42 

Table 1.4 Genetic differentiation of Inconnu in the Northwest Territories, Canada ................. 43 

Table 2.1 Sampling information for Inconnu (Stenodus leucichthys) collected in the Northwest 

Territories .................................................................................................................................... 82 

Table 2.2 Parameters describing genetic variation in 14 Inconnu populations. ......................... 83 

Table 2.3 Genetic differentiation of Inconnu among 11 locations in the Northwest Territories.84 

Table 2.4 Contemporary estimates of effective population size (Ne) in four genetic clusters of 

Inconnu (Stenodus leucichthys) in the Northwest Territories. .................................................... 85 

Table A.1 Protocols for four PCR multiplexes and thermocycler settings (developed by R. 

Bajno) .......................................................................................................................................... 95 

Table B.1 Characteristics of 17 microsatellite loci used in this study. .................................... 102 

Table B.2 Pairwise FST values for all locations and all years. .......................................................103 

  



viii 
 

List of Figures 

Figure 1.1 Sample locations for Inconnu collected within Northwest Territories, Canada. ...... 44 

Figure 1.2 Isolation by distance of the pairwise genetic differentiation (FST) and geographic 

distance (km) of sampling locations within the Northwest Territories (P=0.077). .................... 45 

Figure 1.3 Results of Bayesian clustering analysis (K=2 to 4) for seven sampling locations using 

16 loci.......................................................................................................................................... 46 

Figure 2.1 Map of Inconnu (Stenodus leucichthys) sampling locations and sample sizes in the 

Northwest Territories. ................................................................................................................. 86 

Figure 2.2 Pairwise isolation by distance using genetic distance (FST) and geographic distance 

(km) between 10 locations. ......................................................................................................... 87 

Figure 2.3 Bayesian clustering analysis of 11 sampling locations in Northwest Territories. A-

K=2; B: K=3; C: K=4; D: K=5  ................................................................................................... 88 

Figure 2.4 Principal components analysis plot of eigenvector: (A and D) 1 and 2; (B and E) 1 

and 3; (C and F) 2 and 3 showing the four genetic clusters in Northwest Territories (A-C) and 

including sample sites in Great Slave Lake (D-F). ..................................................................... 89 

Figure A.1 Map of Great Slave Lake management areas, quotas (kg) and area closures. Fishing 

plants and lodges are displayed (Day et al. 2013). ..................................................................... 96 

Figure A.2 Hierarchical Bayesian clustering analysis of sample locations to determine fine-scale 

genetic clustering by location. .................................................................................................. 100 

Figure A.3 Principal components analysis of the three genetic clusters observed in the Bayesian 

clustering analysis. .................................................................................................................... 101 

Figure B.1 Bayesian clustering analysis of sampling locations with multiple years in the 

Northwest Territories. ............................................................................................................... 105 



ix 
 

Figure B.2 Bayesian clustering analysis to determine genetic clustering within each of the four 

genetic clusters. ......................................................................................................................... 109 

Figure B.3 Principal components analysis plot of eigenvectors: (A and D) 1 and 2; (B and E) 1 

and 3; (C and F) 2 and 3, showing the four genetic clusters in Northwest Territories (A-C) and 

including sample sites in Great Slave Lake (D-F). ................................................................... 110 



1 
 

Thesis Introduction 

Overexploitation and habitat alterations have led to declines in a number of Canadian 

fisheries. Overfishing by recreational and commercial fisheries has reduced stocks (e.g. walleye) 

and caused fisheries to collapse (e.g. Atlantic cod) (Meyers et al. 1997; Post et al. 2002). In 

addition, fewer fish can be found in altered habitats with dams and mines compared to areas 

without this infrastructure (Thorpe et al. 1981; Wofford et al. 2005; Authman et al. 2015). 

Conservation of harvested resources, such as fish, requires organized and informed management 

that considers the interaction between human activities and the species’ biology. As such, it is 

important to understand what constitutes a population or stock so that management can take into 

consideration how fishing efforts affect these various stocks. Management of fisheries should 

include the identification of fish stocks, which are groups or populations of a species that can 

maintain and sustain themselves over time in a specified area (Booke, 1981; Kutkuhn, 1981; 

Waples and Gaggiotti, 2006). In addition, to mainly being found in a particular geographic area, 

stocks can also be recognized using unique biological and/or ecological characteristics such as 

different ecotypes (e.g. anadromous, freshwater) (Begg et al. 1999). However, it is not always 

known whether a stock corresponds to a genetic population. It is important to understand the 

genetic structure of stocks to ensure that management decisions do not negatively impact genetic 

diversity to achieve the overall goal of sustainable fisheries (Ricker, 1981; Smith et al. 1991; 

Begg et al. 1999). 

One reason fish stocks may be delineated is because they occur in distinct geographic 

locations compared to other stocks. If fish stocks remain isolated in these regions for a sufficient 

period of time, then patterns of genetic diversity may reflect the geographical distance between 

populations (Wright, 1943). Isolation by distance (IBD) is the most common hypothesis for 

explaining the spatial genetic patterns of animals (Wright, 1943; Bradbury and Bentzen, 2007). If 
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IBD has affected the population genetics of a species, then populations that are the furthest apart 

are expected to be the most genetically divergent (Wright, 1943; Primmer et al. 2006; Bradbury 

and Bentzen, 2007). However, this pattern is not always observed, and in fish, philopatry and 

dispersal through migration, may also influence patterns of genetic differentiation (Bradbury and 

Bentzen, 2007). For example, philopatry can have a significant influence on the genetic structure 

of fish especially at small spatial scales, as philopatric behaviour can increase genetic 

differentiation among stocks (Angers and Bernatchez, 1998; Primmer et al. 2006). Thus, it is 

important to test for IBD so that managers can understand how genetically unique fish stocks are 

according to geographic distance, and whether other factors related to fish behaviour influence 

the genetic structure of the stocks.  

Population genetic structure of stocks may also be affected by historical factors such as 

glaciation events, which can influence gene flow and the dispersal of a species (Bernatchez and 

Wilson, 1998). Northern fish populations were more greatly affected by glaciation events than 

more southern populations because they experienced multiple glacial expansions and retreats that 

reduced genetic diversity and effective population size (Avise et al. 1984; Bernatchez and 

Wilson, 1998). Expansion of a species into a new area can cause founder effects, which is when 

a small number of individuals or ‘founders” originating from a much larger ancestral population, 

establish a new population (Barton and Charlesworth, 1984). Founding populations may 

experience genetic bottlenecks due to only a few individuals contributing genetically to a 

population (Nei et al. 1975). Therefore, populations resulting from post-glacial colonization have 

lower genetic diversity compared to the ancestral population due to the loss of alleles and 

heterozygosity in the founding populations (Hewitt, 2000; Bernatchez and Wilson, 1998).  
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Fish stocks may also differ from each other because they may be comprised of different 

ecotypes. The proportions of different ecotypes within a stock or among stocks may indicate how 

much genetic diversity is present. DeWoody and Avise (2000) noted that within many fish 

species, marine species were more genetically diverse compared to freshwater counterparts, 

while anadromous species exhibited intermediate genetic diversity. Higher genetic diversity of 

marine taxa may be due to their larger effective population sizes (size of an ideal population) 

(Wright, 1931; Franklin, 1980; DeWoody and Avise, 2000; Tonteri et al. 2007). Effective 

population size (Ne) can help managers understand the effects of mutation, inbreeding and 

genetic drift on the genetic variation of a species (Wright, 1931; Franklin, 1980; Nikolic et al. 

2009). More breeders at spawning sites provide more opportunity for gene flow for anadromous 

fish compared to freshwater fish. This suggests that spawning sites and migratory routes of 

freshwater fish stocks may be particularly important to manage.  

The large predatory coregonid species, Inconnu, (Stenodus leucichthys), have a northern 

distribution consisting of anadromous and freshwater ecotypes (Howland et al. 2000; 2009). 

Inconnu reside in the Northwest Territories (NT) and stocks are currently designated based upon 

the natal river systems. Within Great Slave Lake (GSL), Inconnu stocks are managed according 

to river systems consisting of spawning runs which include Slave River, Buffalo River, Hay 

River, Yellowknife River, Taltson River, Little Buffalo River and Marion River (Day et al. 2013; 

VanGerwen-Toyne et al. 2013; Fig. A.1). These fish mature late and have rapid early growth, 

which makes them vulnerable to fishing gear before they reach maturity (Fuller, 1955; Day et al. 

2013). Inconnu are bycatch of the Lake Whitefish (Coregonus clupeaformis) commercial fishery. 

However, some stocks have declined due to higher demand and increased fishing pressure 

(VanGerwen-Toyne et al. 2013). Perhaps as a result, Taltson River, Hay River, Little Buffalo 



4 
 

River and Yellowknife River stocks have been extirpated and the Buffalo River stock has 

experienced a decline (Day et al. 2013; VanGerwen-Toyne et al. 2013).  

Management actions, such as seasonal and year-round area closures, have been initiated 

for threatened populations but have had mixed results in reducing Inconnu harvest (Day et al. 

2013). Despite closures, high catches still occur in certain areas and years; these could be due to 

expansion of productive populations into areas where threatened populations traditionally made 

up a large part of the catch. On the other hand, high catches could be a result of increased fishing 

effort directed towards Inconnu due to favourable prices for landed fish. In the first case, the 

actual harvest of threatened stocks may not have changed. In the second case, there is a problem 

of over-exploitation of stocks where Department of Fisheries and Oceans (DFO) policy indicates 

that the harvest should be at the lowest level possible. Understanding the true genetic 

composition of the harvest in terms of percentages of the various stocks in GSL can provide a 

means of resolving this uncertainty. However, the genetic diversity and structure of these stocks 

has not been assessed, so it remains unclear whether these recently caught fish represent the 

original stocks, or whether they are fish that migrated from another stock. Characterizing the 

genetic diversity and structure of stocks can also determine whether some stocks have declined 

without documentation (no change in population size but reduced genetic diversity). It is critical 

to understand the number, and geographical extent of the genetic stocks that use GSL, so that 

fisheries management decisions can focus limited resources on protecting declining stocks and 

their habitat.  

Inconnu that use GSL for feeding may be philopatric to river systems in which they 

spawn. Although there is no direct evidence of this for Inconnu in the Northwest Territories, 

radio telemetry of anadromous Inconnu in the Kuskokwim river drainage in Alaska exhibited 
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spawning site fidelity (Fuller, 1955; Stuby, 2012). Philopatric behaviour within Inconnu may be 

driven by specific spawning requirements. Alaskan Inconnu preferred gravel and cobble 

substrate and fast-flowing, shallow water (Alt, 1987; Howland, 2005; Stuby, 2012). Around 

GSL, the river systems with spawning grounds vary in geographic distance from each other. For 

example, Slave River and Buffalo River are separated by 124 km, Buffalo River to Marion River 

is ~307 km apart, and the distance between GSL and the lower Mackenzie is ~1869 km. 

Although these systems are connected, if Inconnu exhibit philopatry, IBD may also influence the 

genetic structure.  

Due to the northern distribution of Inconnu, Pleistocene glaciation events may have 

influenced their genetic structure and diversity. Mitochondrial DNA evidence suggests that 

Inconnu originated from the Mackenzie Delta and colonized GSL ~10,000ya (Howland, 2005). 

A founder event within GSL could have caused a decrease in heterozygosity and loss of alleles. 

Howland (2005) only found a single haplotype among the three stocks analysed in GSL, while 

lower Mackenzie and Yukon River stocks contained four to six haplotypes, suggesting Inconnu 

populations in GSL may have experienced a bottleneck event resulting in lower genetic diversity 

than other western Arctic populations.  

Genetic diversity of Inconnu could also be affected by the migratory patterns and the 

presence of different ecotypes. Inconnu exhibit various ecotypes including anadromous, riverine 

and adfluvial (Howland et al. 2000; 2009). Inconnu complete long migrations across large 

geographic areas, with anadromous individuals migrating longer distances than freshwater 

individuals (Howland et al. 2000). For instance, anadromous individuals have traveled up to 

~1700 km compared to ~300 km for adfluvial individuals (Howland et al. 2000; Stephenson et 

al. 2005). All three life history variants have been observed in the lower and upper Mackenzie 
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River region suggesting that there may be an increase in gene flow and straying resulting in less 

genetic divergence among ecotypes and overall greater genetic diversity in fish found in this 

region (DeWoody and Avise, 2000, Tonteri et al. 2007; Howland et al. 2009). While in GSL, 

only the adfluvial form has been documented (Howland et al. 2000; 2001; 2009). In general, less 

genetic diversity is observed in freshwater fish species compared to anadromous (Gyllensten, 

1985; DeWoody and Avise, 2000; Tonteri et al. 2007). In GSL, historically, fall spawning for the 

adfluvial form occurred in many of the surrounding river systems, such as Hay River, Buffalo 

River, Taltson River, Slave River, Yellowknife River, Little Buffalo River and Marion River, 

while feeding occurred in GSL (Rawson, 1950; Fuller, 1955; VanGerwen-Toyne et al.2013). 

Although dispersal and straying may happen within GSL, shorter migration routes paired with 

site fidelity to natal spawning grounds may lead to higher genetic differentiation among these 

freshwater populations relative to anadromous populations.  

To determine the status of stocks in and around GSL, river systems are often sampled at 

the mouths of rivers. The problem with this approach is that these samples could include a mix of 

fish from different stocks (geographic locations and/or different life history forms), and different 

genetic populations. Genotyping at microsatellite markers (tandemly repeated DNA sequences 

like AAG5) can be used to test whether samples at a collection site are comprised of one genetic 

population. Their high mutation rate and high intraspecific genetic variability within and among 

populations has led to their use in stock delineation in a wide variety of managed fish species to 

aid in their management (Patton et al. 1997; Diniz et al. 2007; VanDeHey et al. 2009; Spice et al. 

2012; Harris et al. 2013). They have been used to determine the population structure of ecotypes 

as well as genetic structure at broad and fine spatial scales (Hanson et al. 2016; Hudson et al. 

2017; Kissinger et al. 2018). They can also be used to monitor changes in gene flow, population 
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structure and effective population size over time (Harris and Taylor, 2010; Harris et al. 2013). 

Moreover, they can be used to detect genetic bottlenecks (indicates reductions in population 

sizes) and determine whether stocks have recovered (achieved stable equilibrium post-reduction) 

(Spruell et al. 1999).  

For my thesis research, I tested the utility of 17 microsatellite loci developed in other fish 

species to assess the genetic diversity and genetic structure of Inconnu in and around GSL, 

Northwest Territories. In Chapter 1, I characterized the polymorphism, gene diversity, Hardy 

Weinberg equilibrium (HWE) and linkage disequilibrium (LD) of Inconnu collected from the 

Mackenzie River system and GSL. I also tested the influence of geography on the population 

structure by measuring the genetic differences among populations and determining if that 

structure fit a pattern of IBD. I hypothesized that genetic diversity would differ among 

populations in the lower/Mackenzie River and GSL if a genetic bottleneck occurred ~10,000 ya 

following post-glacial colonization of GSL. I predicted lower genetic diversity in GSL 

populations compared to the lower/upper Mackenzie River populations because of a historical 

founder event. The second chapter included a broader temporal and spatial sampling of GSL 

stocks and used similar genetic analyses to determine the genetic structure in GSL and relate that 

to how stocks have been delineated and managed overtime. I hypothesized that the geographic 

distance between spawning sites would affect the population structure of Inconnu in GSL and 

predicted that Inconnu genetic structure would reflect a pattern of IBD, where the greatest 

genetic differentiation would occur between Inconnu collected from GSL and the upper/lower 

Mackenzie River. Further, I hypothesized that if Inconnu exhibit philopatry then genetic 

structure should be observed by spawning location. 
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Overall, this thesis will improve and assist in future management decisions for an 

important fishery in Canada. Delineating the population genetics of stocks will help fishery 

managers make informed decisions regarding harvest rate, area closures and other measures for 

the conservation of Inconnu in GSL. Further information will aid in determining if Inconnu in 

GSL should be managed as multiple stocks delineated by river system or whether management 

can be simplified by treating stocks captured throughout the lake as a single unit.  
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Chapter 1: Utility of Microsatellite Markers in Determining Genetic Structure of Inconnu 
(Stenodus leucichthys) in the Northwest Territories and the Relevance to Fisheries 
Management 

Abstract 

Many commercial, recreational and subsistence fisheries are being managed due to 

declining stocks. In many cases, the genetic structure and diversity of these stocks is unknown, 

potentially reducing the effectiveness of conservation and management efforts. Inconnu 

(Stenodus leucichthys) is a large migratory coregonid species which supports valuable 

commercial fisheries in the Canadian north. They are vulnerable to over-harvesting and some 

stocks are declining in Great Slave Lake (GSL). Determining the genetic characteristics of these 

stocks will help us understand the factors that have influenced their genetic diversity and 

structure. I analyzed 17 microsatellite markers in Inconnu collected in the Northwest Territories 

to investigate their utility in delineating genetic structure and estimating genetic diversity. I 

found no evidence for isolation by distance though more sites may be needed to adequately test 

for this effect given the highly migratory nature of Inconnu. Genetic diversity was higher at sites 

in the lower and upper Mackenzie River compared to locations in and around GSL suggesting 

the influence of post-glacial colonization on fish in GSL. Low genetic differentiation was found 

between six of seven locations where fish were sampled. Bayesian clustering analysis suggested 

only two genetic clusters that grouped the lower and upper Mackenzie River locations separately 

from the lakes and rivers geographically connected to GSL. Further genetic differentiation and 

structure was observed between two locations in GSL. These results demonstrate that this set of 

microsatellites can detect genetic diversity and structure among Inconnu populations in the 

Northwest Territories and that there are genetically divergent Inconnu populations in GSL. 

Future studies can use these markers in combination with more sampling sites to better explore 
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the effects of geography and ecotype on Inconnu population structure and determine whether 

currently managed stocks are also genetically divergent populations.  

Introduction 

For fisheries, characterizing genetic diversity and structure is important for informing the 

types of management strategies that should be deployed; whether it is river by river-based 

management strategy or conserving the total biomass of a lake. One strategy may be to ensure 

that geographically distant populations are conserved. The extent of geographic isolation 

between populations can affect genetic diversity because as geographic distance between 

populations increases, genetic differences also increase (Wright, 1943). The phenomenon of 

isolation-by-distance (IBD) is commonly observed across many species though this pattern may 

be less apparent when more recent events (e.g. overexploitation, habitat disturbance) affect 

genetic diversity (Castric and Bernatchez, 2003; Pinsky and Palumbi, 2014). Thus, it is important 

to determine whether some populations may already be less genetically diverse because of 

historical events such as post-glaciation colonization. 

Historical glaciation events can promote founding events and bottlenecks that can have a 

major influence on the gene flow, genetic structure and diversity of species (Hewitt, 2000; 

Bernatchez and Wilson, 1998). Post-glacial dispersal and colonization would result in founding 

populations that would be less genetically diverse than the source populations. In addition, 

genetic differences within species can be related to life history variation. Many fish have 

different ecotypes, such as freshwater and anadromous, that differ in genetic divergence and 

diversity (Säisä et al. 2005; Mäkinen et al. 2006; Tonteri et al. 2007). In general, many fish 

populations exhibiting anadromous life history types are more genetically diverse relative to 

freshwater forms (Tessier and Bernatchez, 1999; DeWoody and Avise, 2000; Tonteri et al. 2007; 
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Perrier et al. 2013). Increased mixing and dispersal in the marine environment is one factor that 

could explain these differences, which may be more likely to arise if freshwater fish experienced 

genetic bottlenecks following deglaciation (DeWoody and Avise, 2000; Hewitt, 2000; Ellegren 

and Galtier, 2016).  

Inconnu (Stenodus leucichthys) is a migratory fish species occurring in the Northwest 

Territories, Canada. Due to Inconnu’s northerly distribution, deglaciation events affected gene 

flow, genetic diversity and the genetic structure (Bernatchez and Wilson, 1998; Howland, 2005). 

Mitochondrial DNA suggests that Inconnu originated in the lower Mackenzie and then ~ 10,000 

ya post-glaciation a few founders established in Great Slave Lake (Howland, 2005). Expansion 

into the GSL system may have resulted in genetic bottlenecks and a decrease in genetic diversity. 

The population genetics of Inconnu may also be affected by more recent migration into GSL and 

the distribution of ecotypes in particular regions. Inconnu exhibit three ecotypes, anadromous, 

adfluvial and riverine (Howland et al. 2000; 2009). All three life histories are found within the 

upper and lower Mackenzie River region, in which the anadromous form can migrate up to 

~1700km (Howland et al. 2000; Stephenson et al. 2005). Due to the presence of highly migratory 

anadromous individuals in the lower/upper Mackenzie region, there may be a greater exchange 

of migrants between locations. This may increase gene flow and decrease genetic differentiation 

among these populations, especially if individuals stray from their natal spawning river (Tonteri 

et al. 2007). In this region, fish that exhibit philopatry (could be of any ecotype) are expected to 

have higher genetic differentiation from fish that are less philopatric. In comparison, increased 

genetic divergence and decreased genetic diversity have often been observed in many freshwater 

fish species (Ward et al. 1994; DeWoody and Avise, 2000; Tonteri et al. 2007). Within GSL, 

only the adfluvial ecotype is found within GSL migrating ~300km (Howland et al. 2000). More 
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localized migratory patterns in combination with philopatric behaviour may increase genetic 

divergence due to less gene flow and straying within Inconnu populations in GSL.  

A contemporary factor that may affect genetic diversity of Inconnu populations in GSL is 

the presence of a commercial fishery (Pinsky and Palumbi, 2014). Historically, Inconnu was not 

targeted by the commercial fishery, and was considered a bycatch. However, higher commercial 

and subsistence demand increased the targeting of Inconnu in Great Slave Lake, particularly 

from 1977 to 1979, potentially contributing to a reduction in the number of fish being caught in 

surrounding river systems (Day et al. 2013; VanGerwen-Toyne et al. 2013). Mean experimental 

catch per unit effort (CPUE) data for mature female Inconnu is an indicator of stock abundance 

and forms part of the scientific advice on the stock status (Day et al. 2013). Great Slave Lake is 

divided into seven management areas, each with area-specific quotas (Day et al. 2013; Fig. A.1). 

In some of these areas, declines have been severe enough to prompt management action such as 

seasonal and area closures for commercial fishing. Understanding how genetically diverse 

populations are in the Northwest Territories could help fisheries resource managers determine 

how at risk particular populations are to factors like inbreeding, population bottlenecks, climate 

and anthropogenic changes.  

Microsatellites provide insight into contemporary population genetic dynamics, which 

offers management the ability to understand how genetically diverse fish from particular 

areas/stocks are. Assessing genetic variation with microsatellites has become a popular approach 

in wildlife conservation and management because microsatellites are highly polymorphic loci 

that can be used to make inferences about contemporary and historical population genetic 

dynamics (DeWoody and Avise, 2000; Abdul-Muneer, 2014; Harris et al. 2015). In this study, I 

tested seventeen microsatellite markers to examine their utility to identify the genetic diversity 
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among populations and delineate genetic population structure of Inconnu collected from several 

lakes and rivers in the Northwest Territories. I hypothesized that geography would influence 

Inconnu genetic structure and predicted that due to isolation by distance; populations that were 

geographically disparate would have higher genetic differentiation and exhibit genetic structure. 

Further, I hypothesized that if a founding event occurred post-glaciation, then Inconnu from GSL 

would have less genetic diversity than the upper/lower Mackenzie River.  

Materials and methods 

Sampling, DNA extractions and genotyping 

Inconnu tissue samples (fins and muscle) were collected from 1988-2012 at seven 

locations in Northwest Territories, Canada (Table 1.1; Fig. 1.1). Yaya Lake and Campbell Lake 

are located in the lower Mackenzie River system near the delta. Campbell Lake connects to the 

Mackenzie River which could allow Inconnu access to the ocean, however strontium analysis 

suggests that Inconnu in this lake are 100% (10/10 individuals) freshwater (Reist and Chang-

Kue, 1997; Howland et al. 2001; 2009). Yaya Lake also connects to the marine environment via 

Mackenzie River; however, it is unknown which ecotypes occur in this lake. Samples from the 

upper Mackenzie River were collected at two locations: Tulita, a hamlet along the river and the 

mouth of the Bear River. The site at Tulita was found to have a mix of ecotypes with 

approximately 50% anadromous fish (5/10 individuals) (Howland et al. 2009). Although these 

two locations were sampled as separate sites, the mouth of Bear River is at Tulita and analyses 

(e.g. Fst and Bayesian clustering analysis) indicate they are one site and therefore in all 

subsequent analyses these two sites were treated as one site, Mackenzie River. Inconnu samples 

were collected at three locations in the Great Slave Lake area. Marion Lake is located to the 

north of Great Slave Lake and connected to Great Slave Lake via Marion River. Yellowknife 
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Bay is found Southeast of Marion River at the city of Yellowknife, and Slave River is a large 

river draining into the south side of Great Slave Lake. Samples from Slave River were caught at 

Fort Smith which is ~ 300km upstream from the mouth of the river and based on strontium 

analysis is composed of the adfluvial (11/11 individuals) ecotype (Howland et al. 2001, 2009). 

I predicted that Inconnu from each location would be genetically distinct because of the 

geographic distance between sites (Fig. 1.1). Based on the historic population bottleneck related 

to post-glacial colonization of Great Slave Lake suggested by Howland (2005), we predicted that 

genetic diversity will be lower in the Great Slave Lake locations (Marion Lake (n=55), 

Yellowknife Bay (n=30), Slave River (n=51)) compared to the lower Mackenzie locations (Yaya 

Lake (n=43), Campbell Lake (n=35), and Mackenzie River (n=26)). 

Seventeen microsatellite loci developed from related species belonging to the 

monophyletic family Salmonidae (Table 1.2) were analysed across 240 individuals in this study. 

DNA was extracted from fin or muscle tissue using the DNeasy™ Blood and Tissue extraction 

kit following Qiagen manufacturer’s instructions (Qiagen, Valencia, California). PCR 

amplification of microsatellites was performed in 10μL final volume using the Qiagen multiplex 

kit. (see details in Table A.1). The thermocycling protocol consisted of denaturation at 95°C for 

5 min followed by 35 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 45 

seconds, followed by 30 minutes at 72°C (Table A.1). An automated sequencer (Applied 

Biosystems, Inc. [ABI], 3130XL Genetic Analyzer; ABI, Foster City, California) and 

GENEMAPPER (v. 3.7, Applied Biosystems) were used to visualize the loci. Alleles were 

scored manually by two independent researchers to assure accuracy of genotypes. 
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Data analyses 

Preliminary analyses (e.g. pairwise Fst and Bayesian clustering analysis) within each of 

the six locations indicated no genetic clustering by year, thus samples were pooled by location 

(Fig. A.2; Fig. A.3). To assess polymorphism and genetic diversity within each location, I 

determined allelic diversity and gene diversity (Nei’s unbiased estimator, HS) for each locus with 

the GENEPOP v4.0 program (Raymond and Rousset 1995; Rousset, 2008). Weir and 

Cockerham’s estimator of FIS was computed (per locus and multilocus) with SPAGEDI v1.5 

(Weir and Cockerham, 1984; Hardy and Vekemans, 2002). Deviations from Hardy-Weinberg 

Equilibrium (HWE) per locus and multilocus were performed in SPAGEDI v1.5 (Hardy and 

Vekemans, 2002). Locus Sfo8 deviated from HWE in all locations due to excess heterozygosity 

and was therefore removed from the remaining analyses. GENEPOP v4.0 (Raymond and 

Rousset, 1995) was used to test for linkage disequilibrium between pairs of loci among the six 

locations using 5,000 dememorizations, 5,000 batches and 5,000 iterations. Significance values 

were calculated using sequential Bonferroni to correct for multiple tests (Rice, 1989).  

To determine if there was evidence for IBD among locations, I estimated distances with 

least cost path analysis by calculating the geographic distance between each location on a one 

million scale map downloaded from the Open Government Portal (Government of Canada, 2017) 

using the Spatial Analyst toolbox and cost distance tool in ArcGIS v10.4.1 (ESRI, 2015). To 

determine whether the six sampling locations were genetically distinct, pairwise genetic 

differentiation was estimated with FST (Weir and Cockerham, 1984) using FSTAT v2.9.3 

(Goudet, 1995) (Table 2.3). Standardized FST (F’ST) was also calculated using RECODEDATA 

(Meirmans, 2006). The resulting geographic distances were combined with pairwise FST values 
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to test for IBD with a Mantel test using 999 permutations in GENALEX6.5 (Peakall and 

Smouse, 2006; 2012). 

To determine if locations represented genetic populations, I used 16 loci to estimate the 

number of genetic populations with Bayesian clustering in STRUCTURE v2.3.4 (Pritchard et al. 

2000). This analysis assumes that populations are in Hardy Weinberg equilibrium (HWE) and 

linkage equilibrium. Ten replications were run for K values 1 to 10 using the admixture model to 

account for migration among populations with correlated allele frequencies, along with a burn-in 

period of 100,000, and Markov Chain Monte Carlo (MCMC) of 100,000 (Evanno et al. 2005). 

The most likely number of clusters was determined using the highest estimated log probability of 

the data (Pritchard et al. 2000) and the ad hoc test ∆K (Evanno et al. 2005). A hierarchical 

approach in STRUCTURE was taken for each location to determine if there was structure within 

location. To further test for genetic clustering among populations a Principal Components 

Analysis (PCA) executed in ade4 in the ADEGENET package was performed in R statistical 

software (Jombart 2008; R Core Team, 2018) 

To test whether the lower and upper Mackenzie locations were more genetically diverse 

than Great Slave Lake locations, the average expected heterozygosity (HS) was calculated in 

SPAGEDI (Hardy and Vekemans, 2002) and compared with a Kruskal-Wallis test. Allelic 

richness (A) was calculated using HP-Rare software (Kalinowski, 2005) using rarefaction to 

account for unequal sample sizes, followed by one-way ANOVA using R statistical software (R 

Core Team, 2018). I estimated HS and A for each of the six locations (lower and upper 

Mackenzie: Yaya Lake, Campbell Lake, Mackenzie River; Great Slave Lake: Marion Lake, 

Yellowknife Bay, Slave River) because sample size based on the number of genetic populations 

was too small (i.e. one upper/lower Mackenzie and two Great Slave Lake populations). Lower 
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heterozygosity could be due to recent genetic bottlenecks in populations where the number of 

alleles decreases faster than expected heterozygosity. Thus, I tested for signatures of recent 

bottlenecks in each population using the step-wise mutation model (SMM) and Wilcoxon’s 

signed test (Luikart and Cornuet, 1998) with 5000 repetitions in BOTTLENECK v1.2.02 (Piry et 

al. 1999).  

Results 

Among the six locations, allelic diversity ranged from 1 to 43 alleles per locus (Table 1.1). 

Slave River had one monomorphic locus (BWF2) and Marion River had two monomorphic loci 

(BWF2 and CocLav6). Multilocus estimates of FIS found that no locations deviated from HWE 

(Bonferroni-corrected P<0.00294) (Table 1.3). However, all locations had individual loci that 

significantly deviated from HWE expectations (Table 1.1). Only one locus, Sfo8, was 

significantly out of HWE in all six locations (P<0.05). All other loci only deviated in one or two 

locations such as ClaTet13 and Ostg253 in Yaya Lake, CoclLav49 and Cocl3 in Mackenzie 

River, ClaTet13 and ClaTet10 in Marion Lake and One104 in Yellowknife Bay. After 

Bonferroni correction within locations, Sfo8 remained out of HWE for five locations and was 

removed in subsequent analyses (Bonferroni-corrected P<0.01). Significant linkage 

disequilibrium was observed in 51 loci pairs (P<0.05). However, after sequential Bonferroni 

correction only 18 pairs were in linkage disequilibrium (P<0.000417) with no pairs being 

observed in more than one population. Nine of the 17 pairs were observed in the Yellowknife 

Bay population suggesting genetic drift or the presence of a mixed population (Waples, 2015) 

(Fig A.1; A.2).  

Among the six locations, IBD was not significant suggesting that geography has not 

limited the contemporary dispersal of Inconnu in this region (Rxy=0.56; P=0.08) (Fig. 1.2). Low 
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to moderate genetic differentiation was observed among locations (FST=0.0-0.05 and 0.05-0.15, 

respectively) (Wright, 1978). The greatest genetic differentiation was between locations in the 

lower and upper Mackenzie River and locations in Great Slave Lake (FST =0.05-0.12). In 

comparison, locations between the upper and lower Mackenzie (Mackenzie River, Yaya Lake 

and Campbell Lake) were more similar (FST =0.010-0.04) and locations in Great Slave Lake 

(Marion River, Yellowknife Bay and Slave River) were more similar (FST =0.0038-0.0472); 

Table 1.3). 

Bayesian clustering analysis suggested a genetic grouping based on geography. The ad hoc 

test of ∆K found that K=2 was the most likely number of populations, which grouped the lower 

and upper Mackenzie locations into one cluster and the Great Slave Lake locations into another 

cluster. The highest log likelihood occurred at K=3, which subdivided Great Slave Lake into two 

populations. Fish from Marion Lake grouped together, while individuals from Slave River were 

a separate cluster (Fig. 1.3). At K=4, the program had a difficult time assigning individuals and 

did not have a clear biological interpretation suggesting that a K of 2 or 3 presents the best 

explanation for the current dataset (Fig. 1.3).  

As predicted, expected heterozygosity and allelic richness were significantly greater in the 

lower and upper Mackenzie locations (Mackenzie River: Hs=0.609, A=7.56; Campbell Lake: 

Hs=0.616, A=8.64; Yaya Lake: Hs=0.625, A=8.84) compared to Great Slave Lake locations 

(Marion Lake: Hs=0.475, A=6.08; Yellowknife Bay: Hs=0.497, A=6.50; Slave River: Hs=0.530, 

A=6.83) (Hs:  H=3.86, P=0.05; A: H=17.17, P=0.014)). Among all the locations, there was only a 

significant bottleneck event detected in Marion River (P=0.00085).  
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Discussion 

I demonstrate that this set of microsatellites can be used to detect genetic structure of 

Inconnu populations in the Northwest Territories, Canada. Most loci were polymorphic in at 

least one population suggesting that they can detect allelic diversity in most populations. Further, 

all but one locus met the expectations of HWE and linkage equilibrium. Given that our Bayesian 

analysis required loci in HWE and linkage equilibrium, I chose to exclude Sfo8.  

Although I predicted that each sampling location would be genetically distinct due to 

geographic isolation, I found that overall there was low differentiation between locations and that 

our six sampling locations represented only two to three genetic populations. These results are 

similar to the conclusions derived from mitochondrial DNA that geography affects genetic 

structure and diversity of Inconnu in this region (Howland, 2005). Although IBD was not 

significant, a positive trend was observed suggesting that more sampling locations are needed to 

test for the influence of geography (Fig. 1.2). To test for IBD, sampling may need to be at a very 

broad scale (~1800km) as FST showed that there was low to moderate genetic differentiation due 

to gene flow between most locations (FST =0.0-0.87, P<0.00333; Table 1.4). The greatest genetic 

differentiation occurred between the upper/lower Mackenzie River system and lakes, rivers and 

bays adjacent to Great Slave Lake and (FST =0.44-0.87, P<0.00333; Table 1.4). Likewise, 

locations within these two areas were grouped into distinct genetic populations (e.g. K=2) with 

Bayesian clustering analysis.  

Genetic structure between lower Mackenzie and Great Slave Lake populations (K=2; Fig. 

1.3) likely arose as a result of Pleistocene deglaciation which allowed Inconnu from the lower 

Mackenzie region to migrate to GSL (McPhail and Lindsey, 1970; Howland, 2005; Stephenson 

et al. 2005). Further, genetic structure was detected between Marion Lake and Slave River (K=3; 
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Fig. 1.3). Although there was no evidence for IBD, these two populations occur at opposite ends 

of Great Slave Lake (238.89 km apart), in different physiographic regions, with Marion River 

situated in the Precambrian shield and the Slave River in the Mackenzie lowlands. Rivers and 

tributaries feed into Great Slave Lake, many of which contain Inconnu spawning sites (Fuller, 

1955). Our results suggest that geographically isolated rivers and tributaries may be most likely 

to harbor the most genetically divergent Inconnu. Future studies should include Inconnu sampled 

from more rivers to better understand the genetic structure of Inconnu within Great Slave Lake.  

Genetic diversity was significantly lower in GSL compared to lower/upper Mackenzie 

River system (Hs:  H=3.86, P=0.05; A: H=17.17, P=0.014). This supports the hypothesis that a 

founder event may have occurred in GSL post-glaciation. The lakes, rivers and bays around GSL 

had significantly lower expected heterozygosity and allelic richness compared to the lakes and 

river sites in the lower Mackenzie area and upper Mackenzie River. Less genetic diversity in 

GSL populations could be a consequence of post-glacial colonization (Hewitt, 1995; 2000). If a 

small number of individuals from the Mackenzie River successfully dispersed and established 

populations in and around Great Slave Lake, then this could explain lower genetic diversity in 

the colonized population (Templeton, 1980; Hewitt, 2000). A significant bottleneck was found 

within the Marion Lake population, indicating a recent loss of heterozygosity in this population 

(Nei et al. 1975). This suggests that there was a recent colonization event by a few founders in 

Marion Lake. 

A second explanation for lower genetic diversity in GSL is overfishing, which could have 

had a more contemporary influence on heterozygosity (Pinsky and Palumbi, 2014). Populations 

in and around GSL are vulnerable to commercial, recreational and subsistence fisheries. In 

particular, Inconnu from Yellowknife River are thought to have been extirpated due to mining 
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that began in the 1940’s (Yellowknives Dene, 2005). Although Inconnu from Yellowknife Bay 

were genetically similar to Marion River, clustering analysis suggested the presence of migrants 

and/or fish with mixed ancestry from the nearest geographic freshwater populations, Marion 

Lake and Slave River (Table 1.4; Fig. 1.3). This result suggests that after the native population 

was extirpated, Inconnu from nearby locations began to use this area. Although Inconnu from 

nearby river systems are using the area, monitoring assessments in Yellowknife River indicate 

that Inconnu have not re-established in this area because there is no evidence of migration or 

spawning in the Yellowknife River (Golder Inc., Pers. Comm.). Ancestry can only be assigned 

relative to the dataset, and I recognize that there are many rivers and lakes that contain Inconnu 

that were not included in this study. Sampling additional locations will help managers determine 

which populations have contributed genetically to the Inconnu that currently reside in 

Yellowknife Bay.  

Another explanation for higher genetic diversity in the lower/upper Mackenzie region 

may be due to the presence of anadromous individuals. Greater genetic diversity has been 

observed in anadromous and marine populations compared to freshwater populations (Ward et 

al. 1984; DeWoody and Avise, 2000; Tonteri et al. 2007). Radiotelemetry studies and strontium 

analysis indicate that sites within the upper/lower Mackenzie River system vary according to the 

proportion of anadromous and freshwater ecotypes (Howland et al. 2009). Although there is no 

genetic structure or significant genetic differentiation (FST=0-0.024, P<0.00333) according to 

location in this region, Bayesian clustering analysis indicated two genetic groups within the 

Mackenzie River system (Fig. A.2). This result suggests that there is another factor besides IBD 

that is influencing genetic structure. There is preliminary evidence to suggest that ecotypes may 

influence the population genetics of Inconnu. For example, the Mackenzie River location was 
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expected to have a 50/50 mix of freshwater and anadromous ecotypes based on strontium 

analysis and therefore genetic structuring at this site may be due to the presence of freshwater 

and anadromous individuals (Fig. A.2; Fig. A.3) (Howland et al. 2001; 2009). However, to 

further understand if there is genetic structure according to ecotype, strontium analysis and 

genotyping of each individual is needed. Additional sampling in the upper and lower Mackenzie 

River locations (Tulita/mouth of Bear River, Yaya Lake and Campbell Lake) including 

additional sampling locations is needed as the mix of ecotypes is not well understood. Further, 

these collections should consider time of year of collection as the proportion of ecotypes in an 

area could change by season due to annual spawning and feeding migration. However, whether 

this occurs is currently unknown and requires further research.  

 The major contribution of this study was to identify a set of microsatellite markers that 

can be used to assess population genetics of Inconnu in the Northwest Territories. Similar to 

studies with mtDNA, I found that geography influences the genetic structure of populations. 

Genetic structure was observed among the three locations: lower/upper Mackenzie, Marion Lake 

and Slave River. Although genetically-distinct populations were detected, they all contained 

individuals with mixed ancestry indicating that additional sampling is required to understand the 

population structure and migratory behaviour of Inconnu in this region (Fig. 1.3). Further, I 

identified locations that were less genetically diverse, supporting the hypothesis that fish in GSL 

established as the result of a founding event post-glaciation. Recognizing differences in genetic 

diversity can help management identify areas where fish may be more vulnerable to external 

pressures (Tonteri et al. 2007). To determine if there are genetic differences between freshwater 

and anadromous Inconnu in the Northwest Territories, additional sampling is needed. This set of 

microsatellite markers could potentially be used to address this question in other parts of their 
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range as well. Future studies can use these microsatellite loci to determine the genetic structure 

of Inconnu fish stocks in Great Slave Lake to aid in management decisions for this important 

fishery.  
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Table 1.1 Characteristics of 17 microsatellites cross-amplified in Inconnu (Stenodus leucichthys) 
from the Northwest Territories, Canada. Number of alleles (NA), expected heterozygosity (He) 
and deviation from Hardy-Weinberg Equilibrium (as indicated by significant FIS) for six 
locations.  
Locus Sampling 

Location 
N Year NA He FIS 

BWF2 Yaya Lake 43 1992 2 0.227 0.281 
 Campbell Lake 8 1988 2 0.389 0.266 

27 1992 
 Mackenzie River 14a 1996 2 0.260 0.133 

12b 1996 
 Marion Lake 18 1994 1 0.000 - 

37 1995 
 Yellowknife Bay 9 2010 2 0.033 0.000 

17 2011 
4 2012 

 Slave River 51c 1994 1 0.000 - 
ClaTet1 Yaya Lake   43 1992 37 0.975 -0.002 
 Campbell Lake 8 1988 31 0.970 -0.031 

27 1992 
 Mackenzie River 14a 1996 22 0.930 -0.055 

12b 1996 
 Marion Lake 18 1994 26 0.927 -0.031 

37 1995 
 Yellowknife Bay 9 2010 22 0.941 0.025 

17 2011 
4 2012 

 Slave River 51c 1994 26 0.903 -0.017 

ClaTet13 Yaya Lake   43 1992 7 0.525 0.246 
 Campbell Lake 8 1988 5 0.404 0.010 

27 1992 
 Mackenzie River 14a 1996 5 0.536 0.157 

12b 

 Marion Lake 18 1994 3 0.384 0.392 
37 1995 

 Yellowknife Bay 9 2010 2 0.320 0.390 
17 2011 
4 2012 

 Slave River 51c 1994 3 0.523 0.100 
Otsg253 Yaya Lake   43 1992 16 0.875 0.122 
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 Campbell Lake 8 1988 16 0.901 -0.028 
27 1992 
  

 Mackenzie River 14a 1996 11 0.829 0.018 
12b 

 Marion Lake 18 1994 12 0.835 0.051 
37 1995 

 Yellowknife Bay 9 2010 13 0.830 -0.006 
17 2011 
4 2012 

 Slave River 51c 1994 18 0.867 -0.012 
Cis157 Yaya Lake   43 1992 4 0.438 -0.063 

 Campbell Lake 8 1988 3 0.293 0.123 
27 1992 

 Mackenzie River 14a 1996 2 0.493 0.006 
12b 

 Marion Lake 18 1994 1 0.000 - 
37 1995 

 Yellowknife Bay 9 2010 2 0.064 -0.018 
17 2011 
4 2012 

 Slave River 51c 1994 3 0.077 -0.023 
Cis200 Yaya Lake 43 1992 14 0.774 -0.042 
 Campbell Lake 8 1988 11 0.780 0.139 

27 1992 
 Mackenzie River 14a 1996 8 0.712 -0.011 

12b 

 Marion Lake 18 1994 6 0.705 -0.063 
37 1995 

 Yellowknife Bay 9 2010 6 0.703 0.120 
17 2011 
4 2012 

 Slave River 51c 1994 8 0.724 -0.067 
ClaTet16 Yaya Lake   43 1992 18 0.893 0.141 
 Campbell Lake 8 1988 20 0.921 -0.021 

27 1992 
 Mackenzie River 14a 1996 13 0.888 -0.060 
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12b 

 Marion Lake 18 1994 11 0.861 0.088 
37 1995 

 Yellowknife Bay 9 2010 12 0.876 -0.004 
17 2011 
4 2012 

 Slave River 51c 1994 23 0.911 -0.039 
CoclLav6 Yaya lake   43 1992 7 0.414 -0.001 
 Campbell lake 8 1988 6 0.303 0.020 

27 1992 
 Mackenzie River 14a 1996 4 0.273 0.036 

12b 

 Marion Lake 18 1994 1 0.000 - 
37 1995 

 Yellowknife Bay 9 2010 2 0.095 -0.036 
17 2011 
4 2012 

 Slave River 51c 1994 2 0.129 -0.064 
One104 Yaya Lake   43 1992 2 0.501 -0.067 
 Campbell Lake 8 1988 2 0.506 -0.130 

27 1992 
 Mackenzie River 14a 1996 2 0.493 0.316 

12b 

 Marion Lake 18 1994 2 0.135 -0.069 
37 1995 

 Yellowknife Bay 9 2010 2 0.255 0.618 
17 2011 
4 2012 

 Slave River 51c 1994 2 0.472 0.087 
Cis181 Yaya Lake   43 1992 25 0.955 0.002 
 Campbell Lake 8 1988 26 0.956 -0.046 

27 1992 
 Mackenzie River 14a 1996 19 0.916 0.054 

12b 

 Marion Lake 18 1994 20 0.914 -0.026 
37 1995 

 Yellowknife Bay 9 2010 17 0.917 -0.037 
17 2011 
4 2012 

 Slave River 51c 1994 26 0.959 -0.001 
ClaTet10 Yaya Lake 43 1992 7 0.500 0.117 
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 Campbell Lake 8 1988 6 0.610 -0.077 
27 1992 

 Mackenzie River 14a 1996 7 0.703 0.090 
12b 

 Marion Lake 18 1994 5 0.614 0.210 
37 1995 

 Yellowknife Bay 9 2010 4 0.668 -0.031 
17 2011 
4 2012 

 Slave River 51c 1994 6 0.746 -0.025 
ClaTet3 Yaya Lake 43 1992 16 0.921 0.116 
 Campbell Lake 8 1988 16 0.921 -0.055 

27 1992 
 Mackenzie River 14a 1996 13 0.858 0.212 

12b 

 Marion Lake 18 1994 13 0.747 0.060 
37 1995 

 Yellowknife Bay 9 2010 10 0.821 -0.039 
17 2011 
4 2012 

 Slave River 51c 1994 12 0.815 -0.059 
CoclLav49 Yaya Lake   43 1992 5 0.754 0.014 
 Campbell Lake 8 1988 5 0.747 -0.033 

27 1992 
 Mackenzie River 14a 1996 5 0.792 0.242 

12b 

 Marion Lake 18 1994 5 0.647 -0.087 
37 1995 

 Yellowknife Bay 9 2010 5 0.699 -0.127 
17 2011 
4 2012 

 Slave River 51c 1994 5 0.708 -0.053 
Sfo8 Yaya lake   43 1992 9 0.476 -0.360 
 Campbell lake 8 1988 8 0.464 -0.391 

27 1992 
 Mackenzie River 14a 1996 4 0.303 -0.574 

12b 

 Marion Lake 18 1994 4 0.415 -0.455 
37 1995 

 Yellowknife Bay 9 2010 4 0.535 -0.379 
17 2011 



39 
 

4 2012 
 Slave River 51c 1994 2 0.444 -0.042 
Cocl3 Yaya lake   43 1992 2 0.417 0.100 
 Campbell lake 8 1988 2 0.387 -0.033 

27 1992 
 Mackenzie River 14a 1996 2 0.493 0.162 

12b 

 Marion Lake 18 1994 2 0.222 0.190 
37 1995 

 Yellowknife Bay 9 2010 2 0.180 -0.094 
17 2011 
4 2012 

 Slave River 51c 1994 4 0.094 0.001 
Sfo23 Yaya lake   43 1992 6 0.668 -0.010 
 Campbell lake 8 1988 5 0.580 -0.034 

27 1992 
 Mackenzie River 14a 1996 4 0.487 -0.085 

12b 

 Marion Lake 18 1994 4 0.474 0.012 
37 1995 

 Yellowknife Bay 9 2010 4 0.492 0.135 
17 2011 
4 2012 

 Slave River 51c 1994 2 0.294 -0.075 
ClaTet9 Yaya lake    43 1992 4 0.214 -0.087 
 Campbell lake 8 1988 2 0.182 -0.097 

27 1992 
 Mackenzie River 14a 1996 2 0.074 -0.020 

12b 

 Marion Lake 18 1994 2 0.135 -0.069 
37 1995 

 Yellowknife Bay 9 2010 2 0.064 -0.018 
17 2011 
4 2012 

  Slave River 51c 1994 5 0.146 0.725 
Significant FIS (Bonferroni-corrected P-value>0.00294) values bolded. 
a Samples collected from Tulita, a hamlet along the Mackenzie River. 
b Samples collected from Mackenzie at the mouth of Bear River. 
c Samples collected from Fort Smith along Slave River.
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Table 1.2 Description of 17 microsatellite loci that cross amplified in Inconnu (Stenodus leucichthys) from the Northwest Territories, 
Canada.  

Locus 
name 

Primer Sequence (5’-3’) Repeat motif # of 
allele
s/locu
s 

Size 
range 
(bp) 

Species Reference 

BWF2 F: CGGATACATCGGCAACCTCTG 
R: AGACAGTCCCCAATGAGAAAA 

(CA)25 2 156-164 Coregonus 
nasus 

Patton et al. 
1996 

ClaTet1 F: GAGCCCATCATCACTGAGAAAGA   
R: CTGCTACCCACAAACCCCTG 

(GACA)13 37 271-459 Coregonus 
lavaretus 

Winkler et 
al. 2008 

ClaTet13 F: TGATACATTTTTTGGCCTTTC 
R: GGACCTGCCCTATCTGTC  

(GACA)7 7 251-275 Coregonus 
lavaretus 

Winkler et 
al. 2008 

Otsg253 F: GAGCAGGCCGAGCAGGTGTCT 
R: GGAGCATTCCAATCAAGCCACTG 

(GACA)10(GATA)
14 

16 163-227 Oncorhynchus 
tshawytscha  

Williamson 
et al. 2002 

Cis157 F: CTTAGATGATGGCTTGGCTCC 
R: GGTGCAATCACTCTTACAACACC 

(GT)17 4 137-145 Coregonus 
nipigon 

Turgeon et 
al. 1999 

Cis200 F: GGTTAGGAGTTAGGGAAAATATG 
R: GTTGTGAGGTAGGCCTGG 

(GT)45 12 212-248 Coregonus 
nipigon 

Turgeon et 
al. 1999 

ClaTet16 F: CTGAATAACAAGCGGAGGAAA 
R: CAGAGGGTAAATGCTGTGTTTT 

(TATC)45 23 252-340 Coregonus 
lavaretus 

Winkler et 
al. 2008 

CoclLav6 F: GCCATCATCCTCCCAGGAAA 
R: CAGGGAATCTGCACTGGAGC 

TGA(GT22)ATC 4 154-190 Coregonus 
clupeaformis 

Rogers et al. 
2004 

One104 F: ATCTTTATGGTGGCAAGTCC 
R: ATCTGGTACTTCCCTGATGC  

(ATCT)10(ATCT)1

5N4 
2 241-249 Oncorhynchus 

nerka 
Olsen et al. 
2000 

Cis181 F: GGTCTGAATACTTTCCAAATGCAC R: 
CCATCCCTTTGCTCTGCC 

(GATA)36 25 252-364 Coregonus 
nipigon 

Turgeon et 
al. 1999 

ClaTet10 F: GCCTCACACAGTCGCTTTC   
R: GCCGAATGGTGGACAGA  

(TGTC)13 7 167-191 Coregonus 
lavaretus 

Winkler et 
al. 2008 

ClaTet3 F: TGCTCCATCAGTCCTGCA   
R: AAAGTGAGTCAAGCGTGAGAAGCA 

(TGTC)11 16 336-428 Coregonus 
lavaretus 

Winkler et 
al. 2008 

CoclLav49 F: AGCCAGTTGGAGGCTATTTG 
R:AGGGCTGCTGTTGAAGTCAT 

ACT(GT17)GGG 5 166-180 Coregonus 
clupeaformis 

Rogers et al. 
2004 
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Sfo8 F: CAACGAGCA CAGAACAGG 
R: CTTCCCCTGGAGAGGAAA 

(GT)46 7 214-254 Salvelinus 
fontinalis 

Angers et al. 
1995 

Cocl3 F: GTTTCAGGTTTGGTAAGCAAG 
R: AGTGTAATAAATCACCCGAG 

 2 151-153 Salvelinus 
alpinus 

Bernatchez 
1996 

Sfo23 F: GTGTTCTTT TCTCAGCCC  
R: AATGAGCGT TACGAGAGG 

(GT)42 6 165-179 Salvelinus 
fontinalis 

Angers et al. 
1995 

ClaTet9 F: GCAAGGTGAGCCTGTGTGAGT  
R: GGTGGTTAGGTGTCTTGTGGC 

(TGTC)17 4 133-145 Coregonus 
lavaretus 

Winkler et 
al. 2008 
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Table 1.3 Genetic characteristics of six populations of Inconnu in the Northwest Territories. 
Allelic richness, multi-locus gene diversity and deviations from Hardy-Weinberg (multilocus FIS) 
using 17 microsatellite loci (Bonferroni-corrected P<0.01).  
 Na Hs FIS P-value 
Yaya Lake 2-37 0.616 0.025 0.198 
Campbell Lake 2-31 0.607 -0.035 0.098 
Mackenzie River 2-22 0.603 0.034 0.200 
Marion Lake 1-26 0.476 0.003 0.883 
Yellowknife Bay 2-22 0.508 0.001 0.957 
Slave River 1-26 0.518 0.029 0.145 
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Table 1.4 Genetic differentiation of Inconnu in the Northwest Territories, Canada. Pairwise FST 
between six Inconnu populations using 16 microsatellite loci. Multi-locus FST (bottom of table) 
and standardized F’ST (top of table) was significant after Bonferroni correction (P< 0.00333). 
  
 Yaya 

Lake 
Campbell 
Lake 

Mackenzie 
Rivera 

Marion 
River 

Yellowknife 
Bay 

Slave 
River 

Yaya Lake - 0.001 0.047 0.143 0.111 0.113 
Campbell Lake 0.000 - 0.064 0.133 0.103 0.100 
Mackenzie Rivera 

0.018 0.024 - 0.189 0.150 0.133 
Marion River 

0.065 0.061 0.087 - 0.007 0.095 
Yellowknife Bay 0.048 0.045 0.066 0.004 - 0.055 
Slave River 0.048 0.044 0.058 0.047 0.027 - 

Significant FST values with Bonferroni correction (P<0.00333) highlighted in bold. 
a Mackenzie River at Tulita and mouth of Bear River       
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Fig. 1.1 Sample locations for Inconnu (Stenodus leucichthys) collected within Northwest 
Territories, Canada. 
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Fig. 1.2 Isolation by distance using of the pairwise genetic differentiation (FST) and geographic 
distance (km) of sampling locations within the Northwest Territories (P=0.077). 

y = 2x10-5x + 0.0217 
R² = 0.31 
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Fig. 1.3 Results of Bayesian clustering analysis (K=2 to 4) for seven sampling locations using 16 
loci. Each bar represents the probability that a fish belongs to a population. Individuals with 
more than one colour have mixed ancestry. Upper and lower Mackenzie: 1) Yaya Lake, 2) 
Campbell Lake, 3) Mackenzie River at Tulita, 4) Mackenzie River at Bear river mouth, and the 
Great Slave Lake populations 5) Marion Lake, 6) Yellowknife Bay, 7) Slave River. 
. 
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Chapter 2: Genetic Assessment of Inconnu (Stenodus leucichthys) Populations in Great 
Slave Lake, Northwest Territories  

Abstract 

 Great Slave Lake (GSL), Northwest Territories supports a Lake Whitefish (Coregonus 

clupeaformis) commercial fishery which is managed via a quota system. Inconnu (Stenodus 

leucichthys) is considered bycatch of the commercial fishery. Currently, seven Inconnu stocks 

corresponding with river systems containing spawning habitat are recognized within GSL. 

However, in recent years an increase in catches has coincided with a decline of some stocks into 

the critical zone determined by the Department of Fisheries and Oceans precautionary approach 

framework. In response, harvest control measures were established, but the stocks are still 

considered ‘at risk’ suggesting that these measures may not be effective at conserving stocks in 

danger of extirpation. At this point, it is unknown what the contemporary genetic diversity and 

structure of the stocks is in GSL. By assessing the population genetics of Inconnu in this area, 

management can better understand the genetic diversity and uniqueness of stocks, which could 

help identify key geographic areas for harvest control and other management approaches. If 

Inconnu are philopatric to specific river systems for spawning, then each river system is 

predicted to harbour a distinct genetic population. Samples were obtained from assessment 

monitoring that was conducted at 11 locations in the Northwest Territories from 1988 to 2017, 

including five sites within upper/lower Mackenzie River system and six sites within rivers and 

lakes adjacent to GSL. Five of the six sampling sites within GSL corresponded to four of the 

surrounding river systems, while one sampling site was within GSL. Genetic analyses with 

microsatellite loci showed no temporal genetic structure among locations except for one location, 

suggesting stability in population structure over time. Isolation by distance was detected among 

populations indicating that geography has influenced population structure. Four genetic groups 



48 
 

of Inconnu were identified, one in the lower and upper Mackenzie and three within Great Slave 

Lake. Additional substructuring among locations in GSL corresponded to three major river 

systems: Slave River, Buffalo River and Marion River/Lake suggesting that each river has 

genetically distinct Inconnu populations. These results suggest that sustainability of Inconnu in 

and around GSL depends upon maintaining stocks associated with river systems, especially those 

that are geographically disparate.   

Introduction 

Great Slave Lake (GSL), Northwest Territories, the fifth largest lake in North America, 

supports commercial, recreational and subsistence fisheries. Inconnu (Stenodus leucichthys), a 

large, piscivorous coregonid (adults can be > 1m), is harvested in the commercial and 

subsistence fisheries in GSL. Several stocks have declined leading to management efforts aimed 

at addressing the problem (Fuller, 1955; Day et al. 2013). Several life history characteristics of 

Inconnu may make them more vulnerable to overharvest by the commercial fishery. They are 

fast growing, long-lived fish that mature late, which makes them vulnerable to fishing gear prior 

to maturity (Fuller, 1955; Reist and Bond, 1988; Howland, 2005; Day et al. 2013; Smith and 

Sutton, 2015). Further, Inconnu migrate into the river systems to spawn, and feed in GSL 

increasing the likelihood that they are caught in commercial gillnets. These characteristics are 

associated with species that are more likely to be rapidly depleted by harvest (Kindsvater et al. 

2016; Ripple et al. 2014). Declines in some Inconnu stocks are concerning as they could be an 

indication of overharvest and climate change impacts on the ecosystem (Fuller, 1955; Janjua et 

al. 2014; Smith and Sutton, 2015)  

The current management plan has divided GSL into areas and set quotas for catches to 

monitor and manage fish (Fuller, 1955; Day et al. 2013; Fig. A.1). These areas include a 
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complex network of rivers that connect to GSL and provide spawning, feeding and overwintering 

habitat for a variety of fish species. For Inconnu, it is unclear whether individuals utilizing 

different rivers correspond to unique genetic populations as these fish are highly migratory. 

Anadromous individuals migrate up to ~1700km and adfluvial individuals in Slave River migrate 

up to ~300 km upstream (Alt, 1977; Howland et al. 2001; Stephenson, 2005). Migration can lead 

to gene flow at a broad geographic scale, which maintains genetic diversity and decreases the 

likelihood of genetic structure (Thomaz et al. 2016). Genetic substructuring of Inconnu was not 

observed within the upper/lower Mackenzie River suggesting that dispersal and gene flow is 

high among Inconnu in this river system (Chapter One). In contrast, genetic substructure of 

Inconnu was found between two river systems connected to GSL, which could be explained by 

philopatry to spawning sites. It also suggests that more rivers should be sampled to better 

estimate the number of genetic populations and characterize genetic structure of Inconnu in the 

GSL area (Chapter One).  

The current genetic structure of Inconnu is a reflection of contemporary and historic 

influences. Genetic differences in the mtDNA control region among populations in Alaska, lower 

Mackenzie and Great Slave Lake suggested historic isolation of Inconnu at a broad geographic 

scale (Howland, 2005). In contrast, there was no evidence of historic isolation among the river 

systems containing spawning runs within Great Slave Lake (Howland, 2005). Microsatellite loci 

are more polymorphic than mtDNA, which means that they can be used to detect contemporary 

population structure at either broad or fine spatial scales (Hess et al. 2011). In Alaska, 

microsatellite loci were used to identify genetically distinct Inconnu populations from drainages 

and sites within the Yukon River system (Olsen et al. 2017). Similarly, in the GSL area, 

microsatellite loci showed evidence of contemporary genetic structure in river systems (Chapter 
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One). However, the extent of substructuring based on rivers with spawning runs remains 

uncertain and requires additional sampling of tributaries connected to Great Slave Lake.  

Understanding the amount of genetic structuring and diversity of Inconnu in GSL is 

important for management (Day et al. 2013; VanGerwen-Toyne et al. 2013). Historically, 

Inconnu have been a bycatch of the Lake Whitefish commercial fishery but higher prices for 

Inconnu in the 1970’s and more recently in 2013 increased targeting (Day et al. 2013; 

VanGerwen-Toyne et al. 2013). As a result, some stocks were negatively impacted especially the 

Buffalo River stock (Day et al. 2013; VanGerwan-Toyne, 2013; DFO, 2014). Management 

actions such as seasonal and year round area closures around the mouth of Buffalo River were 

implemented in 1983, which reduced fishing in the area (VanGerwen-Toyne et al. 2013; DFO, 

2014; Fig. A.1). In 2001, there was an expansion of the spring area closure, and then in 2010 

Inconnu from the Buffalo River stock were placed in the critical zone of the Department of 

Fisheries and Oceans Canada (DFO) precautionary model framework and continue to require 

intensive management action (Day et al. 2013, VanGerwen-Toyne et al. 2013; DFO, 2014). The 

DFO precautionary framework model assigns stocks to three statuses (critical, cautious and 

healthy) based upon measureable criteria such as, for example, mean catch per unit effort 

(CPUE) to suggest appropriate harvest strategies (Day et al. 2013). In the case of Inconnu in 

GSL, mean CPUE is based upon the number of mature females caught in gillnets during the 

annual spring stock assessment and used to measure stock (Day et al. 2013). Within the last five 

years (2012-2017), the catches have exceeded the recommended limit, and the stock has 

remained in the critical zone (Janjua DFO, Pers. Comm.). In addition to this declining stock, 

there are several stocks that have been extirpated. Stocks including Taltson River, Hay River, 

Little Buffalo River and Yellowknife River had historically large spawning runs but may have 
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declined due to harvesting by communities situated near the rivers or habitat alterations related to 

dam and mine activity (Fuller, 1955; Day et al. 2013; VanGerwen-Toyne et al. 2013). 

It is currently unknown if overexploitation has affected the genetic diversity of Inconnu 

in GSL. Overexploitation could reduce genetic diversity through population bottlenecks. 

However, genetic diversity may be maintained if migrants from other populations establish in the 

area (Thomaz et al. 2016). Estimating the origin of migrants within genetic populations could 

help managers identify locations that may not be under management but are important sources 

for preserving genetic diversity of Inconnu stocks. The temporal stability of genetic populations 

is also important to assess as it gives managers an idea of how at risk particular populations are 

when there are annual changes to census size. In some cases, even though census sizes of fish 

may change as stocks experience declines and then recover, there may be no observable effect on 

their genetic structure and diversity. For example, there was no temporal change in the genetic 

structure of Lake Whitefish in Lake Michigan between their decline (1950’s) and recovery 

(2000’s) (Nathan et al. 2016). It is also important to assess the spatial genetic structure of stocks 

to determine whether geographic barriers and distance affect gene flow. Managers can then focus 

their efforts on specific stocks that require action especially if they may be isolated relative to 

other stocks (DeWoody and Avise, 2000; McClure et al. 2008; Waples et al. 2009; Allendorf et 

al. 2014; Pinsky and Palumbi, 2014; Braun et al. 2015).  

Conservation efforts can be informed by calculating effective population size (Ne), which 

is the number of breeding or reproductively successful individuals in an ideal population 

(Wright, 1931; Franklin, 1980). This is an important parameter in conservation and evolutionary 

biology because Ne reflects the effects of drift and natural selection (Nunney and Elam, 1994; 

Charlesworth, 2009; Nikolic et al. 2009). Estimates of Ne can be used to determine the rate at 
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which genetic diversity is lost due to drift in a population (Wright, 1931; Franklin, 1980). 

Populations with smaller Ne are more likely to experience genetic drift, which increases the 

likelihood of reductions in genetic diversity, higher rate of fixation of deleterious alleles and 

higher efficiency of natural selection. As a result, small populations may be at greater risk of 

declines and extinction (Wright, 1931; Nikolic et al. 2009). Inconnu stocks, such as the Buffalo 

River stock, have declined and are of management concern, therefore estimating effective 

population size is a method for understanding how susceptible the stock may be to extirpation.    

Currently, stocks of Inconnu are delineated by spawning runs and geographic 

distinctiveness. There are seven spawning runs recognized in GSL: Yellowknife River, Taltson 

River, Buffalo River, Slave River, Marion Lake, Hay River and Little Buffalo River (Fuller, 

1955; Howland et al. 2000; Day et al. 2013;). However, it is not known whether these stocks 

correspond to genetic populations and whether there are differences in genetic diversity among 

these populations. Archived and recent samples from long-term stock assessment monitoring 

were used to test whether there were temporal or spatial influences on the genetic structure and 

diversity of Inconnu in the GSL. I hypothesized that if Inconnu are philopatric to river spawning 

sites, then Inconnu from each river will constitute a genetic population. In addition, I examined 

temporally separated samples to test whether there were any changes in the population structure 

and diversity at particular sites over time. I predicted that locations that had experienced 

extirpation, such as Yellowknife River, would show temporal genetic substructure, signatures of 

genetic bottlenecks and less genetic diversity than other locations. 
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Materials and Methods 

Origin of tissue samples  

Archived and recent samples were collected by DFO stock assessment and local 

community members that were part of the commercial and subsistence fisheries in GSL, and its 

tributaries with the help of local communities from 1988-2017 (Table 2.1). Great Slave Lake is a 

large lake that spans different physiogeographic regions, with the northern region occurring in 

the Precambrian shield and the southern region occurring in the Mackenzie lowlands. The 

Mackenzie River begins at Great Slave Lake and runs ~1500km to the Mackenzie Delta. 

Archived tissues were available from within lakes (Yaya Lake, Campbell Lake, Great 

Slave Lake (Areas 1E, 1W and III), Marion Lake), within rivers (Buffalo River, Mackenzie 

River (Tulita, mouth of Bear River), Slave River), at the mouths of rivers (Buffalo River, Slave 

River), and within a bay (Yellowknife Bay) (Fig. 2.1; Table 2.1). Recent samples between 2013-

2017 were taken from the mouth of Buffalo River, Yates River, mouth of Slave River, Marion 

River and Lake, Yellowknife Bay, Mackenzie River (Norman Wells), Tuktoyaktuk Harbor and 

Great Slave Lake (Area 1W and 1E) (Fig. 2.1). 

In my study, Mackenzie River was divided into three areas: the lower Mackenzie 

encompassed the Mackenzie River from Fort Good Hope to the Mackenzie Delta (Yaya Lake, 

Campbell Lake, Tuktoyaktuk Harbour); the upper Mackenzie continues from Fort Good Hope to 

just south of the Liard River (Mackenzie River at Tulita and mouth of Bear River, Norman 

Wells); and the last area was Great Slave Lake from Liard River to Great Slave Lake (Buffalo 

River, Yates River, Marion River/Lake, Yellowknife Bay and Slave River) (Howland et al. 

2009) (Fig. 2.1). Within Great Slave Lake, four of the seven Inconnu stocks were sampled 

(VanGerwen-Toyne et al. 2013) (Buffalo River, Slave River, Marion River/Lake and 
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Yellowknife River). Within the Buffalo River system two sites were sampled, Yates River and 

the mouth of Buffalo River. Five different locations were sampled within Slave River (Table 

2.1). Within the Marion river system, two sites were sampled: Marion River and Marion Lake. 

The Yellowknife River population was extirpated possibly due to the presence of a mine 

developed in the 1940’s and therefore Yellowknife Bay was sampled to determine if there is a 

unique genetic signature associated with Yellowknife River.  Additional samples were collected 

in GSL to characterize composition of the commercial fishery catches.  

At each sampling location, Inconnu were caught using gillnets (133mm and 140mm mesh 

size), which is a common method used in fisheries stock assessment and commercial fisheries 

(Day et al. 2013). Finclips were collected and preserved in 95% ethanol, and muscle tissue was 

frozen at -80ºC for genetic analysis.  

Microsatellite genotyping and scoring  

A total of 17 microsatellite loci (dinucleotides and tetranucleotides), originally developed 

for other fish species, were tested in Inconnu using four multiplexes developed by Robert Bajno 

at DFO (Table A.1; Table B.1). Tissue samples were collected from 889 individuals (archived 

samples) and 188 individuals that were more recently sampled from Tuktoyaktuk Harbour 

(2016), Buffalo River (2016/2017), Mackenzie River at Norman Wells (2016), Slave River 

(2016) and Great Slave Lake (2016/2017) (Table 2.1). DNA was extracted using the Qiagen 

DNeasy® blood and tissue kits protocol (Qiagen, Valencia, California). DNA extractions were 

also performed on 10 samples from the Yates River, 60 from Marion River and Lake 2015 and 

35 from Yellowknife Bay 2015 using the Chelex DNA extraction method (Walsh et al. 1991). A 

1mm2 piece of tissue was soaked in water to remove ethanol and then the tissue was placed in 

200 µl of 5% Chelex containing 0.2 mg /mL proteinase K. Samples were incubated at 56 ºC for 



55 
 

2h and then boiled at 100 ºC for 8 min. Microsatellite alleles were amplified using four multiplex 

PCR reactions with three to five loci per mix and one locus was amplified on its own (Table 

A.1). An automated sequencer, 3130XL Genetic Analyzer (Applied Biosystems, Inc., Foster 

City, California) and GENEMAPPER (v. 3.7Applied Biosystems Inc.) were used to visualize the 

fragments.  

Population genetic analyses  

I tested for temporal genetic structure using pairwise FST and Bayesian clustering analysis 

to determine whether sampling years clustered within a location. Six locations were sampled in 

more than one year resulting in 30 pairwise year x location combinations (Table 2.1; Table B.2; 

Fig. B.1). If no significant genetic differentiation or clustering was found in a location according 

to year, then temporal samples were pooled before additional genetic analyses were conducted. 

For each locus, levels of polymorphism, observed heterozygosity (Ho) and expected 

heterozygosity (He) were calculated by location in GENEPOP v4.0 (Raymond and Rousset, 

1995; Rousset, 2008). Deviations from Hardy-Weinberg equilibrium (HWE) per locus and 

multilocus was performed by estimating FIS using SPAGEDI v1.5 (Hardy and Vekemans, 2002). 

MICROCHECKER (van Oosterhout et al. 2004) was used to test each locus for excess 

homozygosity in all populations. Loci that did not meet HWE expectations were removed from 

the final analyses. Linkage disequilibrium (LD) was tested with an exact test based on the 

Markov chain method in GENEPOP v4.0 (Raymond and Rousset, 1995) using 5000 

dememorizations, 5000 batches and 5000 iterations per batch. Sequential Bonferroni correction 

was performed to correct for multiple tests (Rice, 1989). I tested for recent bottlenecks in each 

location using BOTTLENECK v1.2.02 (Piry et al. 1999). This program suggests a bottleneck 

when the number of alleles decreases more rapidly than the expected heterozygosity. I tested for 
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bottlenecks assuming step-wise mutation model (SMM) and the two-phase mutation model 

(TPM) (95% single-step mutations and 12 % variance of multi-step mutations). I tested for 

significance with the Wilcoxon’s signed rank test with 1000 iterations (Luikart and Cornuet, 

1998; Piry et al. 1999).  

To determine if geographic distance affected Inconnu genetic structure, I tested for 

isolation by distance among locations. Geographic distances between sites were estimated with 

least cost path analysis on a one million scale map downloaded from the Open Government 

Portal (Government of Canada, 2017) using the Spatial Analyst toolbox and cost distance tool in 

ArcGIS v10.4.1 (ESRI, 2015). Pairwise population differentiation (FST) was estimated for all 

locations using FSTAT v.2.9.3 (Goudet, 1995; Weir and Cockerham, 1984). RECODEDATA 

was used to calculate the maximum possible divergence among populations (FST-max) followed 

by standardizing the FST value by dividing the raw FST by FST-max (Meirmans, 2006). Geographic 

distances were combined with pairwise FST values to test for isolation by distance with the 

Mantel test using GENALEX 6.5 (Peakall and Smouse, 2006; 2012). 

To further test for genetic structure among locations, I used a Bayesian clustering 

approach as performed by the program STRUCTURE v2.3.4 (Pritchard et al. 2000). This 

analysis assumes that populations are in HWE and linkage equilibrium. Thus, my dataset 

consisted of multilocus genotypes from 15 loci at all locations. I ran ten replications for each K 

value 1-17. I specified the admixture model to account for migration among populations and the 

correlated allele frequencies, a burn-in period of 100,000, and a Markov Chain Monte Carlo 

(MCMC) of 100,000 (Evanno et al. 2005). A priori location information was not used 

(LOCPRIOR). The most likely number of clusters was determined using the maximum log 

probability of the data (Pritchard et al. 2000) and the ad hoc test ∆K (Evanno et al. 2005). 
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Once the most likely number of clusters was determined for the entire dataset, a 

hierarchical approach was taken to determine if substructure was observed within each cluster. If 

further substructure occurs within a genetic cluster, this would indicate the presence of multiple 

genetic groups within one cluster. Bayesian clustering analysis implemented in STRUCTURE 

was run separately for each cluster (Fig. B.2). Maximum log likelihood was used to determine 

the most likely number of clusters. The ad hoc test ∆K was not used because it cannot be applied 

to populations with K=1 (Evanno et al. 2005). For each fish, I estimated the probability that an 

individual belongs to a particular population with the q-value from STRUCTURE. Individuals 

with q>0.80 were assigned to that particular genetic cluster (Garroway et al. 2010).  

I also assessed population structure with principal components analysis (PCA) to 

determine if the results differed when the analysis did not assume HWE and linkage equilibrium 

(Jombart, 2008). I used the ADEGENET package to import the genetic data and then analyzed 

population structure with the package ade4 using R statistical software (Jombart, 2008; R Core 

Team, 2018). PCA summarizes variability among individuals and within groups using a matrix 

of allele frequencies but does not predict between population variation as well as STRUCTURE 

(Jombart, 2008). After performing PCA on the entire dataset, individual six from Yates River 

was deemed an outlier (Fig. B.3). A second PCA without this individual was performed to better 

visualize the number of different genetic clusters. A third PCA was performed with the reduced 

dataset, and also without the samples collected from the mouths of rivers in GSL. The latter 

samples were excluded because Bayesian clustering analysis indicated that at each of these 

locations, there was a mix of individuals from different genetic populations, so removing these 

individuals helped to visualize the number of genetically distinct clusters in the river and lakes 

systems associated with GSL. 



58 
 

Contemporary effective population size (Ne) was estimated using the linkage 

disequilibrium (LD) method implemented in the program NeEstimator v2.1 (Do et al. 2014) 

which assumes that drift acts upon unlinked loci (Waples and Do, 2008; Waples and Do, 2010). 

The LD method calculates the unbiased estimate of r2 using the amount of disequilibrium from a 

finite number of individuals, these results then estimate Ne (Waples and Do, 2008). Confidence 

intervals (C.I.) were calculated using the jackknife method, which was found to perform as well 

or better than parametric methods (Waples and Do, 2008). In my study, Ne was estimated for 

each of the genetic clusters detected by STRUCTURE. The lowest allele frequency used was 

Pcrit= 0.03 to screen out alleles that occur in only one copy (Waples and Do, 2010) 

 

Results 

This study included a total of 999 samples from Inconnu collected from 11 sites over the 

course of nearly 30 years. At six of the seven sites with >1 year of sampling, there was no 

temporal structure; these included Campbell Lake, Mackenzie River at Tulita, Marion Lake, 

Slave River, Buffalo River and Great Slave Lake (Table 2.1; Table B.2; Fig. B.1). In contrast, 

there was evidence of genetic differentiation and distinct clustering by year at Yellowknife Bay; 

therefore, each sampling year was treated as a separate population (2010, 2011, 2012, 2015) 

(Fig. B.1; Table B.2). Subsequent analyses were performed on 14 total populations; four with 

one temporal sample, six with pooled sampling by year, and one location with each year of 

sampling treated as a separate population. 

For these 14 populations, the number of alleles per each of the 17 loci ranged from 1- 37 

among populations (Table 2.2). Multi-locus FIS indicated that 2012 Yellowknife Bay and Slave 

River were out of HWE (Bonferroni-corrected, P<0.003; Table 2.2). Further, analysis performed 
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on each locus per population revealed that Sfo8 and ClaTet13 were out of HWE in several of the 

populations (Bonferroni corrected, P<0.003). According to MICROCHECKER (van Oosterhout 

et al. 2004), Sfo8 was out of HWE in 10 populations due to excess heterozygosity. Likewise, an 

excess of homozygosity due to the presence of null alleles was detected in all populations in 

ClaTet13. Therefore, Sfo8 and ClaTet13 were removed because no other loci were out of HWE 

in more than one population. Subsequent analyses performed with the remaining 15 loci found 

76 pairs of loci in linkage disequilibrium (P<0.05). After sequential-Bonferroni correction, only 

17 pairs of loci were in linkage disequilibrium (P<0.000476). Four of these pairs were found in 

the Mackenzie River location, but otherwise no pairs were significantly out in more than two 

locations. Two populations had signatures of genetic bottlenecks. The SMM and TPM models 

both resulted in significant departures for Yellowknife Bay in 2012 (SMM and TPM: P=0.0006) 

and Yates River (SMM: P=0.0413; TPM: P=0.0302). However, both populations had low 

sample sizes, (Yates River, n=10; Yellowknife Bay, n=4) which could have contributed to these 

results. 

Although there was little evidence for temporal structure, there was evidence of spatial 

genetic structure. Significant isolation by distance was observed among locations (Rxy=0.693; P 

=0.008; Fig. 2.2). The influence of geography is also reflected in the most likely number of 

genetic clusters inferred from the Bayesian analysis. The ad hoc test (∆K) suggested that K = 3 

represented the most likely number of genetic populations. These groups corresponded to three 

geographically separated populations (lower and upper Mackenzie, north of GSL (Marion Lake 

and Yellowknife Bay), and Inconnu collected from north and south of GSL (Slave River and 

Yellowknife Bay). The highest maximum log likelihood value was at K = 5 and suggested that 

fish from river systems south of GSL as well as GSL were more similar to each other than to 
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other locations (Fig. 2.3). In addition, many fish assigned to an unknown population (blue) in 

Slave River, Yellowknife Bay and GSL suggesting that there are additional genetic populations 

that were not sampled in our study. The hierarchical Bayesian clustering approach was 

implemented at each cluster (lower/upper Mackenzie, Marion Lake/Yellowknife Bay 2010-2012, 

Slave River/Yellowknife Bay 2015 and Buffalo River). Maximum log likelihood indicated K=1 

for three of the clusters (Slave River/Yellowknife Bay 2015, Marion Lake/Yellowknife Bay 

2010-2012, Buffalo River), while one cluster (upper/lower Mackenzie River) was K=2 (Fig. 

B.2). 

There was evidence of admixture among the populations in GSL. At K = 4, fish from the 

southern extent of GSL (Yates River and Buffalo River) split from samples collected from the 

northern extent (Marion Lake) of GSL. Although K=5 had the highest maximum log likelihood 

value, it suggests that Yellowknife Bay 2015 and Slave River are even more admixed in addition 

to GSL (blue and yellow; Fig 2.3). At K = 3-5, fish from GSL are highly admixed except for a 

group that is assigned to the upper and lower Mackenzie population (green, Fig 2.3). 

Q-values also suggested that the degree of admixture among the four genetic clusters that 

corresponded to the upper/lower Mackenzie River (cluster 1), Marion River/Yellowknife Bay 

2010-2012 (cluster 2), Slave River/Yellowknife Bay 2015 (cluster 3) and Buffalo River (cluster 

4). Individuals were highly assigned to a cluster if q>0.80 (one of the four genetic clusters or 

migrants from another cluster), or they were considered mixed (q<0.80). Mixed individuals 

could be the product of gene flow with other populations. Within the upper/lower Makenzie 

River, the majority of individuals (84.6%) were assigned to their cluster of origin, while 2% were 

assigned to two other clusters and 13.4% were of mixed ancestry. Within Marion 

River/Yellowknife Bay 2010-2012, the majority of individuals sampled (55%) were assigned to 
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their cluster of origin, less than 1% assigned to another population, and 44% were of mixed 

ancestry. Within Slave River/Yellowknife Bay 2015 (cluster 3), most individuals were a nearly 

50:50 mix between two genetic groups (Fig. 2.3). When the q-values of each group were 

summed, the majority of individuals were assigned to one genetic cluster (72.5%) suggesting that 

most fish in this location share this genetic background. In addition, 3.14% of individuals were 

assigned to three other clusters, while the remaining individuals were of mixed ancestry 

(24.36%). Within Buffalo River, 24.3% of individuals were assigned to this genetic cluster, 

while 19.89 % were assigned to the three other genetic clusters and the remaining individuals 

were of mixed ancestry (55.81%). Samples collected in GSL were assigned to the Slave River 

genetic cluster (42.4%), the Buffalo River genetic cluster (12.8%), and the Marion 

Lake/Mackenzie River genetic cluster (9.9%). The remaining individuals were considered mixed 

(42.4%) though they could also represent un-sampled populations.  

Similar to the Bayesian results, principal components analysis showed three distinct 

clusters. The first axis of the principal components (PC1) separated the upper and lower 

Mackenzie River fish from river systems around and within GSL (Marion River, Yellowknife 

Bay, Slave River and Buffalo River) (eigenvalues= 5.01, axis 1 explained 2.38% of variation). 

PC2 indicated that fish from Marion Lake and Slave River were each distinct genetic cluster 

(Fig. 2.4; eigenvalues= 3.51, axis 2 explained 1.67% of variation). The third principal component 

(Fig. 2.4; eigenvalues= 2.72, axis 3 explained 1.29% of variation) did not further differentiate the 

clusters. Like the Bayesian clustering, the PCA did not clearly show a distinct cluster for Buffalo 

River because individuals from this location clustered with fish from Slave River and Marion 

River (Fig. 2.3; 2.4). GSL was comprised of fish assigned to all three genetic clusters (Fig 2.3; 

2.4).  
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Estimates of Ne were performed for four genetic clusters (lower/upper Mackenzie River, 

Marion River/Yellowknife Bay 2010-2012, Slave River/Yellowknife Bay 2015, Buffalo 

River/Yates River). I did not estimate Ne for GSL because I found that several genetic 

populations of fish co-occur in this area. The estimates of Ne ranged from 574 (Marion River) to 

2383 (Buffalo River) (Table 2.4). However, for all Ne estimates, the upper 95% C.I. estimates 

were infinity, suggesting that there are no differences in Ne amongst the populations (Table 2.4). 

The overlapping C.I.s also make it difficult to determine whether the smaller-sized populations 

experienced more genetic drift compared to the larger-sized populations (Harris et al. 2012).  

Discussion 

Four of the seven Inconnu stocks were sampled in this study. Finding genetic structure 

between three of these stocks supports the hypothesis that genetic structure is affected by the 

philopatric behaviour of Inconnu to river systems in GSL. Each of these stocks corresponds to a 

major river system with a spawning run, Slave River, Marion Lake, and Buffalo River. Genetic 

differentiation between three stocks varied from low to moderate (pairwise FST = 0.046-0.20, 

Bonferroni-corrected P<0.00055; Table. 2.3). The locations that differed the most were also the 

most geographically distant suggesting that in addition to philopatry, there may be a role of 

spatial isolation in the genetic structure of Inconnu even though they are highly migratory.  

The fourth sampled stock, Yellowknife Bay, was comprised largely of individuals that 

were most genetically similar to fish from Slave River and Marion Lake stocks. Among the four 

years (2010-2012, 2015) of sampling within Yellowknife Bay, all years were within HWE with 

no LD except in 2012. In this year, there was low allelic richness (Na = 1-2) and multilocus FIS 

was significantly negative (FIS = -0.944; P = 0.000) suggesting outbreeding depression. 

However, these results should be interpreted with caution as sample size was low (N = 4). 
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Yellowknife Bay was also the only stock that exhibited temporal genetic structure (Fig. B.1). In 

the Bayesian clustering analysis and the PCA, fish from Yellowknife Bay were separated into at 

least two temporal populations (2010-2012 and 2015) (Fig. 2.3; Fig. 2.4; Fig. B.1). Yellowknife 

Bay 2015 showed a greater range in allelic diversity (Table 2.2; Na=2-24) compared to 2010-

2011 (Na= 1-19), which may suggest the genetic diversity of Inconnu is increasing in this area. 

Historically, Yellowknife River had an Inconnu spawning run, but mining activity (1948 to 

2004) along the river may have extirpated the population (Yellowknives Dene, 2005). Tailings 

produced by mines can pollute river systems and be detrimental to fishes due to bioaccumulation 

of the metals found in the water (Authman et al. 2015). An increase in pollutants such as arsenic 

due to the mine in the Yellowknife River could have caused Inconnu to migrate to other river 

systems, affecting the overall genetic diversity and structure within Great Slave Lake 

(Yellowknives Dene, 2005; Sandlos and Keeling, 2012). In addition, an increase in the 

population of the surrounding community due to the presence of a mine may have also increased 

the harvest of Inconnu in the river system (Howland DFO, Pers. Comm). Although the spawning 

population in the river system was extirpated, there is evidence of migrants from two populations 

(Marion Lake and Slave River) colonizing the Yellowknife Bay, suggesting that individuals from 

surrounding areas are filling empty niches. For Marion Lake, this may be expected as it is 

relatively geographically close to Yellowknife Bay (117 km) and located in the northern extent 

of GSL. In contrast, Slave River is further from Yellowknife Bay (139.55 km) and located at the 

south end of GSL. Evidence of Slave River ancestry in Yellowknife Bay fish suggests that the 

migratory behaviour of Inconnu may reduce genetic differentiation between some stocks, 

particularly in cases where there have been substantial population declines.  
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The Slave River population was significantly genetically different from all sampled 

locations except Yellowknife Bay 2015. Most individual fish from Slave River were a 

combination of two populations (combining blue and yellow = 72.5% with q >0.80). In my 

sampling, there was no genetic cluster that was comprised of individuals that were primarily of 

either of these genetic groups (i.e. absence of any predominantly blue or yellow clusters). This 

suggests that more sampling is needed to determine if these source populations exist. In the 

hierarchical analysis, the presence of a single population (K=1) across all sampling years (1993-

2016) suggests that the population has been admixed for generations, which may be possible if 

this stock has strong site fidelity to natal spawning grounds. There was no LD within Slave River 

suggesting the effects of genetic drift and gene flow were minimal. Similar to Yellowknife Bay, 

a significantly negative multilocus FIS value suggested outbreeding depression (FIS= -0.036; 

P=0.000). Although un-sampled populations may also explain these values, all but two 

individual loci (One104 and CoclLav6) also had negative FIS values which further supports the 

hypothesis of outbreeding depression (FIS= -0.3009- -0.0013). Outbreeding depression is the 

cross between individuals from two isolated populations which can reduce fitness in future 

generations (Frankham et al. 2011). Outbreeding depression can be extrinsic, meaning there are 

interactions of alleles at a locus with the environment, which can reflect loss of local adaptation 

(Dann et al. 2010). Another mechanism is intrinsic outbreeding depression which is the result of 

a disruption of co-adapted gene complexes (i.e. positive epistatic gene interactions) due to the 

interactions of alleles at different loci (Dann et al. 2010). Outbreeding depression can have 

detrimental effects on a population. The results of an experimental study on Atlantic salmon 

found decreased survival at the embryonic stage to naturally hypoxic conditions experienced at 

the spawning grounds due to outbreeding depression (Côte et al. 2014). Alternatively, species 
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can recover from outbreeding depression in later generations (Edmands, 2007). More conclusive 

assessments of potential outbreeding depression are important for managers to consider as the 

Slave River population seems to a source of migrants for other stocks, especially declining ones 

such as Yellowknife Bay (Table 2.3; Fig 2.3). 

Within Slave River there was no hierarchical structure (Fig. B.2) suggesting that this 

population has remained a mix of two genetic groups from the early 1990’s to more recently. 

Further there has been no evident decline of Inconnu within Slave River as the estimate for 

effective population size was large (Ne = 2224.6, C.I. 589.4 - ∞) (Table. 2.4). Another 

explanation for excess heterozygosity and the presence of two genetic populations may be due to 

an un-sampled population within Slave River. However, further sampling within the river system 

is needed to resolve the possible presence of an un-sampled population. Alternatively, the 

presence of two genetic clusters in Slave River could be due to the software STRUCTURE 

having trouble assigning individuals to a population due to the influence of IBD (Frantz et al. 

2009). STRUCTURE has the tendency to overestimate the number of populations when there is 

IBD (Frantz et al. 2009). Therefore, Inconnu in Slave River may only represent a single 

population.   

Another genetic population in the Bayesian clustering analysis was comprised of fish 

from Marion Lake. This population was significantly genetically different from other populations 

(pairwise FST = 0.020-0.149, Bonferroni-corrected P<0.00055) and the majority of individuals 

(55%) were assigned to this cluster (q > 0.80) (Fig 2.3; Fig 2.4). However, 44% of individuals 

had mixed ancestry indicating that gene flow is occurring with fish from other river systems (i.e. 

Slave River and Buffalo River). Marion Lake is in HWE and linkage equilibrium signifying that 

the population is genetically stable and likely randomly mating (FIS = 0; P = 0.987) with minimal 
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influences of genetic drift and mutation. The estimated Ne for Marion River was the lowest (Ne = 

574.4, C.I. 158.2 - ∞) (Table 2.4) among all four genetic clusters suggesting that fish in Marion 

River may have experienced loss of genetic variation due to genetic drift (Franklin, 1980). In 

Chapter One, there was a significant population bottleneck detected in the Marion River 

population when samples only consisted of individuals from the years 1994-1995. With 

additional samples from 2015 in Chapter Two, no significant population bottleneck was detected. 

This contrasting result may suggest population growth and gene flow from the surrounding areas 

in recent years, which subsequently increased heterozygosity and Ne within Marion Lake (Nei et 

al. 1975).  

The genetic uniqueness of the fish from the Buffalo River system is less clear compared 

to the other two river system stocks. Bayesian clustering analysis at K = 3 shows that individuals 

within this location were assigned primarily to Marion Lake and Slave River populations (Fig 

2.3; Fig 2.4). At K=5, Buffalo River is recognized as a distinct group, however, there are many 

individuals that are not highly assigned to that cluster (75.7%). Mixed ancestry of most 

individuals could be due to gene flow and migrants from the surrounding river systems. My 

results suggest that the current population could be considered genetically different from the 

other stocks, but that primarily it is a mix of individuals from other river systems. However, 

sample collection could also explain some of the mixed ancestry of these fish. These samples 

were collected at the mouth of Buffalo River during the spring when Inconnu aggregate at the 

mouth of the river to feed, and thus could be comprised of individuals from multiple stocks. 

Stock assessment at the mouth of Buffalo River suggests that numbers of Inconnu within the 

Buffalo River have declined, however the Ne of Buffalo River is the largest amongst the genetic 

clusters (Ne = 2383, C.I. 676.3 - ∞) (Table 2.4). Relatively large Ne in Buffalo River could be due 
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to the mixed population observed in Buffalo River. The LD model used for estimating Ne 

assumes the population is a single, closed population and therefore migration or gene flow would 

violate this model (Waples, 2006). A population bottleneck and a decrease in allelic richness (Na 

= 1-12) was observed in the Yates River within the Buffalo River system, which could indicate 

the presence of a genetically different population within Buffalo River. However, the sample size 

was low (N = 10) suggesting further sampling is required to explain these results. Obtaining 

samples from within the river during spawning would be ideal, although this is logistically 

difficult. To determine if fish from Buffalo River are genetically unique compared to other 

locations, individuals, preferably eggs or spawning individuals, should be collected from within 

the river system at the spawning locations. 

Similar to Yellowknife River, Buffalo River had a large spawning run that supported a 

highly active commercial fishery until it declined in the 1970’s (VanGerwen-Toyne et al. 2013). 

Experimental catch-per-unit-effort (CPUE) data for all sex and maturity stages combined from 

spring samples taken at the mouth of Buffalo River, suggested that the abundance of Inconnu in 

this area has decreased by approximately 85% from the mid-1970s to 2008 (Janjua DFO, Pers. 

Comm). Most concerning was that mean CPUE for mature female Inconnu declined by 

approximately 93% for the same time period (Day et al. 2013). In response, DFO has placed 

Buffalo River in the critical zone of the precautionary approach model framework (Rawson, 

1950; Fuller, 1955; VanGerwen-Toyne et al. 2013; Day et al. 2013). Given its historical 

importance to the Inconnu fishery in GSL and its current management status, it is important to 

conduct further research to better understand the proportion of fish from Buffalo River that are 

contributing to the commercial fishery on Great Slave Lake. 
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The largest river system in my study was the upper and lower Mackenzie River. Inconnu 

populations in this river system were the most genetically different from populations in GSL 

(pairwise FST = 0.037-0.164). The majority (84.6%) of fish from this river system were grouped 

into one cluster by Bayesian and PCA analyses. At each of the five sampling locations in the 

lower/upper Mackenzie River (Yaya Lake, Campbell Lake, Tuktoyaktuk Harbour, Tulita and 

Norman Wells), no significant LD was observed, and all populations were in HWE (FIS=-0.041-

0.040, P=0.058-0.636). The presence two genetic populations within the Mackenzie River 

suggests that gene flow occurs among most sampling locations. Most pairwise comparisons 

between sites resulted in low but significant (pairwise FST 0.014-0.023, Bonferroni-corrected 

P<0.00055) to non-significant FST values suggesting high gene flow among fish in the 

upper/lower Mackenzie River (Table 2.3). A lack of fine-scale population differentiation among 

Inconnu in large watersheds has also been observed in Alaskan Inconnu from the Yukon, 

Selawik, Kobuk and Kuskokwim watersheds Olsen et al. (2017). Other whitefish species, such as 

the Broad Whitefish (Coregonus nasus) also have little genetic structure in the Mackenzie River 

(Harris and Taylor, 2010). There may be additional genetic populations using the Mackenzie 

River system that were not sampled in my study. Further sampling of spawning grounds is 

needed to further investigate the genetic structure in the upper/lower Mackenzie River. 

Due to post-glacial colonization of GSL, I would have expected the Ne to be larger in the 

lower/upper Mackenzie River system (Ne = 1797, C.I. 467 - ∞) (Table. 2.4) compared to Ne of 

populations in GSL due to post-glacial colonization (Harris et al. 2012). Because the upper C.I.s 

for all Ne estimates were infinity, we cannot determine the differences in Ne between the 

populations. Waples and Do (2010) advise that if the upper C.I. is infinite, this suggests that the 

Ne is large. Thus, from these estimates the conclusion is that all genetic populations of Inconnu 
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are large. The problem with estimating Ne using the LD method is that in large populations the 

signal of drift is weak and therefore may lead to inaccurate estimates (Waples and Do, 2010).  

When Bayesian analyses were conducted on only this population, no substructuring 

according to location was observed within the lower/upper Mackenzie River system. However, 

hierarchical analysis indicated the presence of two genetic groups within the lower/upper 

Mackenzie River system, which could correspond to different ecotypes (anadromous, riverine 

and adfluvial) though there is little evidence for genetic substructure according to ecotype in 

Inconnu (Chapter One) (Fig. B.2). Future studies should identify ecotypes using a non-genetic 

method (e.g., strontium analyses) and then genotype those fish to test for the influence of ecotype 

on population genetic structure. In addition, it is possible that only two of the stocks that use the 

Mackenzie River system were sampled. In order to test this, samples from known spawning 

stocks in tributaries of this regional river system such as the Arctic Red River and Peel River 

should be sampled much like the rivers feeding into GSL were in this study. 

As expected, samples collected in GSL itself had mixed ancestry from all of the river 

systems: Mackenzie River, Marion River, Slave River and Buffalo River. According to Bayesian 

analysis, the highest proportion of fish in Great Slave Lake area IW, IE and III originated from 

the Slave River population (44.7%) suggesting that Slave River is an important source of fish for 

these areas in GSL (Fig. 2.3; Fig 2.4). The significance of Slave River was unexpected, 

particularly for GSL area IW, because commercial fishing in this area occurs close to the mouth 

of Buffalo River (Fig A.1). Likewise, genetic differentiation between Slave River and these GSL 

areas was very low indicating gene flow between fish in these locations (pairwise FST = 0.005, 

Bonferroni-corrected P<0.00055; Table 2.3). Therefore, I predicted that these samples should 

consist mainly of individuals that were genetically assigned to the Buffalo River population. 
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However, individuals highly assigned to Buffalo River only comprised 12.8% of the total GSL 

samples, while 42.4% were mixed ancestry. The recent decline in the Buffalo River stock could 

explain why there was a low percentage of Buffalo River individuals at the mouth of Buffalo 

River. In response, fish from Slave River may have expanded their range into three sampled 

areas (IW, IE, III) of GSL and thereby increased the proportion of Slave River individuals being 

caught. A second explanation is that fish from Buffalo River have admixed with other 

populations and this mixed population is represented in the commercial fishery. However, more 

sampling within the river is needed to better estimate the origins of the fish with mixed ancestry.  

 The results of the IBD analysis indicate that geography has significantly influenced the 

contemporary genetic structure of Inconnu in the GSL area. The greatest genetic differentiation 

occurred between locations in the lower/upper Mackenzie and GSL that are separated by 

1500km (FST=0.028-0.163, Bonferroni-corrected, P<0.00055; Table 2.3). Radio telemetry and 

other tagging studies show that individuals from the Mackenzie Delta and GSL rarely co-occur 

(Howland et al. 2000; 2009). However, my genetic results suggest that individuals from the 

lower/upper Mackenzie River occur in Great Slave Lake. In Fig. 2.3, the group of green 

individuals in the GSL group (K=3 - K=5) collected at the mouth of Hay River in 1996 were 

assigned to the upper/lower Mackenzie cluster. This location is relatively close to the headwaters 

of the Mackenzie River (~75km) which could explain the genetic similarity to fish from the 

upper/lower Mackenzie. These individuals were assigned to the upper/lower Mackenzie 

population with high certainty (78.5% of individuals) in 1996 (Table B.2; Fig. 2.3). Hay River is 

another stock that used to have a large spawning run but was recently extirpated. It is unknown 

whether the Hay River stock was historically genetically different from fish in the upper/lower 

Mackenzie. The contemporary genetic similarities could be due to the combined absence of the 
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original Hay River stock and the recent use of this area by fish from the Mackenzie River 

system. Further evidence of IBD is observed between populations in GSL, with significant 

genetic differentiation occurring between the southern sampling locations (Slave River, Buffalo 

River and Yates River) and the northern location, Marion Lake (pairwise FST = 0.020-0.046, 

Bonferroni-corrected P<0.00055).  

Results indicate at least one un-sampled population suggesting that there are additional 

genetic populations of Inconnu in GSL from the connecting river systems that were not sampled 

(Fig 2.3; blue). In some cases, where stocks were extirpated (Yellowknife River, Hay River, 

Little Buffalo River and Taltson River), fish that were genetically similar to fish from nearby 

river systems are now found in those areas. However, this hypothesis is best tested by comparing 

the genetic signature of samples from before and after extirpations. Our current samples were 

collected after extirpations, or from the mouth of rivers rather than the rivers themselves making 

it difficult to conclusively address this hypothesis. Hay River and Little Buffalo are river systems 

that previously had spawning populations however, very little is known about why the 

populations declined and whether Inconnu are returning or not. Logistical problems are often 

present while sampling during spawning. In the current study, I planned to collect samples from 

Taltson River, but was unable to due to weather conditions and a limited timeframe for 

fieldwork. This stock may have been extirpated after a dam was built on the river, but local 

knowledge suggests it is rebounding, making its contribution to the fishery in GSL uncertain. 

Sampling at additional sites, especially rivers, is needed to determine if there are more 

genetically distinct populations in GSL and their contribution to the GSL fishery. Once genetic 

clusters are identified, mixed stock fishery analysis can be used to estimate the proportions of 

each population to the fishery. However, the current knowledge of the genetic structure of 
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Inconnu populations using GSL is insufficient to perform mixed stock fishery analysis. All or 

most of the genetic populations should be characterized to ensure the accuracy of the conclusions 

of the mixed stock fisheries analysis. These genetic analyses would be best performed using 

tissues from eggs that were collected in their natal rivers or adults at spawning grounds in order 

to ensure that stocks (groups of spawning fish) were sampled. 

This research has implications for the management of Inconnu in GSL. I found evidence 

of four genetically unique stocks within the Northwest Territories. Although genetic structure 

was observed, there was low to moderate genetic differentiation between the stocks indicating 

that the high migratory nature of Inconnu leads to gene flow between most locations (Table. 2.3). 

Philopatry to river systems (Buffalo, Slave and Marion rivers) and IBD have influenced the 

contemporary genetic structure of three stocks that use GSL. Temporal structure was found 

within Yellowknife Bay indicating the possible expansion of surrounding stocks (Marion and 

Slave River) into that area. In contrast to the substructure found within GSL, there was no 

substructure based upon sample location observed within the upper and lower Mackenzie River 

suggesting high gene flow. However, further sampling at spawning locations within the upper 

and lower Mackenzie River is needed to further understand genetic structure.  

Understanding the Ne and population structure of Inconnu in GSL is important in 

conserving and managing the remaining stocks. Ne is an important estimator for determining a 

population’s ability to respond to changes. Smaller Ne sizes can indicate loss of heterozygosity, 

loss of genetic diversity and inbreeding which can result in a decline in the population (Franklin, 

1980). A decrease in Ne can be associated with inbreeding depression and the accumulation of 

deleterious mutations or traits affecting the adaptability of a population to changes (Frankham, 

1996).  Inconnu populations had higher estimates of Ne, indicating little effect of genetic drift on 
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the genetic variation of the stocks. Determining population structure can inform managers about 

whether designated stocks are genetically unique and the geographic distributions of particular 

stocks. In this study, genetic analyses found that Inconnu populations largely corresponded to 

expected stock structure and that geography has a significant role in the genetic structure. Each 

stock exhibits different population dynamics (i.e. bottlenecks, admixture, differences in Ne) that 

need to be considered when managing Inconnu in GSL. Therefore, the management of Inconnu 

should be according to the river systems in order to maintain the genetic structure and diversity 

of Inconnu in GSL. 
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Table 2.1 Sampling information for Inconnu (Stenodus leucichthys) collected in the Northwest 
Territories 

Population Year Location Samples size 
Yaya Lake 1992  43 
Campbell Lake 1988  8 
 1992  27 
Tuktoyaktuk Harbour  2016   48 
Mackenzie River 1996 Tulita 14 
 1996 Mouth of Bear River 12 
  2016 Norman Wells (July/Aug) 35 
Marion Lake/River 1994 Dec/Jan 15 
 1994 Sept/Oct 3 
 1995  37 
  2015   40 
  2015 Mouth of River (Sept) 20 
Yellowknife Bay 2010  9 
 2011  17 
 2012  4 
  2015  March 34 
Slave River 1993  26 
 1994  42 
 1995  3 
 1994 Cunningham 44 
 1994 Fort Smith 51 
 1994 Salt River 35 
  2016 Fort Resolution 21 
Taltson River  2017   1 
Yates River 2013   10 
Buffalo River 1993 Mouth 20 
 1993 Mouth 27 
 1994 Mouth 35 
 2011 Mouth May/June 160 
  2017 Mouth Sept/Oct 24 
GSL 1996 Junction of Hay River; 

Summer 
14 

 2012 Area IW, IE, III; Summer 70 
 2016 Area 1W July/Aug  15 
 2017 Area 1E Sept/Oct 42 
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Table 2.2 Parameters describing genetic variation among locations. Allelic diversity, average 
expected heterozygosity, multi-locus FIS and P-value for each sample location using 17 
microsatellite markers. Values not in HWE are bolded (Bonferroni-corrected; P=0.003) 

 Na Hs FIS P-value 
Yaya 2-37 0.616 0.020 0.315 
Campbell 2-31 0.607 -0.041 0.058 
Tuktoyaktuk Harbour 2-37 0.626 -0.009 0.636 
Mackenzie 2-22 0.603 0.040 0.152 
Norman Wells 2-31 0.634 0.018 0.441 
Marion Lake/River 1-28 0.487 0.000 0.987 
Yellowknife Bay 2010 1-12 0.557 0.019 0.687 
Yellowknife Bay 2011 1-19 0.493 0.004 0.899 
Yellowknife Bay 2012 1-2  0.265 -0.944 0.000 
Yellowknife Bay 2015 2-24 0.534 0.042 0.085 
Slave River 2-35 0.526 -0.036 0.000 
Yates River 2-12 0.521 0.030 0.522 
Buffalo River 2-37 0.498 0.001 0.941 
Great Slave Lake 2-32 0.523 0.011 0.336 
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Table 2.3 Genetic differentiation of Inconnu among 11 locations in the Northwest Territories. Pairwise FST (bottom) and standardized 
F’ST (top) using 15 loci at 11 locations in the Northwest Territories. Bolded values are significant after Bonferroni correction 
(P<0.00055). 

 
Yaya 
Lake 

Campbell 
Lake 

Tuktoyaktuk 
Harbour 

Norman 
Wells 

Mackenzie 
River 

Marion 
River 

Yellowknife 
Bay 2010 

Yellowknife 
Bay 2011 

Yellowknife 
Bay 2012 

Yellowknife 
Bay 2015 

Slave 
River 

Yates 
River 

Buffalo 
River  

Great 
Slave 
Lake 

Yaya Lake - 0.004 -0.005 -0.015 0.135 0.325 0.196 0.311 0.689 0.212 0.254 0.340 0.284 0.239 
Campbell 
Lake 0.001 - -0.012 -0.008 0.169 0.303 0.174 0.279 0.740 0.174 0.210 0.305 0.255 0.198 
Tuktoyaktuk 
Harbour 

-
0.001 -0.002 - -0.010 0.038 0.139 0.072 0.114 0.306 0.078 0.100 0.119 0.119 0.091 

Norman 
Wells 

-
0.002 -0.001 -0.004 - 0.013 0.135 0.065 0.106 0.322 0.070 0.098 0.109 0.112 0.088 

Mackenzie 
River 0.019 0.023 0.014 0.005 - 0.195 0.117 0.165 0.349 0.119 0.146 0.120 0.156 0.135 
Marion 
River 0.067 0.063 0.062 0.061 0.090 - 0.040 -0.009 0.271 0.066 0.095 0.085 0.039 0.059 
Yellowknife 
Bay 2010 0.031 0.028 0.028 0.026 0.047 0.020 - 0.027 0.271 -0.015 

-
0.002 0.038 0.023 -0.011 

Yellowknife 
Bay 2011 0.055 0.050 0.047 0.044 0.071 -0.005 0.013 - 0.291 0.044 0.073 0.072 0.032 0.042 
Yellowknife 
Bay 2012 0.145 0.159 0.137 0.147 0.163 0.149 0.147 0.162 - 0.302 0.290 0.273 0.239 0.248 
Yellowknife 
Bay 2015 0.036 0.030 0.032 0.029 0.050 0.033 -0.007 0.021 0.159 - 0.000 0.064 0.032 0.000 

Slave River 0.048 0.040 0.043 0.042 0.064 0.046 -0.001 0.035 0.151 0.000 - 0.065 0.052 0.010 

Yates River 0.055 0.050 0.047 0.043 0.049 0.042 0.017 0.035 0.151 0.030 0.030 - 0.043 0.037 
Buffalo 
River  0.057 0.052 0.053 0.050 0.071 0.020 0.011 0.016 0.127 0.015 0.025 0.021 - 0.016 
Great Slave 
Lake 0.044 0.037 0.039 0.038 0.059 0.029 -0.005 0.020 0.129 0.000 0.005 0.017 0.008 - 
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Table 2.4 Contemporary estimates of effective population size (Ne) in four genetic clusters of 
Inconnu (Stenodus leucichthys) in the Northwest Territories. 

a Lowest allele frequency Pcrit=0.03 

 

 

 
Harmonic Mean 

Sample size  Nea 95% C.I. 

lower/upper Mackenzie 
River 182 1796.8 467.1-∞ 

Marion River 145 574.4 158.2-∞ 

Slave River 255 2224.6 589.4-∞ 

Buffalo River 276 2383.0 676.3-∞ 
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Fig. 2.1 Map of Inconnu (Stenodus leucichthys) sampling locations and sample sizes in the 
Northwest Territories. The Mackenzie River system is split into three sections: lower Mackenzie 
(green); upper Mackenzie River (red) and Great Slave Lake (blue). 
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Fig. 2.2 Pairwise isolation by distance using genetic distance (FST) and geographic distance (km) 
between 10 locations: Yaya Lake, Campbell Lake, Tuktoyaktuk Harbour, Mackenzie river at 
Tulita, Norman Wells, Marion river, Yellowknife bay, Slave river, Yates river and Buffalo river 
(P=0.008).

y = 23222x + 196.57 
R² = 0.4803 
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Fig. 2.3 Bayesian clustering analysis of 11 sampling locations in Northwest Territories. A: -K=2; B: K=3; C: K=4; D: K=5.Each 
number represents a separate location and year. Within Marion River/Lake the years include: 7)1994; 8)1995; 9)2015 (river); 10)2015 
(lake). Within Slave River the years and locations include: 14) Slave River 1993; 15) Slave River 1994/1995; 16) Slave River @ 
Cunningham 1994; 17) Slave River @ Fort Smith 1994; 18) Slave River @ Salt River 1994; 19) Slave River @ Fort Resolution 
2016.Buffalo River samples include: 21) Buffalo River mouth 1993;22) Buffalo River Mouth 1994; 23) Buffalo River Mouth 2011; 
24) Buffalo River mouth 2017. Great Slave Lake years and areas include: 25) GSL Area 1E/1W/III 2012; 26) GSL Junction of Hay 
River summer 27) GSL Area 1E 2017; 28) GSL Area 1W 2016
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Fig. 2.4 Principal components analysis plot of eigenvectors: (A and D) 1 and 2; (B and E) 1 and 
3; (C and F) 2 and 3 showing the four genetic clusters in Northwest Territories (A-C) and 
including sample sites in Great Slave Lake (D-F). Clusters include Lower/Upper Mackenzie 
River populations (green), Marion River and Lake/Yellowknife Bay 2010-2012 (red), Slave 
River/Yellowknife Bay 2015 (yellow) Buffalo River /Yates River (blue) and Great Slave Lake 
(pink). Eigenvalues for A to C. PC1=5.01, PC2=3.51, PC3=2.72, Eigenvalues for D to F: 
PC1=4.82, PC2=3.52, PC3=3.3.  
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C 
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Thesis Conclusion 

Within Great Slave Lake, (GSL) Northwest Territories, several stocks of Inconnu have 

recently declined making them the subject of management action including area closures. 

Assessing the population genetics of Inconnu in this area can help managers better understand 

the historical and contemporary factors that influenced their genetic structure and diversity. 

Chapter One characterised 17 microsatellite markers to determine whether they were suitable to 

describe the population structure and genetic diversity among Inconnu populations in the 

Northwest Territories. Using fish from six locations, most loci (n=16) met the assumptions of 

Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium (LD). Population structure was 

observed between locations in the lower and upper Mackenzie River and locations in GSL, while 

further substructure was observed between two locations in GSL (Slave River and Marion Lake). 

These two locations also represent two stocks that are managed in GSL, which means that there 

was preliminary evidence to suggest that some stocks were genetically divergent. Genetic 

differentiation among these six locations was not clearly associated with the geographic 

distances between locations. In addition, there was a significant decrease in genetic diversity 

between GSL populations compared to the lower and upper Mackenzie populations, which 

supported the hypothesis that Inconnu in GSL are the product of post-glaciation colonization 

whereby Inconnu migrated down from the lower Mackenzie to colonize GSL (Howland, 2005). 

Differences in genetic diversity may also be explained by variation in ecotypes (anadromous, 

riverine, freshwater) at each location, so future studies should assess ecotypes using an 

independent method, such as with strontium analysis, and then test for genetic structure. 

In Chapter Two, I used the same set of loci with broader temporal and spatial sampling to 

determine whether population genetic structure corresponded to recognized Inconnu stocks in 

GSL. I genotyped fish from more recent collections at the same sites as Chapter One and added 
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samples from five novel locations. I found more evidence of genetic differentiation among fish 

that spawn in different rivers (Slave River, Marion Lake and Buffalo River), which supported the 

hypothesis that Inconnu exhibit philopatry to river spawning sites. In GSL itself, samples 

obtained from the mouths of rivers also reflected genetic structure according to rivers containing 

spawning runs, despite the high gene flow and geographic connectivity in GSL. 

Each river system had unique genetic characteristics suggesting that each river system 

should be managed separately. Slave River was primarily a mix of two populations, which could 

include an un-sampled population from a river system that was not assessed in our study. The 

population has remained mixed for years (1993-2016) suggesting that a mixed population has 

persisted in the population and has not had a negative impact on the population. Further, the 

presence of a two genetic populations could be due to the influence of IBD on the program 

STRUCTURE.  In contrast, Marion River exhibited stable genetic structure with no deviation 

from HWE or LD present in the population. In Buffalo River, most individuals were not highly 

assigned to that population and instead were a mix of individuals from different populations. 

This genetic structure may suggest that after the decline of fish in this stock, fish from other 

areas have colonized this river. In the lower/upper Mackenzie River system, two genetic groups 

were recognized that did not correspond to collection locations, which suggested that fish in this 

river system are highly migratory and may have little philopatry to any of the sites that were 

sampled in this study. A lack of substructure could also be a genetic signature of the mixing of 

different life history variants, which supports previous observations that anadromous and 

freshwater ecotypes co-occur at some sites within the lower/upper Mackenzie River (Howland et 

al. 2001; 2009). In future studies, eggs and/or spawning individuals should be collected within 

spawning sites to further determine the genetic structure of Inconnu within the lower and upper 
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Mackenzie River system. This result is similar to that found in Alaska where weak genetic 

divergence was observed in major drainage basins (Olsen et al. 2017). However, further otolith 

microchemistry work in combination with genetic analyses is needed to address this question.  

The sampling design of this study limited the interpretation of some of the genetic 

analyses. There were uneven and sometimes low sample sizes at particular locations which made 

it difficult to infer whether the genetic signal truly reflected population dynamics (e.g. the 

genetic bottleneck in Yellowknife Bay). Further, although there were nearly 1000 tissue samples 

used in this study, demographic information was not associated with all of them (age, ecotype, 

etc.). Further, it remains unclear how more recent alterations in habitat have affected the 

population genetics of Inconnu because of a lack of baseline samples (e.g. tissue samples from 

before declines occurred). Future studies should focus on the sampling of individuals within the 

river systems at the spawning grounds. This should include sampling within the Northwest 

Territories including the lower and upper Mackenzie River system and all river systems that 

support a spawning run within GSL. This would be important in further understanding the 

genetic structure of Inconnu within this area. Additional sampling would need to be conducted in 

the natal spawning grounds to gather a more representative genetic baseline of each river 

systems. Further, estimating the effective population size using a coalescent approach would 

account for demography, admixture and historical evolutionary effects on populations (Nikolic et 

al. 2009; Csilléry et al. 2010). Improving the sampling of fish in particular locations such as in 

the lower/upper Mackenzie and Buffalo River may also improve estimates of Ne. Determining 

the genetic baseline within GSL would contribute to a mixed stock fishery analysis and 

understanding the proportions of each stock that contributes to the commercial fishery.  
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Overall, this thesis has provided an understanding of the genetic structure and diversity of 

Inconnu in the Northwest Territories. This study provides new insights into the contemporary 

genetic structure of Inconnu in the Northwest Territories, particularly fine scale genetic structure 

within Great Slave Lake. These results demonstrate that genetic methods are useful in 

delineating fine-scale population structure of Inconnu, which can help inform management by 

indicating that specific river systems containing spawning runs within GSL have unique sets of 

genetic characteristics. This is important for the conservation of Inconnu in GSL as 

understanding the genetic differences between and effective population sizes of stocks can 

provide insight into the stability of Inconnu populations as climate and habitats change. 
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Appendix A 

Table A.1 Protocols for four PCR multiplexes and thermocycler settings (developed by R. 
Bajno). 

Multiplex 01   Multiplex 02   
 Concentrations per rctn 

(µL) 
 Concentrations per rctn (µL) 

ddH20  6.24 ddH20  5.78 
10x Buff (1X) 1.00 10x Buff (1X) 1.00 
MgCl2 (1.5mM) 0.60 MgCl2 (1.5mM) 0.60 
dNTP (0.2mM) 0.20 dNTP (0.2mM) 0.20 
P1-Otsg253 (0.1µM) 0.05 P1-CoclLav6 (0.1µM) 0.05 
P2-ClaTet13 (0.18µM) 0.09 P2-Cis157 (0.08µM) 0.04 
P3-ClaTet1 (0.4µM) 0.20 P3-Cis200 (0.24µM) 0.12 
P4-Bwf2 (0.08µM) 0.04 P4-ClaTet16 (0.4µM) 0.20 
AmpliTaq (1U) 0.20 P5-One104 (0.4µM) 0.20 
DNA (50-150ng/µL)  1.00 AmpliTaq (1U) 0.20 
   DNA (50-

150ng/µL) 
 1.00 

      
Multiplex 03   Multiplex 04   
 Concentrations per rctn 

(µL) 
 Concentrations per rctn (µL) 

ddH20  5.80 ddH20  6.36 
10x Buff (1X) 1.00 10x Buff (1X) 1.00 
MgCl2 (1.5mM) 0.60 MgCl2 (1.5mM) 0.60 
dNTP (0.2mM) 0.20 dNTP (0.2mM) 0.20 
P1-CoclLav49 (0.1µM) 0.05 P1-Cocl3 (0.08µM) 0.04 
P2-ClaTet10 (0.1µM) 0.05 P2-Sfo23 (0.16µM) 0.08 
P3-Cis181 (0.4µM) 0.20 P3-ClaTet12 (0.4µM) 0.20 
P4-ClaTet3 (0.4µM) 0.20 AmpliTaq (1U) 0.20 
P5-Sfo8 (0.2µM) 0.10 DNA (50-

150ng/µL) 
 1.00 

AmpliTaq (1U) 0.20    
DNA (50-150ng/µL)  1.00    
      
Single Marker   PCR Conditions   
 Concentrations  per rctn 

(µL) 
   

ddH20  6.85 1x 95°C 5 min 
10x Buff (1X) 1.00 35x 94°C 30 sec 
MgCl2 (1.5mM) 0.60   55°C  30 sec 
dNTP (0.2mM) 0.20  72°C 45 sec 
P5-ClaTet9 (0.1µM) 0.05 1x 72°C 30 min 
AmpliTaq (1U) 0.20    
DNA (50-150ng/µL)  1.00    
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Fig. A.1 Map of Great Slave Lake management areas, quotas (kg) and area closures. Fishing 
plants and lodges are displayed (Day et al. 2013).  
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Fig. A.2 Hierarchical Bayesian clustering analysis of sample locations to determine fine-scale 
genetic clustering by location. A) Upper and Lower Mackenzie River B) Marion River, C) 
Yellowknife Bay, D) Slave River.  
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Fig. A.3 Principal components analysis of the three genetic clusters observed in the Bayesian 
clustering analysis. Lower/upper Mackenzie (red), Marion River (green) and Slave River (blue).  
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Appendix B 

Table B.1 Characteristics of 17 microsatellite loci used in this study. These loci were developed 
in other species and tested in Inconnu (Stenodus leucichthys). 
 

 

Locus Fish Species Reference # of alleles/locus Size range (bp) 

BWF2 Coregonus nasus Patton et al. 1996 2 147-173 

ClaTet1 Coregonus 
lavaretus 

Winkler et al. 
2008 

44 261-483 

ClaTet13 Coregonus 
lavaretus 

Winkler et al. 
2008 

7 239-283 

Otsg253 Oncorhynchus 
tshawytscha 

Williamson et 
al.2002 

18 142-240 

Cis157 Coregonus 
zenithicus 

Turgeon et al. 
1999 

4 126-152 

Cis200 Coregonus 
zenithicus 

Turgeon et al. 
1999 

17 206-248 

ClaTet16 Coregonus 
lavaretus 

Winkler et al. 
2008 

23 248-352 

CoclLav6 Coregonus 
clupeaformis 

Rogers et al. 
2004 

9 128-198 

One104 Oncorhynchus 
nerka Olsen et al. 2000 4 221-259 

Cis181 Coregonus 
zenithicus 

Turgeon et al. 
1999 

33 215-397 

ClaTet10 Coregonus 
lavaretus 

Winkler et al. 
2008 

8 151-199 

ClaTet3 Coregonus 
lavaretus 

Winkler et al. 
2008 

21 318-442 

CoclLav49 Coregonus 
clupeaformis 

Rogers et al. 
2004 

8 154-194 

Sfo8 Salvelinus 
fontinalis 

Angers et al. 
1995 

13 211-263 

Cocl3 Salvelinus 
alpinus Bernatchez 1996 2 144-160 

Sfo23 Salvelinus 
fontinalis 

Angers et al. 
1995 

6 156-190 

ClaTet9 Coregonus 
lavaretus 

Winkler et al. 
2008 

4 113-199 



103 
 

Table B.2 Pairwise FST values for all locations (n=12) and all years. Values that are bolded are significant (Bonferroni-corrected P-value<0.000123) 

 Yaya 
Lake 

Campbell 
Lake’88 

Campbell 
Lake’92 Tuktoyaktuk Tulitaa Bear 

Rivera 
Norman 

Wells 
Marion 

’94 
Marion 

’95 
Marion 

River’15 
Marion 

Lake’15 
YKB 
’10b 

YKB 
’11b 

YKB 
’12b 

YKB 
’17b 

Yaya -               
Campbell’88 -0.006 -              
Campbell’92 0.001 0.000 -             
Tuktoyaktuk -0.001 -0.004 -0.002 -            

Tulita 0.028 0.033 0.040 0.026 -           
Bear River 0.016 0.026 0.017 0.010 0.022 -          

Norman Wells -0.002 -0.004 0.000 -0.004 0.015 0.004 -         
Marion’94 0.064 0.095 0.055 0.056 0.116 0.075 0.059 -        
Marion’95 0.057 0.081 0.050 0.054 0.107 0.072 0.052 0.005 -       

Marion River15 0.051 0.074 0.048 0.047 0.101 0.072 0.047 0.007 -0.001 -      
Marion  

Lake’15 0.053 0.073 0.046 0.050 0.097 0.071 0.048 0.009 -0.002 -0.008 -     

YKB’15b 0.029 0.043 0.024 0.027 0.062 0.046 0.025 0.035 0.014 0.011 0.012 -    
YKB’10b 0.049 0.073 0.039 0.042 0.092 0.056 0.042 -0.008 -0.004 -0.007 -0.003 0.009 -   
YKB’11b 0.102 0.136 0.112 0.095 0.168 0.130 0.102 0.104 0.089 0.080 0.080 0.086 0.088 -  
YKB’12 b 0.038 0.047 0.034 0.034 0.065 0.046 0.029 0.049 0.028 0.034 0.030 -0.005 0.025 0.119 - 
Slave’93 0.045 0.060 0.036 0.039 0.070 0.055 0.036 0.054 0.036 0.039 0.036 -0.007 0.030 0.127 -0.005 
Slave’94 0.053 0.070 0.050 0.049 0.081 0.068 0.047 0.076 0.052 0.054 0.052 0.003 0.048 0.131 0.002 

SlaveCH’94c 0.044 0.053 0.040 0.042 0.075 0.059 0.040 0.064 0.046 0.050 0.047 0.004 0.039 0.122 -0.001 
SlaveFS’94d 0.047 0.057 0.039 0.042 0.075 0.055 0.039 0.058 0.038 0.046 0.041 -0.001 0.033 0.114 -0.003 
SlaveSS’94e 0.044 0.056 0.035 0.039 0.075 0.053 0.037 0.056 0.039 0.047 0.043 -0.001 0.031 0.126 0.000 

Slave’16f 0.044 0.053 0.040 0.039 0.068 0.053 0.034 0.071 0.045 0.052 0.046 -0.001 0.044 0.123 -0.006 
Yates 0.050 0.061 0.046 0.042 0.056 0.045 0.039 0.045 0.041 0.044 0.034 0.020 0.032 0.113 0.028 

Buffalo’93 0.057 0.070 0.054 0.051 0.090 0.057 0.051 0.038 0.022 0.032 0.024 0.022 0.023 0.106 0.023 
Buffalo’94 0.049 0.066 0.047 0.047 0.085 0.047 0.041 0.039 0.017 0.028 0.021 0.018 0.019 0.116 0.010 
Buffalo’11 0.053 0.060 0.050 0.050 0.085 0.052 0.047 0.036 0.019 0.029 0.020 0.015 0.020 0.095 0.014 
Buffalo’17 0.052 0.065 0.052 0.047 0.081 0.051 0.046 0.040 0.023 0.031 0.021 0.020 0.023 0.101 0.019 

GSL’96g 0.013 0.018 0.011 0.005 0.010 0.001 0.002 0.042 0.049 0.050 0.045 0.023 0.031 0.111 0.023 
GSL’12g 0.043 0.050 0.036 0.039 0.081 0.049 0.038 0.041 0.023 0.031 0.024 -0.002 0.021 0.097 0.000 
GSL’16g 0.048 0.060 0.044 0.043 0.081 0.057 0.043 0.054 0.032 0.033 0.029 -0.002 0.028 0.111 0.005 
GSL’17g 0.053 0.060 0.050 0.047 0.083 0.060 0.045 0.053 0.032 0.036 0.033 -0.001 0.030 0.108 0.000 
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a  Mackenzie River 
b  Yellowknife Bay 
c  Slave River @ Cunningham 
d  Slave River @ Fort Smith 
e  Slave River @ Salt River 
f  Slave River @ Fort Resolution 
g  Great Slave Lake

 Slave 
‘93 Slave’94 SlaveCH 

 ’94c 
SlaveFS 

’94d 
SlaveSS 

’94e 
Slave 

’16f 
Yates 
River 

Buffalo 
’93 

Buffalo 
’94 

Buffalo 
’11 

Buffalo 
’17 

GSL 
’96g 

GSL 
’12g 

GSL’ 
16g 

GSL 
’17g 

Yaya                
Campbell’88                
Campbell’92                
Tuktoyaktuk                

Tulita                
Bear River                

Norman Wells                
Marion’94                
Marion’95                

Marion 
River15                

Marion 
Lake’15                

YKB’15b                
YKB’10b                
YKB’11b                
YKB’12 b                
Slave’93 -               
Slave’94 -0.003 -              

SlaveCH’94c -0.001 0.000 -             
SlaveFS’94d 0.000 0.002 -0.001 -            
SlaveSS’94e -0.003 0.000 0.000 -0.002 -           

Slave’16f -0.004 -0.002 -0.002 -0.004 -0.002 -          
Yates 0.028 0.036 0.027 0.029 0.033 0.023 -         

Buffalo’93 0.030 0.042 0.039 0.028 0.033 0.024 0.021 -        
Buffalo’94 0.020 0.030 0.028 0.017 0.022 0.014 0.021 -0.001 -       
Buffalo’11 0.021 0.032 0.027 0.018 0.023 0.016 0.016 0.000 -0.002 -      
Buffalo’17 0.024 0.037 0.032 0.024 0.029 0.020 0.004 -0.004 -0.003 -0.004 -     

GSL’96g 0.029 0.045 0.031 0.031 0.033 0.034 0.023 0.043 0.038 0.036 0.038 -    
GSL’12g 0.001 0.011 0.006 0.002 0.005 -0.001 0.017 0.009 0.003 0.003 0.004 0.029 -   

GSL’16g 0.004 0.006 0.006 0.005 0.007 -0.001 0.011 0.016 0.012 0.009 0.006 0.041 -
0.002 -  

GSL’17g 0.002 0.008 0.006 0.004 0.007 -0.002 0.018 0.015 0.011 0.009 0.009 0.035 0.001 -0.003 - 
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Fig. B.1 Bayesian clustering analysis of sampling locations with multiple years. A: Campbell Lake (CL), B: 
Yellowknife Bay (YKB); C: Slave River (SR) (Slave River 1994 includes four different locations Slave River 
(2), at Cunningham (3), at Fort Smith (4) and at Salt River (5); D: Marion River/Lake (MR) (Marion River 2015 
indicates sampling in the lake (3) and the river (4)); E: Buffalo River (BR); F: Great Slave Lake (GSL).  
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Fig. B.2 Bayesian clustering analysis to determine genetic clustering within each of the four genetic clusters A) 
Upper and Lower Mackenzie River B) Marion River and Lake/Yellowknife Bay 2010-2012, C) Slave 
River/Yellowknife Bay 2015, D) Buffalo River.  
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Fig. B.3 Principal components analysis plot of eigenvector:(A and D) 1 and 2; (B and E) 1 and 3; (C and F) 2 
and 3, showing the four genetic clusters in Northwest Territories (A-C) and including sample sites in Great 
Slave Lake (D-F). PCA includes individual six from Yates River. Clusters include Lower/Upper Mackenzie 
River populations (green), Marion River and Lake/Yellowknife Bay 2010-2012 (red), Slave River/Yellowknife 
Bay 2015 (yellow) Buffalo River /Yates River (blue) and Great Slave Lake (pink).  
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