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ABSTRACT  

 This thesis was undertaken to inform the recent transition from microsatellite 

DNA markers to single nucleotide polymorphisms (SNPs) in the field of molecular 

ecology, and to explore the population structure of important fish species. Microsatellite 

markers were the gold standard for two decades and were used to investigate the 

population structure of lake and round whitefish (Coregonus clupeaformis and 

Prosopium cylindraceum) in the vicinity of a nuclear power plant on Lake Huron. The 

analysis of over 200 individuals of each species revealed no fine scale population 

subdivision relevant to management. Microsatellites remain a valuable tool, but many 

molecular ecologists are transitioning to direct sequencing of thousands of single 

nucleotide polymorphisms in a subset of the genome based on reduced representation 

DNA libraries (RRL). These tools better represent evolutionary processes on a genomic 

level but molecular ecologists are now faced with many important and potentially 

complex decisions about study design. These factors greatly influence the cost of 

sequencing and quality of SNP data generated. Correspondingly, I investigated the 

influence of DNA quality, sequencing depth and genome coverage, and bioinformatics 

parameter settings on downstream analyses using RRLs and SNPs. Low to moderate 

levels of DNA degradation still resulted in adequate production of variable SNP loci, 

with higher sequencing depth (~12X) and larger numbers of polymorphic loci (~10,000) 

providing the best resolution of both broad and fine scale population differentiation 

analyses. Conservative bioinformatics parameters enabled retention of the largest 

number of informative loci with the best downstream population analyses. Finally, I used 

this new knowledge to investigate the population structure of lake whitefish across 
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central Canada and the USA on multiple spatial scales using 10,000+ SNP loci. 

Hierarchical population subdivision was detected, with geographically isolated lakes 

across provincial boundaries resulting in larger amounts of genetic differentiation. 

Within provinces, lakes were differentiated based on watershed connectivity, and in 

Saskatchewan there was evidence for associations between environmental factors and 

particular SNP loci. My work provides valuable empirical data to guide the transition 

from microsatellites to SNPs, emphasizing how to best take advantage of the 

opportunities provided by RRLs and next generation DNA sequencing.  
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CHAPTER ONE 

 

GENERAL INTRODUCTION 
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First Generation Sequencing 

Until recently, population genetic studies were limited to a small number of markers 

with limited variability. Allozymes were the first molecular marker to be used in 

population genetics, taking advantage of the allelic variants of enzymes (Allendorf, 

2017; Schlötterer, 2004). These markers result from indirect sequencing and have low 

variability and were quickly replaced by microsatellites after the invention of the 

polymerase chain reaction (PCR; Allendorf, 2017; Goldstein & Pollock, 1997; 

Schlötterer, 2004). Microsatellites are tandem repeats of 1-6 base pairs that are found at 

high frequencies within both eukaryotic and prokaryotic genomes and are DNA-based 

markers (Chistiakov et al., 2006; Jarne & Lagoda, 1996; Selkoe & Toonen, 2006; Tóth et 

al., 2000). The most common microsatellite is composed of dinucleotide repeats 

followed by tri- and tetranucleotide repeats (Jarne & Lagoda, 1996; Selkoe & Toonen, 

2006). Unlike allozymes, microsatellites have the advantage of screening markers to 

generate a highly variable panel, and PCR enabled non-invasive sampling (Allendorf, 

2017). Further, microsatellite regions have high mutation rates due to polymerase 

slippage and proofreading errors as many of these regions are often in selectively neutral 

regions in the eukaryotic genome (Chistiakov et al., 2006; Selkoe & Toonen, 2006; Tóth 

et al., 2000). This high mutation rate leads to very high levels of allelic diversity, and 

therefore high information content per marker (Chistiakov et al., 2006; DeFaveri et al., 

2013; Narum et al., 2008; Schlötterer, 2004; Selkoe & Toonen, 2006). As a result of the 

high number of markers and variability in microsatellite markers, microsatellites were 

quickly adopted as the marker of choice in population genetics studies.  



 3 

Although microsatellites are very informative and still used to investigate neutral 

population structure, the genomic limitation and cost are prohibitive. Generating an 

informative panel of loci is laborious and expensive (Jarne & Lagoda, 1996). The 

markers that are generated are often species specific, have complex mutational 

mechanisms, and are difficult to automate (DeFaveri et al., 2013; Jarne & Lagoda, 1996; 

Narum et al., 2008; Schlötterer, 2004; Selkoe & Toonen, 2006). Further, previous studies 

have found that microsatellite genotyping often produces errors due to allelic dropout 

(when one locus fails to be amplified), artefacts, null alleles (primer binding site 

mutations), and other technical errors (DeFaveri et al., 2013; Fabbri et al., 2012; 

Hoffman & Amos, 2005; Narum et al., 2008; Schlötterer, 2004; Selkoe & Toonen, 

2006). Microsatellites are often found in neutral regions of the genome, which limits 

their application to neutral processes, such as demography and evolutionary history 

(DeFaveri et al., 2013; Luikart et al., 2003). Studies have also found that markers and 

alleles may be laboratory specific as a result of issues with standardization of genotyping 

criteria and variation across platforms (Hess et al., 2011). This leads to issues of 

reproducibility and can prevent collaboration across laboratories. Microsatellites remain 

a useful tool, but the cost, technical and biological errors, and limited representation of 

the genome limit their use.  

 

Microsatellites and Population Genetics  

Although microsatellites have technical issues, including cost and error rate, they are 

still used to efficiently study population structure. They have been used in a wide range 

of species to investigate neutral population structure including mammals (Croteau et al., 



 4 

2010; Goldstein et al., 1999; Inoue et al., 2012), fish (Beacham et al., 2005; Brunner et 

al., 1998; Eldridge & Naish, 2007), amphibians (Cabe et al., 2007; Latch et al., 2011; 

Newman & Squire, 2001) and birds (Bush et al., 2011; Lee et al., 2001; Reudink et al., 

2011). In fact, some studies investigating population structure have found that 

microsatellites provide equivalent or higher resolution than newer markers based on 

direct sequencing (Beacham et al., 2010; Coates et al., 2009; DeFaveri et al., 2013). In 

fisheries management, microsatellites remain a valuable resource, especially where there 

are established panels that provide accurate stock assessment (Beacham et al., 2010; 

Bradbury et al., 2015; DeFaveri et al., 2013; Hess et al., 2011; Khrustaleva et al., 2010; 

Narum et al., 2008). However, the small number of markers and genomic regions 

sequenced using microsatellites limits these studies to neutral processes.   

 

Next Generation Sequencing 

Rapid advances in next generation sequencing (NGS) enabled use of large numbers 

of single nucleotide polymorphisms (SNPs) at a manageable cost. SNPs are a direct 

DNA sequencing-based approach that identifies single base pair changes within the 

genome. Unlike microsatellites, SNP genotyping is direct sequencing of the DNA, 

eliminating issues with allele calling and making them universally applicable between 

laboratories and highly automatable (Coates et al., 2009). SNPs are biallelic in nature 

and therefore have a lower level of polymorphism, although they are found at high 

density throughout the genome in both coding and non-coding regions (Coates et al., 

2009; DeFaveri et al., 2013; Narum et al., 2008). The low information content per 

marker is balanced with the high throughput and automated sequencing of NGS, 
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enabling the use of thousands of SNP markers within a study, which allows for a better 

understanding of the level of polymorphism across a more representative portion of the 

genome (Allendorf, 2017; Schlötterer, 2004). Further, NGS sequencing techniques have 

low error rates, on the order of 0.1 – 1% error, increasing the confidence of variant calls 

(Beacham et al., 2010). The number of markers and the ability to sequence throughout 

the genome, including coding and regulatory regions, has expanded the potential 

applications of genetics to the ability to detect signatures of selection (Bourret et al., 

2011; Creelman et al., 2011; Gomez-Uchida et al., 2011), a better understanding of 

population differentiation (Chu et al., 2014; Gärke et al., 2012; Glover et al., 2010) and 

higher resolution in mixed stock analyses (Ackerman et al., 2011).  

 

Reduced Representation Sequencing 

With the introduction of NGS technologies there are now methods available to 

discover, sequence, and genotype thousands of SNP markers simultaneously, while also 

reducing the size and complexity of the portion of the genome that is sampled. Reduced 

representation sequencing libraries (RRLs) provide a means of capturing and sequencing 

a small portion of the genome that are highly-overlapping across individuals (Catchen et 

al., 2013; Davey et al., 2013, 2011). This allows for the efficient sequencing of a set of 

homologous loci across individuals, allowing for sequencing of variable sites at higher 

depth of coverage at relatively low cost (Andrews et al., 2016; Davey et al., 2013, 2011).  

There are many different types of RRLs including single enzyme approaches such as 

restriction site associated sequencing (RADSeq; Baird et al., 2008; Miller et al., 2007) 

and 2bRAD (Wang et al., 2012), multiple enzyme approaches such as double digest 



 6 

RADSeq (ddRADSeq; Peterson et al., 2012), genotyping by sequencing (GBS; Poland et 

al., 2012) and 3RAD (Graham et al., 2015), and hybridization and capture approaches 

including Rapture (Ali et al., 2016), RADcap (Hoffberg et al., 2016) and Nextera-

tagmented reductively-amplified DNA sequencing (nextRAD; Russello et al., 2015). 

Each of these approaches enables efficient and cost-effective sequencing of a small 

homologous portion of the genome across many individuals and has been used in a wide 

range of study types, including population structure (Benestan et al., 2015; Cristofari et 

al., 2016; Larson et al., 2014), local adaptation and selection (Cammen et al., 2015; 

Catchen et al., 2013; Flanagan et al., 2016; Funk et al., 2016; Gleason & Burton, 2016) 

and phylogenomics (Díaz-arce et al., 2016; Morgan et al., 2017).  

 

DNA Quality 

Reduced representation sequencing is a novel approach that drastically decreases the 

cost of sequencing across large numbers of individuals, but many factors affecting data 

and analyses have not been fully investigated. Many biological samples are collected 

from suboptimal sources such as road-killed animals (Devillard et al., 2014; Inoue et al., 

2012; Khosravi et al., 2014), shed or excreted materials (e.g. egg shells, Schmaltz et al., 

2006; feathers, Bush et al., 2011; Martín-Gálvez et al., 2011; Reudink et al., 2011; 

Vázquez et al., 2012; faeces, Fünfstück et al., 2014; Peters et al., 2015) and archived 

items (e.g. museum specimens, Bjørnstad & Røed, 2010; Tracy & Jamieson, 2010; fish 

scales, Glover et al., 2012; Iwamoto et al., 2012; Jordan et al., 2012), which result in 

DNA that may be sheared or degraded. The impacts of DNA degradation on previous 

markers such as microsatellites and single regions of mitochondrial DNA (mtDNA) have 
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been investigated and are well understood (Bonin et al., 2004; Ledoux, Aurelle, Féral, & 

Garrabou, 2012; Prugh et al., 2005; Scandura et al., 2006). However, the influence of 

variation in DNA quality on NGS and SNP generation, specifically in RRL approaches, 

has not been investigated. With the popularity and application of RRLs, it is becoming 

increasingly important to understand the influence of DNA quality to accommodate for 

potential issues and biases in downstream analyses. 

 

SNPs and Population Genomics  

RRL has enabled the sequencing of thousands of markers throughout the genome in 

non-model species, drastically improving our ability to resolve population relationships 

and differentiation (Catchen et al., 2013; Narum et al., 2013). The integration of SNPs in 

population genomics allows for the identification of loci under selection, resulting in 

locus-specific effects, such as selection and mutation, from neutral loci creating genome-

wide effects, such as genetic drift and migration (Li et al., 2012; Luikart et al., 2003; 

Nielsen et al., 2009). In order to generate these powerful datasets, researchers have many 

factors to consider before starting library preparation. Two of these factors are genomic 

coverage and sequencing depth, which greatly influence the confidence in base calls as 

well as the number of markers generated (Andrews et al., 2016; Davey et al., 2011). 

These important factors have not been investigated and have significant influence on the 

cost, number of individuals, and quality of the sequencing output generated. Further 

investigation into genomic coverage and sequencing depth would help guide researchers 

in determining study design.  
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Reduced representation sequencing effectively generates thousands of homologous 

markers across individuals, but significant bioinformatic resources are then needed to 

analyse the data. Bioinformatic pipelines are used to assemble reads, identify alleles and 

genotypes and track those genotypes across populations (Catchen et al., 2013). Multiple 

programs are designed to analyze RRL libraries including STACKS (Catchen et al., 

2013), UNEAK (Lu et al., 2013) and pyRAD (Eaton, 2014). STACKS is used in this 

thesis as it is one of the most widely used programs, and previous research has 

investigated error rates (Mastretta-Yanes et al., 2015), parameter optimization 

(Mastretta-Yanes et al., 2015; Paris et al., 2017; Rochette & Catchen, 2017; Rodriguez-

Ezpeleta et al., 2016) and influences on the number of markers in the final dataset 

(Rodriguez-Ezpeleta et al., 2016). STACKS can be used on organisms with or without 

reference genomes and functions to identify polymorphic sites within individuals, 

generate a catalog and then output population level data (Catchen et al., 2013; Rochette 

& Catchen, 2017). Within STACKS there are many parameters that influence the quality 

of the library that is generated. Although many of the early steps, such as catalog 

generation and individual genotype calls, have been investigated, many of the population 

level parameters have not been investigated. Increasing our understanding of important 

population level metrics and how they are influenced by parameter choices within the 

pipeline would greatly help the field of population genomics.   

 

Local Adaptation 

Not only has NGS improved the field of population genomics but the integration of 

loci in regions under selection allows researchers to understand the processes of local 
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adaptation and speciation on a genomic level. Local adaptation leads to higher fitness in 

local populations compared to individuals introduced from other regions (Hereford, 

2009; Primmer, 2011; Savolainen et al., 2013). This response is driven by adaptation at 

the population level in response to different environmental factors (Byers et al., 2016; 

Hereford, 2009; Rellstab et al., 2015). The ability to adapt to environmental factors relies 

on the genetic diversity within the population or on beneficial mutations (Hereford, 

2009; Hermisson & Pennings, 2017; Vatsiou et al., 2016). On a genomic level, local 

adaptation results in selective pressures on particular loci or groups of loci, creating 

genetic differentiation between populations known as a selective sweep (Hermisson & 

Pennings, 2017; Vatsiou et al., 2016). This genetic differentiation can create 

reproductive barriers and reproductive isolation within a species, known as divergent 

selection, which can eventually lead to ecological speciation (Raeymaekers et al., 2017; 

Rogers et al., 2013; Tiffin & Ross-Ibarra, 2014). With many species facing changing 

environments through climate changes and anthropogenic effects, examining local 

adaptation provides insight into the effects on the genomic level and can help to predict 

how species will respond to these pressures.  

Local adaptation results from selective sweeps throughout the genome which create 

signatures of selection. There are two distinct genetic signatures based on the type of 

selective sweep. A hard sweep occurs when a new advantageous allele arises and leads 

to a rapid increase in frequency (Hermisson & Pennings, 2017; Vatsiou et al., 2016). 

This creates regions of reduced divergence and gene flow called genomic islands 

flanking the locus under divergent selection (Aeschbacher et al., 2017; Parchman et al., 

2013; Vatsiou et al., 2016). In contrast, soft sweeps occur when divergent selection 



 10 

occurs from standing genetic variation (Pritchard et al., 2010). Soft sweeps often include 

hundreds of different loci, or polygenic adaptation, that all change frequency 

simultaneously when they become beneficial in the environment (Harrisson et al., 2017; 

Hermisson & Pennings, 2005, 2017; Pritchard et al., 2010). Both of these selective 

sweeps create distinct genomic signatures that can be detected with different analytical 

approaches.  

Next generation sequencing allows for the detection of both of these types of sweeps 

within the genome using bottom-up approaches. Outlier analyses (OAs) are commonly 

used to detect signatures of local adaptation (reviewed by Ahrens et al., 2018). The most 

commonly used OA is using F-statistics to determine outliers loci that show higher 

differentiation then the background selection (Ahrens et al., 2018; Lewontin & Krakauer, 

1973; Lotterhos & Whitlock, 2015). Another OA method is to search for regions with 

low recombination rates, as genomic islands are under strong selective pressures and 

reduced gene flow (Aeschbacher et al., 2017). Although these methods have been 

successfully used to detect hard sweeps in many species (Cammen et al., 2015; Funk et 

al., 2016; Han et al., 2017; Hecht et al., 2015), they do not control for population 

structure leading to a high level of false positives as population differentiation can leave 

similar genomic signatures to local adaptation (Rellstab et al., 2015). Further, these 

methods are unable to detect soft sweeps as they search for genomic islands of 

divergence and do not link the signature of selection to a specific selection pressure 

(Rellstab et al., 2015; Tiffin & Ross-Ibarra, 2014).  

The other common approach used to detect local adaptation is genetic-environment 

association (GEA) methods. Instead of using a genome scanning approach, GEA 
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attempts to link particular genotypes with environmental variables (Forester et al., 2018). 

Although previous GEA methods have required a priori knowledge about specific 

phenotypic traits (Lotterhos & Whitlock, 2015), multivariate ordination analyses are able 

to consider how groups of markers covary in response to environmental predictors 

(Forester et al., 2018). Constrained ordination extends linear regression to multivariate 

response data to find orthogonal sets of loci that covary with orthogonal environmental 

patterns (Forester et al., 2016; Forester et al., 2018). The most commonly used ordination 

approach is a principal components analysis (PCA), which is an indirect ordination that 

constructs new axes to explain the maximal amount of variance in the data (Forester et 

al., 2016). Redundancy analysis (RDA) is a constrained PCA and in GEA studies 

consists of first generating a matrix of fitted values using the environmental and genetic 

data followed by a PCA of these values (Forester et al., 2016, 2018). Unlike OA 

approaches, RDA and other GEA methods are able to detect polygenic adaptation and 

assess the relative amount of variation in a particular SNP genotype that explains the 

environmental variable (Harrisson et al., 2017). RDA has successfully been used to 

identify local adaptation in Atlantic salmon (Vincent et al., 2013) , pygmy perch (Brauer 

et al., 2016), North Atlantic eels (Laporte et al., 2016) and Murray cod (Harrisson et al., 

2017). RDA and other ordination approaches are very powerful approaches that have 

been used to examine local adaptation and polygenic effects across large scale 

environmental gradients. 
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Genomics in Fisheries  

The incorporation of NGS into fisheries management has drastically increased the 

resolution of genetic studies. NGS provides an increased number of markers and 

genomic coverage, which has provided vast improvements in stock identification, 

defining management units, measuring genetic connectivity, and understanding 

biodiversity within species (Hemmer-Hansen et al., 2014; Nielsen et al., 2009; Ovenden 

et al., 2015; Reitzel et al., 2013; Shafer et al., 2015; Valenzuela-Quiïnonez, 2016; Wenne 

et al., 2007). Conservation units (CUs) are population units that are used to help guide 

management and conservation, and identification of CUs provide boundaries for 

important population units (Funk et al., 2012). The first type of CU is an evolutionary 

significant unit (ESU), used for long-term management goals and is defined as a 

population or groups of populations that warrant separate management as a result of 

ecological and genetic distinctiveness (Funk et al., 2012). By maintaining ESUs within a 

species it will help to maximize evolutionary potential when faced with environmental 

change (Funk et al., 2012). Although, in a practical sense it is very challenging to 

accurately measure ESUs so the Committee on the Status of Endangered Wildlife in 

Canada (COSEWIC) has created the designatable unit (DU) concept, which allows for a 

more applicable approach to maintain biodiversity below the species level (Mee et al., 

2015). The integration of NGS with the COSEWIC DU will help to better understand, 

identify and conserve important biological diversity below the species level. 

Designatable units allow the maintenance of biological diversity long-term, while 

comparatively management units (MUs) or stocks are used for short-term management. 

Within fisheries, a stock is defined as a basic population unit for a group of individuals 
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with similar demographic or genetic characteristics that represent independent 

populations (Ovenden et al., 2015). The increased resolution provided by genomics helps 

to accurately identify stocks and understand the proportion of genetic exchange across 

populations and their spatial distribution (Reitzel et al., 2013; Wenne et al., 2007). This 

resolution allows management to identify and conserve exploited stocks and maintain 

genetic diversity (Reitzel et al., 2013; Wenne et al., 2007). Over-exploited stocks can 

erode genetic diversity within a species and hinder their ability to respond to 

environmental pressures. Not only does NGS provide increased resolution for stock 

management, it also allows for the detection of local adaptation. Fishing pressure, 

climate change and habitat change are just a few of the pressures that could act as drivers 

of local adaptation and evolutionary change in fisheries (Hemmer-Hansen et al., 2014). 

Genomics provides the ability to screen for markers that are under selection within a 

stock to help understand how they will respond to different selection pressures (Ovenden 

et al., 2015; Shafer et al., 2015). The incorporation of NGS techniques into fisheries 

management can help to better understand population differentiation and evolutionary 

processes allowing for sustainable fisheries management. 

 

Lake Whitefish in Canada 

Lake whitefish (Coregonus clupeaformis) is a freshwater species endemic to North 

America found from western Alaska to Labrador (Bernatchez & Dodson, 1990). It is a 

cold-water species and part of the Salmonidae family and Coregoninae subfamily 

(Lindsey & Woods, 1970; Mee et al., 2015). Lake whitefish are very important 

economically with the second largest commercial freshwater fishery in Canada and 
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represent an important part of Indigenous culture through subsistence fisheries (Brenden 

et al., 2010; DFO, 2016). Further, lake whitefish are also an important part of the food 

web, acting as an energy transfer from benthic to pelagic sources (Brenden et al., 2010; 

Stott et al., 2008). Throughout their range this valuable species is facing serious 

pressures from harvest, invasive species, and climate change, making it essential to have 

effective management and conservation.  

Since the last glaciation event, the range and distribution of lake whitefish across 

North America has drastically changed. During the Pleistocene epoch, the current range 

of the lake whitefish was covered with glaciers (Bernatchez & Dodson, 1991; 

Bernatchez et al., 2010). The ancestors of extant populations persisted in unglaciated 

regions (refugia) until the ice receded, leading to genetic divergence (Bernatchez et al., 

2010; Rogers et al., 2013). Following the glaciation event, lake whitefish expanded their 

range, colonizing northern temperate lakes. Previous mtDNA and allozyme studies found 

evidence that current populations are derived from four glacial refugia: Atlantic, 

Mississippian, Beringian, and Nahanni, creating four distinct phylogeographic lineages 

(Bernatchez & Dodson, 1990, 1991). Multiple morphs or ecotypes have been 

documented as a result of secondary contact between two of these distinct glacial 

lineages (Mee et al., 2015). Specifically, the normal and the smaller dwarf lake whitefish 

originating from the Eastern Atlantic and Mississippi refugia have evolved in sympatry 

and have been investigated extensively (Derome et al., 2006; Gagnaire et al., 2013; Mee 

et al., 2015; Nolte et al., 2009; Renaut et al., 2012; Rogers & Bernatchez, 2007; Rogers 

& Bernatchez, 2005; Whiteley et al., 2008). These fish occupy different zones within the 

water column and have other morphometric differences that have resulted in local 
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adaptation of genes involved in bioenergetics and growth (Derome et al., 2006; Pigeon et 

al., 1997; Renaut et al., 2011; Rogers & Bernatchez, 2005; Rogers et al., 2002; St-Cyr et 

al., 2008). Lake whitefish have proven to be a very adaptable species when faced with 

environmental pressures and present a valuable opportunity to study population 

subdivision and signatures of selection.  

 The ecological, economic and cultural importance of lake whitefish in Canada 

makes it increasingly important to understand population structure and the appropriate 

geographic scale for management. To accomplish this, it is important to understand 

genetic differentiation across different scales, such as lake systems, watersheds or 

provincial boundaries. By determining the appropriate level of management and creating 

accurate DUs, genetic diversity can be maintained within this valuable species, allowing 

for persistence and resilience following environmental change (Allendorf & Danzmann, 

1997; Allendorf et al., 2010; Angeloni et al., 2012; Davis et al., 2005; Larson et al., 

2013; Mee et al., 2015; Parmesan, 2006; Taylor et al., 2011). To this end, Mee et al. 

(2015) identified 36 DUs across Canada based on mtDNA sequencing, although most of 

this work has been focused on the Atlantic and Acadian glacial lineages (Bernatchez & 

Dodson, 1990; Laporte et al., 2015; Pigeon et al., 1997; Rogers & Bernatchez, 2007; 

Rogers et al., 2002; Stott et al., 2004; Stott et al., 2010). These DUs are very useful for 

management but mtDNA only provides a limited perspective on the evolutionary history 

of a population. Further, the most valuable lake whitefish commercial fisheries are found 

in the Mississippian refugium, which has not been investigated. Future research should 

investigate the population structure within the central Canada as well as the effects of 

local adaptation to help maintain a healthy, sustainable species within the country. 
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Lake Whitefish in Lake Huron 

Within the Great Lakes, lake whitefish add considerable socio-economic value to the 

region by supporting large-scale commercial and indigenous fisheries. The lake 

whitefish commercial fishery is the largest freshwater fishery in North America, with 

previous estimates documenting over 9.5 million kilograms harvested per year 

(Kinnunen, 2003). Historically, this species has experienced significant fluctuations in 

population size and body condition due to habitat changes, overexploitation, and 

invasive species (Ebener, 1997; Ebener et al., 2008). Studies using allozymes, mtDNA 

and microsatellites have found evidence of structuring on large geographic scales within 

Lake Huron (Casselman et al., 1981; Stott et al., 2013, 2010). Previous studies have 

shown that lake whitefish within Lake Huron tend to cover large distances in the summer 

although the genetic structuring indicates some evidence of natal philopatry (Casselman 

et al., 1981; Eberts et al., 2017; Stott et al., 2013, 2010). Lake Huron is a very large and 

productive lake and appropriate management is required to maintain a sustainable lake 

whitefish fishery. 

Historically, lake whitefish in Lake Huron have been managed using 25 management 

units but it has been stated in a report from Ebener et al. (2010) that this could be 

inappropriate for lake whitefish stocks. This is a result of the high levels of mobility in 

lake whitefish, which could lead to exploitation of a single stock by multiple commercial 

fisheries (Ebener et al., 2010; Eberts et al., 2017; Li et al., 2015). A study from Eberts et 

al. (2017) used stable isotopes to determine the contemporary population structure within 

the lake and found that based on the large summer feeding locations within the lake, the 
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management units are too small and numerous to reflect the population structure. 

Isotopes provide very important ecological data, but they are short-term markers and do 

not reflect breeding within the species. It is important to integrate genetic work in Lake 

Huron to understand management on both short and long-term scales in order to protect 

less productive and overexploited populations (Ebener et al., 2010; Stott et al., 2013, 

2010). The incorporation of genetic markers will help to provide fine-scale population 

structuring within the lake, providing a better ecological picture of diversity within the 

fishery.  

Anthropogenic disturbances largely influence the health, distribution and 

productivity of fish populations. Human impacts range from sound pollution (McCauley 

et al., 2003; Simpson et al., 2016) to climate change (Brander, 2013) to the release of 

toxins (Thome et al., 2017) and negatively impact the surrounding marine life. Power 

generating stations are often located on the shores of large bodies of water and release 

chemicals and warm water back into the lake (Luksiene et al., 2000; Ross & Siniff, 

1982). Previous studies have found that these negatively impact fish species in the 

vicinity of the thermal effluent (Cooke & Schreer, 2003; Teixeira et al., 2009). Bruce 

Power is a nuclear power plant located on the eastern shores of Lake Huron. This power 

generating system releases large volumes of warm water back into the lake. The impacts 

of this thermal emission on the reproduction and development of lake whitefish and 

other cold-water spawning species, as they require a narrow range of cold temperatures 

for successful embryogenesis (Bryan & Kato, 1975; Coutant, 1977; Hart, 1931). 

Previous work has found that increased incubation temperatures may result in earlier 

hatch and increased mortality as a result of limited resources (Eme et al., 2015; Mueller 
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et al., 2015; Patrick et al., 2013). In order to ensure effective management and 

conservation, it is important to understand whether lake whitefish that spawn in front of 

Bruce Power are genetically distinct from those that spawn outside the vicinity of the 

thermal effluent and their level of differentiation and diversity from other populations 

across the lake.  

 

Lake Whitefish in Saskatchewan  

Within Saskatchewan lake whitefish are the largest commercial fishery by landings 

(DFO, 2016). These fish originated from the Mississipian refugium during the 

Wisconsinian glaciation event (Bernatchez & Dodson, 1991; Foote, 1992; Franzin & 

Clayton, 1977; Rempel & Smith, 1998). Very little work has been done on the species in 

the province, with most of the work focusing on the effects of various chemicals in the 

aquatic environment (Cooley & Klaverkamp, 2000; Cooley et al., 2002; Hursky & 

Pietrock, 2012; Waite et al., 1988) and morphometrics (Bidgood, 1973; Qadri, 1968). 

Population genomic research would help to improve our understanding of the 

distribution of genetic diversity across a province with multiple watersheds and many 

lake types.  

Lake whitefish are endemic to much of Saskatchewan and have been introduced to 

many other lakes throughout the province. This includes warm shallow lakes in the south 

and deep cool lakes in the north. These lakes are found in distinct watersheds across the 

province with limited gene flow. As stated above, lake whitefish have demonstrated that 

they have the ability to adapt to local habitats on a genomic level. Previous studies have 

shown that differential gene expression is likely to underlie local adaptation 
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(Bochdanovits et al., 2003), which has been consistently found on a broad scale in the 

lake whitefish species complex (Derome et al., 2008, 2006; Nolte et al., 2009; Renaut, et 

al.,, 2010; Rogers et al., 2002; St-Cyr et al., 2008; Whiteley et al., 2008). The landscape 

in Saskatchewan offers a natural experiment to study the influence of local adaptation 

across different lake types with different levels of environmental variability.  

 

Research Objectives  

The over-arching theme of my thesis was to investigate the transition from 

microsatellites to single nucleotide polymorphisms. This thesis focused on this transition 

in lake whitefish across North America because of its importance both ecologically and 

economically and its broad range across the region. I aimed to understand both the 

benefits and potential pitfalls of RRL approaches from sample collection to data 

generation and downstream analyses. In addition, I used these emerging tools to increase 

our understanding of lake whitefish population structure on several spatial scales from 

very small to very large (individual lake to a major portion of their range). My specific 

objectives were to: 

1. Examine the fine-scale population structure of lake whitefish in Lake Huron with 

specific reference to locations around a major source of industrial effluent. 

2. Investigate the impacts of varying DNA quality on the generation of SNP 

datasets generated using a popular RRL sequencing approach.  

3. Examine the impacts of genomic coverage, sequencing depth, and bioinformatic 

parameters on the quality of SNP datasets and analyses from RRL sequencing.  
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4. Determine the broad-scale population structure of lake whitefish across central 

Canada using RRL and SNPs and investigate the potential for local adaptation in 

the varying environments of Saskatchewan lakes.   
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CHAPTER TWO 

 

FINE-SCALE ECOLOGICAL AND GENETIC POPULATION 

STRUCTURE OF TWO WHITEFISH (COREGONINAE) SPECIES 

IN THE VICINITY OF INDUSTRIAL THERMAL EMISSIONS 

 

 

Modified from: Graham, C.F., Eberts, R.L., Morgan, T.D., Boreham, D.R., Lance, S.L., 

Manzon, R.G., Martino, J.A., Rogers, S.M., Wilson, J.Y. & Somers, C.M. (2016) Fine-

scale ecological and genetic population structure of two whitefish (Coregoninae) species 

in the vicinity of industrial thermal emissions. PLoS ONE, 11(1): e0146656.  
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Abstract 

 Thermal pollution from industrial processes can have negative impacts on the 

spawning and development of cold-water fish. Point sources of thermal effluent may 

need to be managed to avoid affecting discrete populations. Correspondingly, we 

examined fine-scale ecological and genetic population structure of two whitefish species 

(Coregonus clupeaformis and Prosopium cylindraceum) on Lake Huron, Canada, in the 

immediate vicinity of thermal effluent from nuclear power generation. Niche metrics 

using δ13C and δ15N stable isotopes showed high levels of overlap (48.6 to 94.5%) in 

resource use by adult fish captured in areas affected by thermal effluent compared to 

nearby reference locations. Isotopic niche size, a metric of resource use diversity, was 

1.3- to 2.8-fold higher than reference values in some thermally affected areas, indicative 

of fish mixing. Microsatellite analyses of genetic population structure (Fst, STRUCTURE 

and DAPC) indicated that fish captured at all locations in the vicinity of the power plant 

were part of a larger population extending beyond the study area. In concert, ecological 

and genetic markers do not support the presence of an evolutionarily significant unit in 

the vicinity of the power plant. Thus, future research should focus on the potential 

impacts of thermal emissions on development and recruitment. 
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Introduction 

  Worldwide a variety of energy generating stations use natural lake or river water 

as an industrial coolant, which may be released as warmed effluent into the environment. 

Thermal pollution of this nature can result in localized changes in water temperature 

ranging from 2 to 15 °C above ambient values (e.g., Cooke & Schreer, 2003; Encina et 

al., 2008; Lardicci et al., 1999; Luksiene et al., 2000; Ross & Siniff, 1982; Teixeira et al., 

2009). Freshwater fish species, especially those with narrow temperature tolerances, may 

be negatively affected by thermal pollution (e.g., Encina et al., 2008; Sandström et al., 

1997; Teixeira et al., 2009; Verones et al., 2010). Previous studies have shown that 

thermal effluents can reduce reproduction and survival (Casselman, 1995; Luksiene et 

al., 2000; Sandström et al., 1997), cause changes in species movement and distribution 

(Cooke & Schreer, 2003; Kelso, 1974; Teixeira, Neves, & Araújo, 2012) and alter 

habitat structure (Teixeira et al., 2009). Individually or collectively, thermal effluent may 

be associated with local extirpation of sensitive fish species. Ideally, thermal effluent 

should be managed with population genetic considerations to avoid impacting fish that 

are distinct populations. 

The population structure of fish is often assessed using neutral genetic markers to 

identify discrete subpopulations that result from reduced gene flow due to a variety of 

factors, including geographic barriers (Kanno et al., 2011; Paetkau et al., 1995; Prugh et 

al., 2005; Stott et al., 2010; Taylor et al., 2011), human impacts (Johnsen et al., 2014; 

Patton et al., 1997) and spawning site fidelity (Bradbury et al., 2015; Moore et al., 2014; 

Stott et al., 2008). The polymorphism of microsatellites makes them ideal markers to 

identify fine-scale population structure within many different species (Cabe et al., 2007; 
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Eldridge & Naish, 2007; Kanno et al., 2011; Newman & Squire, 2001; Spidle et al., 

2001). Genetic data provide excellent insight into long-term aspects of population 

structure and have been used extensively in fisheries management (e.g., Beacham et al., 

2005; Bradbury et al., 2015; Ruzzante et al., 2000; Stott et al., 2008). Important 

management decisions can be aided using genetic markers; however, many studies often 

lack ecological data to corroborate genetic findings.  

Stable isotopes of carbon and nitrogen are ecological markers that provide a 

quantitative means of comparing resource use among groups of fish. The range and 

variance of isotopic values present a two-dimensional metric of niche that incorporates 

information about carbon source, a proxy for habitat in freshwater, and nitrogen source, 

indicative of trophic position (France, 1995; Minagawa & Wada, 1984; Vander Zanden 

et al., 1999). Together these isotopic values describe resource use (Bearhop et al., 2004; 

Newsome et al., 2007). Groups of fish with different isotopic niches are comprised of 

individuals from different food webs or employing different feeding strategies (e.g., 

Munroe et al., 2015). Thus, stable isotopes may be used to identify fish population 

structure based on resource use (Takai & Sakamoto, 1999). This metric of structure is 

shorter-term than genetic markers, reflecting the metabolic turnover time of the tissues 

analyzed (Dalerum & Angerbjörn, 2005). For spawning aggregations, analysis of 

isotopic population structure using muscle tissue reveals whether groups used similar or 

different resources prior to aggregating. Despite the potential advantages of stable 

isotopes, few fisheries studies have used this approach to assess spatial population 

structure of individual species (but see Munroe et al., 2015; Takai & Sakamoto, 1999).  
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Canada currently has four major nuclear power generating stations on the 

Laurentian Great Lakes, the largest freshwater system in the world. All three stations 

operate multiple CANDU reactors and use lake water for once-through cooling processes 

to cool steam condensers (Borodczak, 1978; Effer & Bryce, 1975; Golder & Associates, 

2005). The largest power generating station is located on Douglas Point in eastern Lake 

Huron, where it releases large volumes of warmed water back into the lake. Of concern 

are potentially negative impacts of thermal emissions on the reproduction and 

development of members of the Coregoninae subfamily (Salmonidae family), which are 

fall-spawning species that require a narrow range of cold temperatures for successful 

embryogenesis (Bryan & Kato, 1975; Coutant, 1977; Hart, 1931). Specifically, lake 

whitefish (Coregonus clupeaformis) comprise one of the most important commercial 

fisheries within the Great Lakes (Ebener et al., 2010; Mohr & Ebener, 2005; Stott et al., 

2008; VanDeHey et al., 2009), and round whitefish (Prosopium cylindraceum) may be 

an important indicator species for environmental monitoring (Steinhart et al., 2007). 

Recent studies have found that increases in incubation temperature resulted in earlier 

hatch and decreased survival in both whitefish species (Eme et al., 2015; Mueller et al., 

2015; Patrick et al., 2013). Early hatch can have potential ecological impacts (e.g. altered 

predation and food availability), increasing the importance of development temperature 

beyond morphological effects (Cushing, 1990; Hoyle, Johannsson, & Bowen, 2011; 

Rogers & Bernatchez, 2006). From a conservation and management perspective, it is 

important to know whether fish spawning in areas receiving thermal emissions are 

ecologically and genetically distinct from those in reference areas. 
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Both genetic and ecological population structuring occur among lake whitefish 

spawning aggregations in Lake Huron on the spatial scale of hundreds of kilometers. 

Previous studies have identified genetic differentiation among populations in different 

basins or separated by large geographic distances (e.g., Casselman et al., 1981; Ebener et 

al., 2010; Stott et al., 2013, 2008, 2010). Lake whitefish also vary in diet (Pothoven et 

al., 2006) and habitat use (Ebener et al., 2010) in different areas of the lake, and 

historically have undergone resource use shifts in association with changes in the 

environment (McNickle et al., 2008; Rennie et al., 2009). Previous studies of lake 

whitefish provide excellent evidence of barriers to gene flow and resource use 

heterogeneity within Lake Huron. However, they were not designed to address questions 

about fine-scale population structure, such as whether or not fish in the immediate 

vicinity of point source emissions are distinct from those in nearby reference areas. In 

addition, very little is known about any aspect of population structure for round 

whitefish. 

In this study we examined fine-scale population structure of spawning lake and 

round whitefish in the region around thermal emissions from the nuclear power 

generating station on Douglas Point, Lake Huron. We used niche analysis based on 

stable isotopes and neutral genetic variation from microsatellites in concert to investigate 

the ecological and genetic population structure of these fish. Our focus was on fine-scale 

population structure to address the specific question of whether fish in areas affected by 

thermal emissions were distinct from adjacent reference areas. For each fish species our 

specific objectives were to compare the following metrics in areas affected by thermal 

emissions vs. adjacent reference zones: (1) isotopic niche characteristics; and (2) genetic 
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population structure. The results of this study will inform whitefish management within 

the study area.  

 

Materials and Methods 

Study Area and Species 

Our study took place in the vicinity of the Bruce Power site in eastern Lake 

Huron, Ontario, Canada (Fig 1; 44°19’35.39 N, 81°36’01.22 W). Nuclear power has 

been produced at this site using CANDU reactor technology since 1968, and the current 

operation consists of 8 CANDU reactors divided into two generating stations (identified 

as 1 and 2 in Fig 1).  Station 1, also called Bruce A, has an intake and discharge rate of 

175,000 L/s, whereas station 2 (Bruce B) has an intake and discharge rate of 193,000 

L/s. The maximum permitted difference between discharge and ambient water 

temperatures for both stations is 11.1 °C from April 15 to December 14, and 13.0 °C 

from December 15 to April 14 each year. The extent and movement of the thermal plume 

resulting from warm water discharge at this site is highly variable. The area potentially 

affected by both discharges combined is predicted to range from 70 to 3,600 ha in near-

shore parts of Lake Huron adjacent to the generating stations (Golder & Associates, 

2005). To facilitate monitoring and environmental impact assessment, Bruce Power 

worked with a consulting company (Bruce Power, 2009) to identify 8 sampling zones for 

fish in relevant near-shore habitats: 2 reference areas outside of the influence of the 

thermal plume (R1 and R2 in Fig 1), and 6 areas shown to experience warming from 

thermal discharge (Bruce Power, 2009; A1-A6 in Fig 1). These zones were found to have 

suitable habitat and attracted mature whitefish during spawning (Bruce Power, 2009, 
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2010). Research by Thome et al. (2016) has shown that within the potentially affected 

sites the temperature is highly variable with an average winter temperature of up to 3 °C 

warmer than ambient. We used these areas as the study design for population structure 

assessment. All 8 areas contain at least some rock-cobble substrate in the 2-8m depth 

range preferred by spawning whitefish, and adults in spawning condition have been 

collected throughout the study area. However, the importance of the region for whitefish 

spawning is currently unclear.  

Both whitefish species we studied are broadcast spawners that cast their eggs 

over reefs and rock-cobble substrate in shallow (2-8m depth) near-shore areas in the late 

fall (Roseman et al., 2007). Lake whitefish spawn from October to mid-December and 

round whitefish spawn during early November to early December (Bryan & Kato, 1975; 

Ebener et al., 2008; Hart, 1931; Ihssen et al., 1981; Patrick et al., 2013; Rawson, 1951). 

Whitefish eggs normally incubate over winter, with optimal development temperatures 

of 0.5 °C and 4.5 °C for lake and round whitefish, respectively (Wismer & Christie, 

1987). Laboratory studies that manipulate temperature show that mortality and deformity 

rates increase significantly when eggs are incubated at warmer temperatures (Eme et al., 

2015; Mueller et al., 2015; Patrick et al., 2013). Further, within Lake Huron whitefish 

have faced many recent challenges, including system-level changes with the invasion of 

dreissenid mussels (McNickle et al., 2006; Nalepa et al., 2009; Pothoven & Madenjian, 

2008; Rennie et al., 2009), introduction of non-native predators (Ebener, 1997; Ebener et 

al., 2008) and the degradation of habitat (Ebener et al., 2008).  

  



 29 

 

Figure 1 Map of the study area on eastern Lake Huron, Canada (inset) showing the 

location of two nuclear power generating stations (1 and 2), each operating 4 CANDU 

reactors. The locations of outflow channels for thermal effluent are indicated by arrows. 

Gill netting areas for Lake and Round Whitefish are indicated. A1-A6 are sites 

potentially affected by warmer temperatures (an average of 3 °C Bruce Power, 2009), 

whereas sites R1 and R2 are reference locations outside of the thermal plume. Fish were 

collected in the falls of 2010 and 2011 at each site.  
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Sample Collection  

 All animal research was approved by the University of Regina President's 

Committee on Animal Care, following the guidelines of the Canadian Council on 

Animal Care. The approved Animal Use Protocol was AUP 11-13 "Population and 

Conservation Genetics of Freshwater Fish". The authors did not require a permit to 

sample fish; the permit was issued to Bruce Power and fish specimens were received 

after collection 

Adult lake and round whitefish were collected as part of Bruce Power’s 

environmental assessment follow-up program (see Bruce Power, 2010) using bottom-set 

gill nets from the 8 areas described above (2 reference and 6 affected sites), which span 

approximately 24 km of shoreline (Fig 1). Methods are described in detail elsewhere 

(Bruce Power, 2010; Thome et al., 2016). In brief, nets (457 m length x 1.5m height; 5.7 

cm and 11.4 cm mesh size) were set overnight for 19-24 hours on 13 dates in 2010 (Oct 

25 – Dec 4) and 15 dates in 2011 (Oct 27 – Dec 13) at 4.5 – 6 m depths in areas with 

cobble and boulder substrate. Fish captured in gill nets were examined for morphological 

measurements and confirmed to be sexually mature. Fish were retained so that we could 

collect a 5 x 2 x 2 cm piece of dorsal muscle, which was frozen for later DNA extraction 

and stable isotopes analysis. A total of 336 lake and 319 round whitefish were used for 

stable isotope analysis, and 208 lake and 327 round whitefish were used for the genetic 

analysis (Table 1).  
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Table 1 Lake and round whitefish collected via multi-panel gillnets during 2010 and 

2011 spawning seasons at 8 locations in the Douglas Point area of Lake Huron. Gill net 

sites were chosen to reflect two reference areas (R1, R2) and 6 potentially thermally 

affected areas (A1-A6). Muscle tissue was collected for stable isotopes and microsatellite 

analyses from fish at each site. 

Site Latitude Longitude Stable Isotopes (n) Genetic Analyses (n) 

   Lake Round Lake Round 
R1 44°23'56" N 81°31'51" W 87 53 30 65 
A1 44°22'31" N 81°33'21" W 32 40 30 38 
A2 44°21'22" N 81°35'10" W 66 43 30 43 
A3 44°20'25" N 81°35'32" W 36 28 30 26 
A4 44°17'51" N 81°36'33" W 17 22 14 21 
A5 44°16'54" N 81°36'18" W 32 42 30 37 
A6 44°15'44" N 81°36'52" W 15 33 15 31 
R2 44°23'17" N 81°31'57" W 51 58 29 66 

Total   336 319 208 327 
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Stable Isotopes  

Sub-samples of dorsal muscle from individuals from reference and affected sites 

were rinsed with distilled water, dehydrated in a drying oven at 50 °C for 120-168 hours, 

ground to a fine powder using a dental amalgamator and weighed (0.5-1.0 mg) into tin 

capsules (Table 1). Stable isotopes values from muscle reflect incorporation for several 

months (Perga & Gerdeaux, 2005), which ensured that we compared resource use by fish 

prior to spawning. Weighed samples were analyzed for carbon and nitrogen stable 

isotopes using a Thermo Finnigan Delta V isotope ratio mass spectrometer (Institute for 

Environmental Change and Society, University of Regina). We ran unknowns, 

laboratory standards of wheat and bovine liver, and replicates of both unknowns and 

standards in each batch. Isotope values are reported as δ 13CVPDB and δ 15NAIR (delta 

values) in units of per mil (‰). Replicates of standards and unknowns generally varied 

less than 0.2 ‰. We arithmetically lipid-corrected δ 13C with the McConnaughey & 

McRoy (1979) formula when C:N ratios were greater than 3.5. 

We created Bayesian standard ellipses using SIBER Metrics to define and 

compare the isotopic niches for each species at each sample site. Bayesian ellipses 

encompass 40% of the data, thus this metric enables a robust comparison of niche that is 

less biased by differences in sample size than traditional metrics (Jackson et al., 2011; 

Syväranta et al., 2013). The area encompassed by standard ellipses (SEA) is a measure 

of isotopic niche size (‰2) and is directly related to resource use diversity (Jackson et 

al., 2011). We corrected SEA for small sample size (SEAc; Jackson et al., 2011). The 

SEA of lake and round whitefish at each site was calculated with 10,000 replications, 

creating a Bayesian SEA (SEAb) to obtain an average SEA with 95% credibility. To 
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compare resource use similarity between fish in the reference and affected sites we 

quantified isotopic niche overlap by calculating the area shared between standard ellipses 

of each reference site with each affected site. To compare resource use diversity we 

calculated the Bayesian probability that SEA of fish in affected sites was larger than fish 

in reference sites based on SEAb estimations. All niche metrics were calculated with the 

Stable Isotope Analysis in R (SIAR) package (Parnell & Jackson, 2013; R Development 

Core Team, 2014). 

 

Genetic Analysis  

 We extracted genomic DNA from 20 mg of dorsal muscle tissue following the 

manufacturer’s guidelines (Genomic DNA Isolation Kit, Norgen Bioteck Corp., Ontario, 

Canada), with the exception that we added 28 U of RNase A (Qiagen Inc., Ontario, 

Canada) and extended proteinase K digestion to 8-12 hours at 56 °C. DNA was 

quantified using a Qubit 2.0 Fluorometer (Life Technologies Inc., Ontario, Canada) prior 

to diluting to a standard concentration (5 ng/µl) for PCR reactions. Lake whitefish were 

genotyped at 9, and round whitefish at 6 microsatellite loci previously developed for 

each species (lake whitefish: Patton et al., 1997; Rogers et al., 2004; round whitefish: 

O’Bryhim et al., 2013). In addition, lake whitefish were genotyped with 11 and round 

whitefish with 5 additional tetranucleotide microsatellite loci that were developed 

specifically for this study using the methods described in Lance et al. (2013; Table A1).  

Microsatellite loci were amplified in multiplexed PCR reactions using 2 sets of 

primer pairs with the reverse primer of each pair labeled with fluorescent dyes 

(WellRED D3 and D4 dyes, Integrated DNA Technologies, Ontario, Canada). PCR 
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reactions were performed in a total reaction volume of 25 µL containing 1X PCR Master 

Mix (Norgen Bioteck Corp., Ontario, Canada), 2 µM forward and reverse primer, and 10 

ng of template DNA. Thermocycling conditions for whitefish primers were: 5 min at 95 

°C, followed by 30 cycles at 95 °C for 30 s, 30 s at the locus-specific annealing 

temperature (see Table 2), 60 s at 72 °C and a final extension of 5 min at 72 °C. The 

touchdown conditions started with 5 min denaturation at 95 °C, followed by 20 cycles at 

95 °C for 30 s, 30 s at 65 °C (decreasing by 0.5 °C per cycle), 30 s at 72 °C, and then 20 

cycles at 95 °C for 30 s, 30 s at 55 °C, 30 s at 72 °C followed by a final extension for 5 

min at 72 °C. Negative controls without DNA template were run for all samples. 

PCR products were size fractionated using a Beckman Coulter GenomeLab 

GeXP Genetic Analysis System with a 400 bp internal size standard (Beckman Coulter, 

Mississauga, ON). Alleles were scored using GENEMARKER 2.20 software 

(Softgenetics, State College, PA) under default settings, with the exception of a bin 

width of 1 nucleotide to reflect the resolution limit of capillary electrophoresis. 

Automated allele calling was verified manually and confirmed by a second, independent 

observer. The program MICRO-CHECKER (Van Oosterhout, Hutchinson, Wills, & 

Shipley, 2004) was used to quality check all microsatellite profiles by estimating the 

potential frequency of null alleles and the observed and expected heterozygosities (HO 

and HE). Deviations from Hardy-Weinberg Equilibrium (HWE) were examined for each 

locus using GENEPOP v4.3 (Rousset, 2008).  
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Table 2 Details of 31 polymorphic microsatellite loci used to genotype lake and round 

whitefish. TD refers to a touchdown PCR approach where the annealing temperature 

ranged from 65°C to 55°C. 

Loci Species Annealing 
Temperature 

(°C) 

Reference 

BWF1 Lake whitefish 50 Patton et al., 1997 
BWF2 Lake whitefish 50 Patton et al., 1997 

Cocl Lav1 Lake whitefish 55 Rogers et al., 2004 
Cocl Lav4 Lake whitefish 57 Rogers et al., 2004 

Cocl Lav6-di Lake whitefish 60 Rogers et al., 2004 
Cocl Lav6-tetra Lake whitefish TD65 This study* 

Cocl Lav12 Lake whitefish TD65 This study* 
Cocl Lav18 Lake whitefish TD65 This study* 
Cocl Lav19 Lake whitefish 57 Rogers et al., 2004 
Cocl Lav20 Lake whitefish TD65 This study* 
Cocl Lav27 Lake whitefish 55 Rogers et al., 2004 
Cocl Lav33 Lake whitefish TD65 This study* 
Cocl Lav34 Lake whitefish TD65 This study* 
Cocl Lav43 Lake whitefish TD65 This study* 
Cocl Lav44 Lake whitefish TD65 This study* 

Cocl Lav45-di Lake whitefish 60 Rogers et al., 2004 
Cocl Lav45-tetra Lake whitefish TD65 This study* 

Cocl Lav47 Lake whitefish TD65 This study* 
Cocl Lav48 Lake whitefish  TD65 This study* 
Cocl Lav68 Lake whitefish 57 Rogers et al., 2004 

Prwi6 Round whitefish TD65 O’Bryhim et al., 2013 
Prwi15 Round whitefish TD65 O’Bryhim et al., 2013 
Prwi24 Round whitefish TD65 O’Bryhim et al., 2013 
Prwi25 Round whitefish TD65 O’Bryhim et al., 2013 
Prwi27 Round whitefish TD65 O’Bryhim et al., 2013 
Prwi28 Round whitefish TD65 O’Bryhim et al., 2013 
Prwi55 Round whitefish TD65 This study* 
Prwi56 Round whitefish TD65 This study* 
Prwi60 Round whitefish TD65 This study* 
Prwi65 Round whitefish TD65 This study* 
Prwi72 Round whitefish TD65 This study* 

 
 
*More details on the loci developed for this study are presented in Table A1. 
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 Population structure among spawning groups was assessed using several different 

approaches. We calculated fixation indices (FST; Weir & Cockerham, 1984) in the 

program GENODIVE (Meirmans & van Tienderen, 2004). FST values were evaluated by 

comparing reference and affected regions, individual sampling sites, and sampling years 

for both lake and round whitefish. Second, we used Bayesian clustering in the program 

STRUCTURE to identify the number of potential populations in our data sets (Pritchard 

et al., 2000). The analysis was repeated 10 times for each value of K ranging from 1 to 8 

to ensure consistency between runs. We used a burn-in of 100,000 steps and 100,000 

MCMC steps. We also calculated the value of DK for the data using the methods of 

Evanno et al. (2005). Only loci that were in HWE were included in FST and Bayesian 

analyses. Finally, the data were analyzed using Discriminant Analysis of Principal 

Components (DAPC), a multivariate ordination method in the R package ADEGENET 

(Jombart et al., 2010). DAPC does not require the assumption of HWE, so all loci were 

included in this analysis. We generated ellipses using ADEGENET for each site by using 

65 and 46 principal components (one third of the total) for lake and round whitefish, 

respectively, to avoid over-fitting the discriminant functions.  

 

Results  

Stable Isotopes  

 Mean δ 13C and δ 15N values were similar for fish of each species collected in 

reference sites to those in affected sites but varied between species (Table 3). 

Correspondingly, the isotopic niches based on standard ellipses created using SIBER 

were largely overlapping within species (Fig 2). Average niche overlap between fish 
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from affected sites and R1 was 82.0 % ± 13.7 % for lake whitefish and 72.9 % ± 14.3 % 

for round whitefish. Similarly, average niche overlap between R2 and affected areas was 

77.0 % ± 14.1 % for lake whitefish and 75.7 % ± 11.3 % for round whitefish (Table 3). 

Thus, fish from reference and affected areas were using largely similar resources based 

on stable isotope values. Niche size (SEAC) was generally similar between reference and 

affected sites for lake whitefish, with the exception of site A4, which was substantially 

larger than all other sampling locations with high probability (Table 3 and Fig 3). For 

round whitefish, sites A4, A5 and A6 had larger SEAC values than both reference sites 

and the remaining affected sites, also with high probability (Table 3 and Fig 3). Sites 

with larger niches corresponded with sites that had a smaller niche overlap with 

reference sites (Table 3).



 38 

Table 3 Isotopic niche data based on δ13C and δ15N values derived from adult lake and round whitefish muscle tissue. Fish were 

collected from two references sites (R1, R2), and 6 potentially affected sites (A1-A6) in the fall of 2010 and 2011. Standard Ellipse 

Area corrected for small sample size (SEAC) is a measure of niche size and resource use diversity. The percentage of isotopic niche 

overlap with reference sites, implying resource use similarity, is calculated for each site based on Bayesian standard ellipse overlap. 

The percent probability that niche size at each potentially affected site (SEAA) is larger than each reference site (SEAR) is calculated 

according to 10,000 Bayesian estimations of SEA. δ13C values are corrected for lipid. 

Species & Site δ13C  δ15N  C/N SEAC Niche overlap (%) Prob. SEAA > SEAR  (%) 
 Mean ± SD (‰) Mean ± SD (‰) Mean ± SD (‰2) R1 R2 R1 R2 
Lake Whitefish         

R1 -21.9 ± 1.6 +10.9 ± 0.7 4.3 ± 0.6 3.64 100.0 88.8 - - 
A1 -21.6 ± 1.4 +10.9 ± 0.6 4.6 ± 0.7 2.45 90.3 84.6 5.0 10.3 
A2 -21.7 ± 1.6 +10.9 ± 0.8 4.3 ± 0.5 3.70 90.4 80.6 55.1 66.9 
A3 -22.0 ± 1.3 +11.2 ± 0.7 4.5 ± 0.7 2.73 84.0 82.6 8.9 17.4 
A4 -21.4 ± 2.1 +10.5 ± 0.8 4.7 ± 0.7 5.65 54.6 48.6 94.1 95.4 
A5 -22.1 ± 1.1 +10.7 ± 0.7 4.8 ± 0.9 2.61 84.1 80.5 6.3 12.6 
A6 -22.1 ± 1.0 +10.6 ± 0.6 4.5 ± 0.7 1.99 88.6 85.2 3.8 6.6 
R2 -22.1 ± 1.5 +10.9 ± 0.7 4.5 ± 0.7 3.42 94.5 100.0 - - 

Round Whitefish         
R1 -18.4 ± 0.9 +10.0 ± 0.7 4.0 ± 0.6 1.85 100.0 78.9 - - 
A1 -18.1 ± 0.8 +10.1 ± 0.7 4.1 ± 0.3 1.82 77.0 94.4 48.3 48.3 
A2 -18.2 ± 1.0 +10.3 ± 0.7 4.0 ± 0.2 2.12 66.0 72.5 74.5 74.5 
A3 -18.4 ± 0.7 +10.0 ± 0.7 4.1 ± 0.2 1.51 99.4 84.0 24.6 24.6 
A4 -18.1 ± 1.0 +10.0 ± 0.9 3.8 ± 0.8 2.72 64.0 70.2 93.1 93.1 
A5 -18.3 ± 1.2 +10.0 ± 0.7 3.8 ± 0.9 2.55 71.5 68.7 93.4 93.4 
A6 -18.2 ± 1.3 +10.2 ± 0.7 3.7 ± 0.9 2.93 59.7 64.5 97.7 97.7 
R2 -18.1 ± 0.9 +10.1 ± 0.7 3.7 ± 0.8 2.00 73.0 100.0 - - 
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Figure 2 Bayesian standard ellipses describing isotopic niches of: (a) lake whitefish and 

(b) round whitefish collected in the fall of 2010 and 2011 from 8 sites in the Douglas 

Point area of Lake Huron. Fish were collected from two reference sites (black ellipses) 

and 6 potentially affected sites (grey ellipses). Isotopic values (δ13C and δ15N) for 

reference sites (closed symbols) and affected sites (open symbols) are derived from 

muscle tissue and shown in units of Per Mil (‰). δ13C values are corrected for lipid 

content.  
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Figure 3 Density plot of Standard Ellipse Areas (SEA) for: (a) lake whitefish and (b) 

round whitefish collected from two reference sites (R1, R2) and 6 potentially affected 

sites (A1-A6) adjacent to Bruce Power on Lake Huron. SEA is the area (‰2) 

encompassed by standard ellipses (SE) and is a measure of isotopic niche size. The 

larger the SEA the more diverse the resource use is by fish. Boxes represent the 50%, 

75% and 95% credible intervals of Bayesian estimates of SEA (10,000 replications), 

while black dots represent the mode SEA, and asterisks (*) represent SEA corrected for 

sample size (SEAc).  
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Genetic Analysis  

 We genotyped 208 lake whitefish at 20 microsatellite loci and 327 round 

whitefish at 11 loci (Table 2 and A2). For both species quality checks with MICRO-

CHECKER did not indicate large allele dropout or scoring errors, although it did reveal 

that one of the lake whitefish loci (Cocl Lav45-tetra), showed significant null allele 

frequencies. Also, Cocl Lav1 was monomorphic so both of these loci were excluded 

from further analyses. None of the loci used to genotype round whitefish showed 

significant null allele frequencies. Tests using GENEPOP indicated that there were 

significant deviations from HWE in 7 (BWF2, Cocl Lav6-di, Cocl Lav20, Cocl Lav43, 

Cocl Lav44, Cocl Lav47 and Cocl Lav68) and 3 (Prwi27, Prwi60 and Prwi56) of the 

microsatellite loci for lake and round whitefish, respectively, following tests for multiple 

corrections. Thus, after removing loci with significant nulls, monomorphic loci, and loci 

out of HWE, 11 and 8 loci were retained for lake and round whitefish, respectively.  

 When comparing the reference versus affected sites with all samples pooled, FST 

values were small and not significantly different from 0 (lake whitefish FST = 0.001, P = 

0.252; round whitefish FST = 0.001, P = 0.070). The outcome was similar when 

comparing among sampling years (lake whitefish FST = 0.000, P = 0.481; round 

whitefish FST = 0.001, P = 0.298). Pairwise comparisons among zones also produced 

very small FST values not different from 0, with an average of -0.0015 for both lake and 

round whitefish (Tables 4 and 5). 
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Table 4 Pairwise estimates of FST among lake whitefish sampled from 8 different zones 

surrounding Bruce Power determined by pooling samples from 2010 and 2011. The FST 

value is found below the diagonal with the corresponding P-value above as determined 

by GENODIVE. These analyses only included 11 loci that were in Hardy-Weinberg 

equilibrium. 

 
 

 
 
 
 
 
 
 
 

  

 R1 A1 A2 A3 A4 A5 A6 R2 
R1 - 0.893 0.747 0.340 0.969 0.422 0.254 0.412 
A1 -0.005 - 0.295 0.709 0.931 0.859 0.663 0.147 
A2 -0.003 0.002 - 0.733 0.977 0.591 0.215 0.774 
A3 0.001 -0.003 -0.003 - 0.832 0.336 0.185 0.104 
A4 -0.010 -0.009 -0.010 -0.006 - 0.957 0.790 0.870 
A5 0.000 -0.004 -0.001 0.001 -0.009 - 0.492 0.365 
A6 0.004 -0.003 0.004 0.005 -0.007 -0.001 - 0.047 
R2 0.001 0.004 -0.003 0.005 -0.006 0.001 0.012 - 
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Table 5 Pairwise estimates of FST among round whitefish sampled from 8 different sites 

surrounding Bruce Power determined by pooling samples from 2010 and 2011. The FST 

value is found below the diagonal with the corresponding P-value above as determined 

by GENODIVE. The analysis only included 8 loci that were in Hardy-Weinberg 

equilibrium. 

 
R1 A1 A2 A3 A4 A5 A6 R2 

R1 - 0.134 0.072 0.376 0.650 0.054 0.423 0.242 
A1 0.003 - 0.072 0.511 0.927 0.344 0.954 0.184 
A2 0.003 0.005 - 0.926 0.927 0.625 0.278 0.544 
A3 0.001 -0.001 -0.005 - 0.992 0.860 0.799 0.676 
A4 -0.002 -0.006 -0.005 -0.010 - 0.954 0.838 0.966 
A5 0.004 0.001 -0.001 -0.004 -0.006 - 0.819 0.334 
A6 0.001 -0.005 0.002 -0.003 -0.004 -0.003 - 0.921 
R2 0.001 0.002 -0.001 -0.002 -0.006 0.001 -0.003 - 
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 Using the program STRUCTURE we evaluated models with the number of 

genetic clusters ranging from 1-8. The overall posterior probability estimates indicated 

that K = 1 had the highest probability for both species (Figs 4a and b). Further, there 

were no large peaks present when using the second-order statistics developed by Evanno 

et al. (2005). As this method is unable to evaluate a model of full panmixia, the lack of 

peaks implies the presence of one genetic cluster within the data (Figs 4c and d).  

 The DAPC analysis was run with all loci and contained 83.3 % and 86.0 

% of the variance within the data for lake and round whitefish, respectively. For lake and 

round whitefish the first two eigenvalues, the horizontal and vertical axes, were large, 

representing 47.3 % and 42.3 % of the variation, respectively, indicating that most of the 

between group variation was captured in the analysis. Overall, the DAPC analysis 

revealed overlapping, non-differentiated groupings by zone, further supporting the 

presence of one population for both lake and round whitefish (Fig 5).  
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Figure 4 Probability output for the potential number of clusters (K) ranging from 1 – 8 

with the program STRUCTURE for lake and round whitefish caught in the Douglas 

Point area. The procedure described in Pritchard et al. (2000) for: (a) lake whitefish and 

(b) round whitefish. Second order statistics from Evanno et al. (2005) for: (c) lake 

whitefish and (d) round whitefish.  



 46 

 

Figure 5 Discriminant analysis of principal components of: (a) lake whitefish and (b) 

round whitefish from 8 zones near Bruce Power on Lake Huron. Whitefish were 

collected from reference sites (black ellipses) and potentially affected sites (grey 

ellipses). Overlapping ellipses indicate no genetic differentiation.  
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Discussion  

 Whitefish of the two species investigated were not ecologically or genetically 

distinct in areas affected by industrial thermal emissions compared to immediately 

adjacent reference zones. Thus, fish in both the affected and external reference areas 

appear to be part of a larger population extending outside of the study area. Our findings 

suggest that thermal emissions from nuclear power generation are unlikely to be directly 

affecting a local population of either species that is an evolutionarily significant unit 

(Crandall et al., 2000; Mee et al., 2015; Moritz, 1994; Ryder et al., 1994; Waples, 1991). 

However, this finding does not negate the need for management considerations and 

monitoring in our study area. Elevated temperatures during development reduce survival 

of embryos and fry (Casselman, 1995; Luksiene et al., 2000; Patrick et al., 2013; 

Sandström et al., 1997) potentially reducing the productivity of fish spawning in areas 

affected by thermal emissions. Previous studies have also found that thermal pollution 

can change fish behavior (Encina et al., 2008; Kelso, 1974; Luksiene & Sandstrom, 

1994; Teixeira et al., 2009, 2012), potentially influencing fish recruitment. Future studies 

will need to determine how important the spawning habitat is in our study area and 

estimate how potential thermal effects may affect recruitment.   

 Based on stable isotopes, the fish captured in affected and reference areas came 

from similarly diverse food webs. Both lake and round whitefish showed extensive 

resource use heterogeneity, but mean δ 13C and δ 15N values and niche-overlap analyses 

indicated that within species they used similar resources across reference and affected 

zones. Large lakes can have broad geographic and depth-based variation in baseline 

stable isotopes values (e.g., Harvey & Kitchell, 2000; Hobson et al., 2012; Rennie et al., 
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2009; Sierszen et al., 2006), which provides the opportunity to detect ecological 

(isotopic) population structure among groups based on location and habitat use. Thus, the 

adult fish we analyzed from both species likely spent time in a variety of areas in Lake 

Huron with different isotopic baselines during the summer prior to moving into near-

shore areas around Douglas Point in the fall (several months for muscle turnover time; 

Perga & Gerdeaux, 2005; Weidel et al., 2011). Consequently, spawning fish in our study 

area are mixed aggregations from several food webs rather than local stocks, a 

phenomenon also observed in other parts of Lake Huron (Ebener et al., 2010). 

Niche size was larger for both whitefish species in the areas expected to be most 

influenced by thermal emissions. This effect was most pronounced for lake whitefish, 

which had an SEAC value 1.5- to 2.8-fold higher in Area 4, immediately adjacent to the 

larger thermal outflow, than any other zone. Similarly, round whitefish SEAC values 

were 1.3- to 1.5-fold higher in Areas 4 to 6 than in the other areas studied. Comparable 

differences in SEAc have been documented between aquatic consumers of different 

feeding guilds (Richoux & Ndhlovu, 2015) and between sympatric fish species 

(Hamidan et al., 2016). Thus, the differences we observed in SEAc between fish in some 

affected vs. reference areas are likely biologically relevant differences in resource use 

diversity. Based on the rationale provided above, levels of fish mixing in the affected 

areas were higher than in the reference zones. Importantly, this suggests that fish in the 

most affected areas relied on a more diverse array of diets and habitats, rather than using 

distinct resources, which has been documented as 0 % isotopic niche overlap (Guzzo et 

al., 2016). In contrast our niche overlap between reference and affected areas ranged 

from 48.6 to 94.4 %. We propose two potential explanations for these findings that are 



 49 

not mutually exclusive: (1) habitat in the thermally affected areas is desirable and attracts 

more mixing of fish from multiple feeding locations (see Encina et al., 2008; Sandström 

et al., 1995); or (2) the fish captured in affected zones are not actually spawning there, 

and our samples contain a more diverse collection of individuals that are simply moving 

through those areas (whitefish make near shore movements throughout the fall; Ebener et 

al., 2010). Our data do not permit us to distinguish between these explanations but 

reinforce the need to understand the importance of our study area for actual spawning 

activities as identified above. 

There was no genetic differentiation between affected and reference zones for 

either lake or round whitefish, which were both part of single populations across our 

study area. This finding was not unexpected for lake whitefish, which have significant 

population structure throughout the Great Lakes system (Stott et al., 2004; VanDeHey et 

al., 2009), and in Lake Huron, but over much larger geographic scales than we studied 

(Casselman et al., 1981; Stott et al., 2013, 2008, 2010). In particular, Stott et al. (2008) 

showed no differentiation between fish from Douglas Point and the Fishing Islands more 

than 70 km to the north. However, in that study no sites were sampled between Douglas 

Point and the Fishing Islands, and no sampling was conducted to the south. Further, the 

genotyping only consisted of seven microsatellite loci, which may result in reduced 

power to detect differentiation between sites (Beacham et al., 2010; Lindholm et al., 

2004; Liu et al., 2005; Rosenberg et al., 2003; Selkoe & Toonen, 2006). Interestingly, 

although there were no distinct genetic clusters present in our DAPC analysis for lake 

whitefish, comparing the ellipses for the northern most sites, R1, A1 and A2, to the 

southern reference site, R2, suggests that spawning aggregations farther south are less 
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similar. Additional research will be required to determine the full extent of lake whitefish 

genetic structuring within Lake Huron with finer resolution to determine how those 

sampled at Douglas Point fit into the overall structure within the lake.  

Round whitefish presented essentially a complete unknown in terms of a priori 

expectations about population structure. Lake whitefish have been much more 

intensively studied because of their commercial value (e.g., Bernatchez et al., 2010; Carl 

& McGuiness, 2006; Gagnaire et al., 2013; Pigeon et al., 1997; Renaut et al., 2010, 

2011; Stott et al., 2004; VanDeHey et al., 2009), but interest in genetic studies of round 

whitefish has only recently emerged (e.g., McCracken et al., 2014; O’Bryhim et al., 

2013). Round whitefish are ecologically distinct from lake whitefish (Bryan & Kato, 

1975; Carl & McGuiness, 2006; Macpherson et al., 2010; Morin et al., 1982; Patrick et 

al., 2013) and little is known about their movements or spawning site fidelity. Similar to 

lake whitefish, round whitefish did not show any genetic population subdivision over our 

study area. DAPC analyses, our most powerful tool for examining structure, produced 

ellipses that were completely overlapping and smaller and more focused on the center of 

the axes than those for lake whitefish. Thus, round whitefish showed essentially no 

differentiation over the area sampled, which is emphasized by the DAPC analysis where 

the variance between groups is maximized. Given the limited geographic scope of our 

study, we can conclude only that there is no genetic distinction between fish captured 

inside and outside of the thermally affected area. However, round whitefish populations 

have drastically declined in Lake Huron in recent years and concern for this species is 

growing (Ebener et al., 2010). To ensure effective management of this species a large-
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scale genetic study is required to determine the population structure of round whitefish 

within their range.  

Our study ultimately suggests that concerns over the impacts of thermal effluent 

should be more focused on potential changes to productivity and recruitment rather than 

conservation of discrete populations. Both ecological and genetic data indicate that adult 

fish inside and immediately outside of thermally affected areas are part of larger genetic 

populations that use similarly diverse resources. Thus, adverse effects of thermal 

emissions, if any, would be limited to some fraction of a larger genetic and ecological 

group for both study species. Large-scale commercial harvest of lake whitefish occurs in 

the Fishing Islands area north of our study location (Ebener et al., 2010). Our data and 

those of Stott et al. (2008) suggest that fish from Douglas Point are part of a larger 

population that includes the Fishing Islands. Previous work has shown that the habitat 

within the vicinity of the power plant attracts ripe and mature whitefish (Thome et al., 

2016), so potential reductions in productivity of spawning fish in the Douglas Point area 

may be a fisheries management concern if local spawning produces a significant number 

of recruits for harvest. This information is currently unavailable given limited knowledge 

of spawning activity in our study area. However, recent in situ work has shown only 

small changes in temperature with little predicted change to developmental timing of 

lake whitefish eggs (Bruce Power, 2009). Thus, thermal impacts on lake whitefish 

productivity are likely to be minor in comparison to the commercial harvest of over 1 

million kilograms within the management unit that includes Douglas Point (Cushing, 

1990). In general, the effects of industrial pollution can vary depending on the system, so 

careful attention to context is required (e.g., Luksiene et al., 2000; Patrick et al., 2013; 



 52 

Reutter & Herdendorf, 1976; Ross & Siniff, 1982; Sandström et al., 1997; Smythe & 

Sawyko, 2000; Sylvester, 1972; Teixeira et al., 2009, 2012; Verones et al., 2010).  
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CHAPTER THREE 

 

IMPACTS OF DEGRADED DNA ON RESTRICTION ENZYME 

ASSOCIATED DNA SEQUENCING (RADSEQ) 

 

 

Modified from: Graham, C.F., Glenn, T.C., McArthur, A.G., Boreham, D.R., Kieran, T., 

Lance, S., Manzon, R.G., Martino, J.A., Pierson, T., Rogers, S.M., Wilson, J.Y. & 

Somers, C.M. (2015). Impacts of degraded DNA on restriction enzyme associated DNA 

sequencing (RADSeq). Molecular Ecology Resources, 15(6): 1304-15. 
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Abstract 

Degraded DNA from suboptimal field sampling is common in molecular 

ecology. However, its impact on techniques that use restriction site associated next-

generation DNA sequencing (RADSeq, GBS) is unknown. We experimentally examined 

the effects of in situ DNA degradation on data generation for a modified double digest 

RADSeq approach (3RAD). We generated libraries using genomic DNA serially 

extracted from the muscle tissue of 8 individual Lake Whitefish (Coregonus 

clupeaformis) following 0, 12, 48, and 96 hours incubation at room temperature post-

euthanasia. This treatment of the tissue resulted in input DNA that ranged in quality from 

nearly intact to highly sheared. All samples were sequenced as a multiplexed pool on an 

Illumina MiSeq. Libraries created from low to moderately degraded DNA (12 to 48 

hours) performed well. In contrast, the number of RADtags per individual, number of 

variable sites, and percentage of identical RADtags retained were all dramatically 

reduced when libraries were made using highly degraded DNA (96 hour group). This 

reduction in performance was largely due to a significant and unexpected loss of raw 

reads as a result of poor quality scores. Our findings remained consistent after changes in 

restriction enzymes, modified fold-coverage values (2 to 16-fold), and additional read-

length trimming. We conclude that starting DNA quality is an important consideration 

for RADSeq; however, the approach remains robust until genomic DNA is extensively 

degraded. 
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Introduction 

Degraded genomic DNA that is sheared or otherwise damaged is a common 

occurrence in many molecular ecology studies. DNA samples are often obtained from 

suboptimal sources, such as road killed animals (e.g., Devillard et al., 2014; Inoue et al., 

2012; Khosravi et al., 2014), shed or excreted materials (e.g. feathers, Bush et al., 2011; 

Reudink et al., 2011; Vázquez et al., 2012; feces, Fünfstück et al., 2014; Peters et al., 

2015; egg shells, Martín-Gálvez et al., 2011; Schmaltz et al., 2006) and archived items 

(e.g., fish scales, Glover et al., 2012; Iwamoto et al., 2012; museum specimens, 

Bjørnstad & Røed, 2010; Jordan et al., 2012; Tracy & Jamieson, 2010). For some 

traditional molecular markers, such as microsatellites or targeted mitochondrial DNA 

sequencing, the impacts of DNA degradation have been well investigated and are 

generally not a significant concern (Bonin et al., 2004; Ledoux et al., 2012; Prugh et al., 

2005; Scandura et al., 2006). However, recent advances in DNA sequencing technology 

are rapidly shifting molecular ecology studies away from traditional markers towards 

large numbers of single nucleotide polymorphisms (SNPs; reviewed by Angeloni et al., 

2012; Ekblom & Galindo, 2011; Mardis, 2008; Metzker, 2010; see also Ackerman et al., 

2011; Barchi et al., 2011; Larson et al., 2014, 2013). The application of next-generation 

DNA sequencing (NGS) for molecular ecology is still relatively new, and the impacts of 

DNA degradation on this technology have not been adequately investigated. 

NGS on most commercial platforms is designed to sequence small DNA 

fragments, so shearing does not necessarily interfere with acquiring data for shotgun 

sequencing applications. For example, the fields of forensics (Daniel et al., 2014; Kidd et 

al., 2013; Templeton et al., 2013) and ancient DNA (Carpenter et al., 2013; Enk et al., 
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2014; Knapp & Hofreiter, 2010) have established productive protocols to deal with 

highly degraded DNA samples.  However, an attractive NGS approach for molecular 

ecologists is use of reduced representation DNA libraries (RRL) based on digestion of 

genomic DNA with restriction enzymes for simultaneous SNP discovery and 

genotyping. Several major variations on the RRL approach exist, including the popular 

restriction site associated DNA sequencing (RADSeq; Baird et al., 2008; Miller et al., 

2007), double-digest RADSeq (ddRADSeq; Peterson et al., 2012), and genotyping by 

sequencing (GBS; Poland et al., 2012). Collectively, RRLs vastly reduce the complexity 

of large genomes by creating a subset of homologous loci for sequencing and SNP 

calling across individuals and enable multiplexing of samples to reduce the cost of 

population-level studies (reviewed in Davey et al., 2011; Peterson et al., 2012; Trebbi et 

al., 2011).  The production of RRLs and sequencing of multiplexed pools is likely to be 

much more susceptible to problems associated with DNA degradation and variation 

among samples than shotgun sequencing. RRLs can be biased as a result of inefficient 

and incomplete restriction digests across individuals as well as heterozygous restriction 

sites (Puritz et al., 2014). Random shearing may reduce the number of intact fragments 

flanked by both restriction enzyme cut sites, preventing adaptor ligation and inclusion in 

sequencing. This in turn may reduce the number of fragments amplified in degraded 

samples and lead to biased sequencing output, and ultimately a reduced ability to identify 

SNPs.  

 Here we examine the effect of DNA quality on a modified ddRADSeq approach 

using a laboratory experiment on Lake Whitefish (Coregonus clupeaformis). We 

generated DNA samples for the same individuals that varied in quality and used a 
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moderate level of sequencing on an Illumina MiSeq platform to reflect effort typical of a 

population level study (e.g., for examining population structure). We chose the lake 

whitefish because this species has been extensively studied in population and 

evolutionary genetics contexts (e.g., Bernatchez et al., 2010; Gagnaire et al., 2013; 

Hebert et al., 2013; Renaut et al., 2011; Rogers & Bernatchez, 2005), but it is not yet a 

model species. In addition, this species is currently part of large-scale research activities 

by our group (e.g., Eme et al., 2015; Mitz et al., 2014). Lake whitefish are frequently 

sampled from commercial catch or using long-set gill nets (e.g., Pothoven et al., 2006; 

Vonlanthen et al., 2009), so their DNA is often degraded at the onset of genetic studies 

(C. Somers, pers. obs.). Our specific objectives were to: (1) create a series of DNA 

samples for the same individuals that varied from intact, high molecular weight to 

extensively sheared; and (2) examine how DNA degradation might affect major aspects 

of a modified ddRADSeq approach coupled with the STACKS bioinformatics pipeline 

(Catchen et al., 2013),  a common approach for many current molecular ecology studies. 

 

Materials and Methods 

DNA Quality Variation 

We produced juvenile lake whitefish for this experiment via spawning of adult 

individuals collected from Blackstrap Lake, Saskatchewan (51°45’20” N 106°27’30” 

W). These fish were reared to approximately 20 cm in length in 3500-L circular tanks 

containing de-chlorinated water maintained at 11-14 oC and fed a diet of EWOS Pacific 

Salmon Fish Feed (EWOS, BC, Canada). Our objective was to create five replicate DNA 

samples for each individual that varied in quality from fresh to degraded. In particular, 
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we wanted the DNA to degrade in situ as part of intact tissue, as it could post-mortem 

during sampling and transport in the field. To accomplish this, we euthanized 8 

individual lake whitefish with an overdose of tricaine methanesulfonate (MS-222; 

0.05%) buffered with sodium bicarbonate (0.1%), and serially extracted DNA from 

dorsal muscle tissue following degradation at room temperature (~23oC) for various time 

periods. To generate the 0-hour treatment (high-quality DNA), approximately 20mg of 

both muscle tissue and blood from each individual was put into lysis buffer immediately 

post-euthansia, and DNA was extracted following the manufacturer’s guidelines for 

animal tissues and blood samples (Genomic Isolation Kit, Norgen Biotek, ON, Canada). 

A 5 cm x 5cm x 2 cm sample of the remaining muscle was removed from each 

individual and placed in covered plastic dishes, left at room temperature, and DNA 

extracted again at 12, 48, and 96 hours post-euthanasia by removing 20-mg portions. We 

visualized extracted DNA using agarose gel electrophoresis and quantified it using a 

Qubit 2.0 Fluorometer (Life Technologies Inc., ON, Canada). All animal procedures 

were approved by the University of Regina Presidents Committee on Animal Care and 

performed in accordance with the Canadian Council on Animal Care guidelines.   

 

Next-Generation DNA Sequencing 

Library preparation  

Our general approach was to generate RRLs from genomic DNA extracted at 

each time point using a modified version of the Peterson et al. (2012) ddRADSeq 

approach (3RAD; Glenn et al. unpublished data). Our modified protocol used two 

restriction enzymes to cut the DNA, creating fragments with two different sticky ends 
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that are compatible to each Illumina sequencing adaptor. We used two adapters, each 

with differing sticky ends, only one of which was phosphorylated, and a third restriction 

enzyme to cleave adapter dimers of the phosphorylated adapter (the only adapter that can 

self-ligate). This strategy allows for restriction digestion and ligation to be done 

simultaneously, which promotes greater efficiency of input DNA into fragments with 

adapters; i.e., less input DNA can be used to successfully construct libraries because 

DNA chimeras and adapter dimers are cleaved. For this study we generated libraries 

independently using two sets of enzymes: EcoRI, XbaI, NheI and EcoRI, MspI, ClaI; the 

third enzyme of each set cleaves the adapter dimers. Finally, we used limited cycle PCR 

to extend the adapter sequence and add eight nucleotide indexes, creating double 

stranded dual-indexed Illumina TruSeq libraries (Table B1).  

Specifically, for the restriction digest, 100 ng of DNA from each individual and 

time interval was placed in individual wells in a 96 well plate with 1 x CutSmart Buffer 

(New England Biolabs, Ipswich, MA; NEB), 5.0 µL dH2O, 0.5 µL of each enzyme 

(NEB; 20 units of EcoRI-HF, MspI, or XbaI; 10 units of ClaI or NheI) and 0.33 µM of 

each internal adapter. The samples were incubated for 1 hour at 37 °C to digest the DNA, 

after which 0.75 µM ATP (NEB), 0.25x Ligase Buffer (NEB), and 100 units of DNA 

Ligase (NEB) was added.  Samples were then incubated at 22 °C for 20 min and 37 °C 

for 10 min for 2 cycles, followed by 80 °C for 20 min to stop enzyme activity. We 

purified the libraries with 1.2x SpeedBeads (Supplemental Protocol 2) and then 

resuspended them in 20 µL of dH2O. 

 For each individual and time point, we PCR-amplified libraries in a 25-µL PCR 

reaction containing 1x HiFi Buffer (Kapa Biosystems, Wilmington, MA; Kapa), 0.375 
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mM dNTPs (Kapa), 0.5 units of HiFi DNA Polymerase (Kapa), 0.5 µM each of the iTru5 

and iTru7 external primers (Integrated DNA Technologies, Coralville, IA; IDT), and 5 µl 

of internal adapter-ligated template from each library. Thermocycling was initiated with 

a denaturation step at 95 °C for 2 min, followed by a varying number of cycles to 

normalize the degraded libraries (Table 6) at 98 °C for 20 sec, 60 °C for 15 sec, with a 

final elongation step of 72 °C 5 min. We purified the PCR products using 1x 

SpeedBeads, quantified the resulting libraries, pooled the libraries of varying 

degradation, and concentrated them with MinElute PCR Purification Kits (Qiagen, 

Valencia, CA). Following purification, we used the LabChip XT Caliper (PerkinElmer, 

Waltham, MA) to size select 600 bp fragments (± 10%), and the size-selected DNA was 

quantified using a Qubit 2.0 Fluorometer (Life Technologies Inc., Grand Island, NY).  

 

Illumina Sequencing 

Following PCR amplification we combined normalized libraries from all eight 

individuals at each time interval to generate two distinct sequencing pools (one each for 

EcoRI-XbaI and EcoRI-MspI restriction digests). Therefore, each sequencing pool 

consisted of 8 individuals at five time intervals generating 40 distinct samples each with 

a distinct combination of external barcodes. We then sequenced each of the pools 

independently using PE300 v3 kits on an Illumina MiSeq (Illumina, San Diego, CA) at 

the Institute of Environmental Change and Society, University of Regina. We de-

multiplexed the samples using MiSeq Reporter after the sequencing run (Illumina, San 

Diego, CA). 
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Table 6 The number of PCR cycles required during normalization in library preparation 

of the modified ddRADSeq approach for each enzyme pair. Normalization ensures that 

each sample is represented equally during the sequencing effort. With fewer intact 

fragments present after 96 hours of degradation, more PCR cycles were required. 

Degradation  
(hrs) 

Source EcoRI-XbaI  
PCR Cycles 

EcoRI-MspI  
PCR Cycles 

0 Blood 16 16 
0 Tissue 16 16 
12 Tissue 20 16 
48 Tissue 20 20 
96 Tissue 24 24 
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Sequence Analysis  

All sequence analysis was conducted using STACKS version 1.19 (Catchen et 

al., 2013) on the Westgrid computing cluster (Compute Canada). We used the STACKS 

pipeline to determine the total number of RADtags, the number of identical RADtags 

and the number of potential variable sites in each treatment group. We chose these 

metrics, as well as those based on sequence quality, for this study because the general 

patterns are likely to be robust to variation in study species, and therefore universally 

applicable.  

The sequencing output was first analyzed to determine the number of RADtags 

present in each individual and treatment group. We used the process_radtags script with 

default parameters (w = 0.15, s = 10) including the --disable_radcheck parameter to 

remove reads with an uncalled base and trim the reads to maintain an average quality 

score above Q30 (222 and 248 bases for the EcoRI-XbaI and EcoRI-MspI libraries 

respectively). In addition, we trimmed the reads to 210 bases to examine the effect of 

additional reductions in read length. After trimming the reads, we used ustacks to create 

individual RADtag catalogs with the default settings for minimum depth of coverage to 

create a stack (m = 2) and a maximum of 2 bp difference allowed between reads to 

consider fragments part of the same stack. We repeated this step with the value for –m 

adjusted to 4x, 8x, and 16x to examine the influence of fold-coverage. These individual 

stacks were combined using the cstacks script with 2 allowable mismatches between 

sample tags to create catalogs for each time interval independently. We used the sstacks 

script to determine the number of RADtags present in each sample. We then used custom 
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perl scripts to determine the total number of RADtags and variable sites present at each 

time interval.  

 To determine the number of identical RADtags present in the same individuals in 

different treatment groups (the number of homologous loci retained), we used the 

STACKS pipeline with the same parameters as above, but constructed the catalog using 

data from the 0-hour treatment group. We then used the sstacks script to compare the 

other three time periods to our 0-hour catalog, with any of the RADtags that matched the 

0-hour catalog considered as homologous fragments. We used custom perl scripts to 

extract the number of identical RADtags present in individuals across DNA quality 

treatment groups. 

 

Statistical Analysis 

We used Kruskal-Wallis non-parametric Analysis of Variance (KW-ANOVA; 

Statistix 9.0) to compare STACKS outputs among treatment groups. Observed absolute 

read numbers were converted to percentages to compare RADtags and variable sites 

among treatments.  

 

Results 

DNA Quality Variation 

We found DNA extracted from blood immediately post-euthanasia to be intact, 

and present as a single, high-molecular weight band of > 10 kb (Fig. 6a). DNA from 

dorsal muscle showed some degradation even immediately after euthanasia; most of the 

DNA was in the 3 to 10 kb range (Fig. 6b). DNA extracted from muscle tissue exhibited 



 64 

a decrease in the size distribution of DNA fragments over time (Fig. 6b-e), with no 

fragments larger than 2kb (most much smaller) by 48 hours, and only much smaller 

fragments present after 96 hours of incubation at room temperature (Fig. 6d, e). Some 

individuals had no visible DNA fragments left after 96 hours of degradation. 

 

Next-Generation DNA Sequencing 

Library preparation  

We found that as degradation of the DNA increased, more PCR cycles were 

required during normalization (to enable multiplexing) to compensate for the smaller 

number of intact fragments present. Increasing PCR cycles will result in a higher 

proportion of redundant fragments retained for sequencing, reducing the information 

content for each individual.   

Illumina sequencing  

The EcoRI-XbaI RRL produced 29.9 million reads with a cluster density of 1049 

K/mm2, and the second enzyme pair, EcoRI-MspI, generated 30.8 million reads and a 

cluster density of 1179 K/mm2. Each sequencing run consisted of 40 samples, resulting 

in an average of 748,500 (SD = 313 389) and 769,859 (SD = 216 014) reads per 

individual for enzyme pairs EcoRI-XbaI and EcoRI-MspI, respectively. The data for the 

different enzyme pairs were very similar, so here we present detailed results for EcoRI-

XbaI only (Table 7).  
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Figure 6 Agarose gel image showing the size distribution of untreated genomic DNA 

extracted from lake whitefish tissue at the following time points post-euthanasia: (a) 0-

hour blood, (b) 0-hour muscle (c) 12-hour muscle, (d) 48-hour muscle and (e) 96-hour 

muscle. Each lane of the gel represents an individual lake whitefish. The size standards 

shown are DNA ladders ranging from 50bp to 10,000 bp. 
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Table 7 Summary of MiSeq output for the EcoRI-XbaI reduced representation library. Each time period was comprised of 8 

individuals. All 40 samples were multiplexed on a MiSeq PE300 run to generate a total of 29.9 million reads.   

Degradation 
(hrs) 

Source Total Reads Total Reads  
(%) 

Avg Reads per  
Individual 

SD for Avg Reads  
per Individual  

Avg Base 
<Q30 

Avg Quality 
Score 

(phred) 

Avg Read 
Length 

(bp) 
0 Blood 4,297,482 14.35 537,185.25 111,728.37 224.88 31.79 283.99 
0 Tissue 6,639,032 22.17 829,879.00 220,731.99 226.00 32.11 281.99 
12 Tissue 7,445,676 24.87 930,709.50 411,075.81 224.31 32.03 276.50 
48 Tissue 6,934,138 23.16 866,767.25 267,670.20 223.63 31.93 257.24 
96 Tissue 4,623,672 15.44 577,959.00 248,353.91 214.63 31.15 213.77 

Total - 29,940,000 100 748,500.00 313,389.31 222.69 31.85 262.70 
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Sequence Analysis   

Treatment group explained a significant proportion of the variance in the 

percentage of original reads retained for further analysis following filtering of the data in 

STACKS (Fig. 7a; KW-ANOVA, F4,35 = 34.7, P < 0.001). Post hoc testing showed that 

the percentage of reads retained was significantly reduced in both the 48 and 96-hour 

treatments. In the 96-hour treatment group, on average fewer than 50% as many reads 

were retained compared to the 0-hour reference group, and the variance among 

individuals was high (Fig. 7a). The majority of the reads lost were discarded because 

their average quality score fell below Q10 within the regions being examined. The 

percentage of low quality reads varied significantly by treatment group (Fig. 7b; KW-

ANOVA, F4,35 = 16.5, P < 0.001). 
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Figure 7 Box and whisker plots showing: (a) the percentage of reads retained in each 

treatment group following quality filtering using process_radtags in STACKS; and (b) 

the percentage of low quality reads in the same groups. The sample size in each plot is 8 

individuals per treatment group. The line in the middle of each box denotes the median, 

the box encompasses the first and third quartile of the data, while the horizontal lines 

above and below represents the maximum and minimum respectively. The letters denote 

treatment groups that are statistically different.  
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The total number of RADtags produced per individual varied significantly by 

treatment group with 2-fold coverage (Fig. 8A; KW-ANOVA, F3,28 = 13.54, P < 0.001). 

On average, increases in degradation resulted in fewer RADtags, with the 96 hour 

treatment having ~83% fewer RADtags (~57,000 lost per individual) compared to the 0 

hour treatment. The same trend was present with 8-fold coverage (Fig. 9A; KW-

ANOVA, F3,28 = 6.1, P = 0.0025) and 16-fold coverage, although the smaller number of 

RADtags present with 16-fold coverage reduced the statistical power (Table B2; KW-

ANOVA, F3,28 = 0.91, P = 0.4489, Figs 8 and 9).  
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Figure 8 Box and whisker plot showing the total number of: (a) RADtags, and (b) 

variable sites produced from DNA extracted from muscle tissue in each treatment group. 

These results were generated using the STACKS pipeline with the default value of 2x for 

the –m parameter (2-fold coverage required for creation of stacks). The box represents 

the interquartile range of the data, the line in the middle is the median and the lines 

above and below represent the maximum and minimum respectively. The letters denote 

treatment groups that are statistically different.  
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Figure 9 Box and whisker plot showing the number of (a) RADtags and (b) variable sites 

produced from DNA extracted from muscle tissue using 8-fold coverage in the STACKS 

pipeline. We displayed the results using 8-fold coverage as this is a common read depth 

used in population genetic studies. The line in the middle of each box depicts the 

median, the outer edges of each box represent Q1 and Q3 and the lines above and below 

represent the maximum and minimum respectively. The letters denote treatment groups 

that are statistically different.  
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Similarly, the number of variable sites (potential SNPs) identified also varied 

significantly with treatment group with 2-fold (Fig. 8b; KW-ANOVA, F3,28 = 13.47, P < 

0.001), 8-fold (Fig. 9b; KW-ANOVA, F3,28 = 9.54, P < 0.001), and 16-fold coverage 

(Table B2; KW-ANOVA, F3,28 = 9.92, P < 0.001). Post hoc testing showed that the 96-

hour treatment resulted on average in a 38-, 19-, and 8-fold reduction in the total number 

of SNPs per individual with 2-, 8-, and 16-fold coverage, respectively. Further, this loss 

of data was still present when the reads were custom-trimmed to reflect the average Q30 

of the 96-hour samples (length = 210 bp; data not shown). The accuracy of SNP calling 

(the % of different SNP calls at the same locus in individuals across treatments) appeared 

to be consistent in the 12 and 48 hour groups but decreased markedly after 96 hours of 

degradation (Fig. B1, F2,18 = 7.50, P = 0.0043). However, these results should be 

interpreted with caution because of significantly reduced depth of sequencing coverage 

in the 96-hour treatment (Fig. B2, F2,21 = 14.19, P = 0.0001). 

With 2-fold coverage, the percentage of identical RADtags present compared to 

the 0-hour group as a reference varied significantly by treatment group (Fig. 10; KW-

ANOVA, F2, 21 = 25.25, P < 0.001). This difference was driven almost entirely by a large 

loss of identical loci in the 96-hour treatment group, which retained on average less than 

10% of identical RADtags (Fig. 10). This same result was apparent with 4- and 8-fold 

coverage (Fig. 10; F2, 21 = 20.21, P < 0.001, F2, 21 = 25.25, P < 0.001).  
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Figure 10 Box and whisker plot showing the percentage of identical RADtags 

(homologous loci) found within the same individuals in the different DNA treatment 

groups at 2-, 4-, and 8-fold coverage. The RADtags found in each time interval were 

compared to the RADtags of the 0-hour tissue to generate % values for each individual. 

The box represents the interquartile range of the data, the line in the middle is the median 

and the lines above and below represent the maximum and minimum respectively. The 

letters denote treatment groups that are statistically different.  
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Discussion 

We suggest that researchers should carefully evaluate the state of potentially 

degraded DNA rather than immediately discount RAD approaches for suboptimal 

samples. Our study shows that the amount of potential SNP data lost per individual 

increases as DNA quality decreases. However, the modified ddRADSeq approach we 

used was robust to dramatic data losses until genomic DNA was very highly degraded 

(96-hour treatment). Thus, the appeal of ddRADSeq and other similar RRL methods for 

reducing the complexity of large genomes and sequencing multiplexed individuals (e.g., 

Baird et al., 2008; Davey et al., 2013; Elshire et al., 2011; Narum et al., 2013; Peterson et 

al., 2012; Sonah et al., 2013; Van Tassell et al., 2008; Wang et al., 2012) is not 

necessarily negated by even moderate levels of DNA degradation. Importantly, our 

findings were nearly identical using two different restriction enzyme pairs and a range of 

quality control parameters for analysis (fold-coverage and trimming). In addition, SNP 

genotyping accuracy did not appear to decrease until 96 hours of degradation, congruent 

with our other findings. However, this result is somewhat confounded by a reduction in 

sequencing coverage, so a larger data set is required to confirm this outcome. From our 

current findings we conclude that starting DNA quality is an important consideration for 

molecular ecology studies using a general RAD approach, but DNA degradation to 

moderate levels is perhaps not as crippling as once assumed.  

In contrast, high levels of DNA degradation dramatically reduced potential SNP 

data and eliminated the utility of the ddRADSeq approach we used. The number of 

variable sites (potential SNPs) available for population studies decreased on average by 

approximately 96.5% per individual in our 96-hour treatment. The result of this data loss 
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was a starting point of only a few hundred potential SNPs per individual. Many 

population studies using microarrays generate from 1,300 to 39,500 SNPs after quality 

filtering (Ai et al., 2013; Bourret et al., 2014; Eckert et al., 2010; Edea et al., 2013; 

Garroway et al., 2013; Goedbloed et al., 2013; Johnston & Wilson, 2014; Myles et al., 

2011; Thomasen et al., 2013; Würschum et al., 2013). Those using a RADSeq approach 

generate 20,000-80,000 RADtags, which yield 3,000-10,000 candidate SNPs (e.g., 

Catchen et al., 2013; Clark et al., 2014; Hohenlohe et al., 2013; Larson et al., 2014; 

Lozier, 2014; Ogden et al., 2013). In RAD studies, it is common for the initial number of 

potential SNPs to be reduced more than 4-fold after quality filtering. Thus, the large-

scale loss of variable sites we observed would likely result in too few SNPs to be useful 

for any population-level comparisons.  

The negative effects of extensive DNA degradation on our ddRADSeq data set 

were pervasive regardless of the quality control parameters applied. Investigators can 

control and modulate key components of the RRL sequencing and analysis approach, 

including the critical parameters of fold-coverage, minimum Q-scores and custom read-

length trimming (e.g., Bourret et al., 2013; Elshire et al., 2011; Geraldes et al., 2013; 

Hohenlohe et al., 2013; Larson et al., 2014; Lozier, 2014; Miller et al., 2011; Xu et al., 

2013). Use of high fold-coverage increases stringency and reduces noise in the 

ddRADSeq data. Yet the loss of identical RADtags and potential SNPs in the highly 

degraded samples remained prominent with minimum coverage ranging from 2- to 16-

fold (minimum –m value for a stack; see Methods). Most recent RRL studies of 

population structure use 8 to 10-fold coverage (e.g., Hearn et al., 2014; Karam et al., 

2014; Lozier, 2014; Mastretta-Yanes et al., 2015; Wang et al., 2013; Willing et al., 2011; 
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Xu et al., 2013), although few of these have evaluated optimal coverage values (see 

Catchen et al. (2013), who suggest 6-fold coverage as optimal). Thus, the patterns we 

observed in our data are directly relevant to current molecular ecology studies.  Further, 

reads from highly degraded samples may be hindered by artifacts accumulating on the 3’ 

end as a result of the Illumina terminator chemistry (Dohm et al., 2008; Ledergerber & 

Dessimoz, 2011; Minoche et al., 2011). However, we found that there was still a 

significant loss of data when the reads were conservatively trimmed to remove additional 

bases near the 3’ end. Consequently, our ddRADSeq data set could not be rescued in 

highly degraded DNA samples by modifying the readily available quality control 

parameters.   

In situ degradation of Lake Whitefish DNA resulted in an unexpected, large-scale 

loss of Illumina reads due to low Q-scores. Importantly, some reads were lost in the 12 

and 48-hour groups, and over 50% were lost in the 96-hour treatment group due to low 

quality. This situation did not improve with more conservative read trimming, suggesting 

that it is not an issue with 3’ artifacts. We found this result puzzling, but it is similar to 

the RRL study by Norman et al. (2013) using ancient DNA, in which ~68% of reads 

were lost, suggesting serious problems with read quality when starting with suboptimal 

DNA samples. Our modified ddRADSeq approach has two amplification steps where 

errors may be introduced: (1) pre-sequencing PCR to incorporate barcodes and 

normalize DNA; and (2) bridge amplification on the Illumina flow cell using a Phusion 

polymerase (Miller et al., 2007). Step (1) could result in incorporation of many incorrect 

nucleotides as a result of Taq polymerase errors when copying physically damaged 

native DNA. However, the incorrect nucleotides would come from an undamaged supply 
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of reagents in the PCR reaction and should not result in low Q-scores in subsequent 

sequencing steps; i.e., the wrong nucleotides should still be read with high confidence. 

Similarly, in step (2) the Phusion polymerase should be replicating primarily high-

quality PCR products, not native DNA. Thus, decreasing DNA quality may result in a 

higher rate of false SNP discovery as a result of Taq errors but we cannot currently 

explain why it results in a general loss of read quality. One possibility is an interaction 

between Illumina technology and the non-random degradation of the genome. Fragments 

that survive the degradation process (e.g, Briggs et al., 2007; Overballe-Petersen et al., 

2012) may have DNA sequence properties that are more difficult for Illumina 

sequencing to resolve (e.g., Dohm et al., 2008; Luo et al., 2012; Nakamura et al., 2011; 

Quail et al., 2012), resulting in more ambiguous base calls (low Q-scores). Another 

possible explanation is that the increase in PCR cycles required for library normalization 

of the 96-hour treatment group produced an excess of redundant fragments, reducing the 

complexity of the library. Lower complexity libraries are more difficult for Illumina 

sequencing to resolve, potentially generating lower quality scores. Both of these 

potential explanations result from the generation of fewer intact fragments for 

sequencing when DNA degradation levels are high. The mechanism underlying the 

increase in low Q-scores will need to be tested in studies designed specifically for that 

purpose.  

Substantially increasing the scale of our library preparation and sequencing effort 

is one possible way to deal with the loss of data caused by highly degraded DNA. We 

purposefully chose a low amount of input material for our libraries (100 ng of genomic 

DNA) and a modest level of sequencing on an Illumina MiSeq platform to reflect what 
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might be done as part of a population structure study by a small and/or non-specialist lab 

(e.g., Baird et al., 2008; Barchi et al., 2011; Elshire et al., 2011; Geraldes et al., 2013; 

Pfender et al., 2011; Senn et al., 2013; van Orsouw et al., 2007; Wang et al., 2012). The 

number of RADtags lost in our highly degraded samples may have been less dramatic 

with additional starting DNA in restriction digests; for example, the TruSeq DNA 

Sample Preparation from Illumina recommends 1 µg of input DNA. The number of 

intact DNA fragments containing both restriction sites would presumably increase as 

more DNA is added to digests. In addition, whether or not the loss of ~99% of RADtags 

(as in the 8x coverage data set at 96 hours) is a barrier to population studies will depend 

on the initial number of loci sequenced, and the SNP density. Thus, using more input 

DNA and upgrading to Illumina HiSeq technology for much higher throughput may 

make it possible to continue using a relatively unmodified ddRADSeq approach even 

with highly degraded DNA. However, in many instances where DNA quality is 

suboptimal, the total amount of DNA available for library preparation is also a limiting 

factor (e.g, Campbell & Narum, 2008; Dixon et al., 2006; Tin et al., 2014). In addition, 

higher fold-coverage in a scaled-up sequencing effort may rescue some RADtags that 

would otherwise be lost due to low Q-scores on some reads. These additional 

considerations regarding DNA quantity and sequencing scale (and platform) are major 

factors affecting the success of ddRADSeq and GBS approaches that should be taken 

into consideration. Inexperienced labs making the transition to NGS from more 

traditional markers like microsatellites (e.g., Ackerman et al., 2011; Anderson & Garza, 

2006; Glover et al., 2010; reviewed in Angeloni et al., 2012; Chu et al., 2014; Goedbloed 

et al., 2013) need to be well aware of the challenges that degraded DNA can cause.  
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Other RRL approaches and emerging DNA sequencing technologies may also 

provide viable options for dealing with highly degraded DNA for population studies 

using SNPs. Type IIb restriction enzymes produce very short fragments (≤ 36 bp) that 

may be recovered from highly sheared DNA and there are well established methods for 

very standardized sample preparation and analysis using this method (2bRAD; Puritz et 

al., 2014; Wang et al., 2012). However, the short read length may pose problems with 

unique mapping or clustering with genomes that have high levels of duplication (Puritz 

et al., 2014). Sequence capture techniques using custom DNA probes also provide 

significant capacity to enrich libraries with desired homologous fragments (see Harvey, 

2013). However, this approach is significantly more expensive than use of restriction 

enzymes for generating fragment pools. Third generation sequencing technologies, such 

as the PacBio SMRT system, have been used in the field of forensics to overcome 

contamination and degradation issues, as they allow for longer read lengths (Glenn, 

2011; Metzker, 2010). However, it should be noted that none of these approaches have 

been adequately tested using controlled experiments, as we have done here with 

modified ddRADSeq. Future studies need to significantly expand our knowledge on the 

performance of various library preparation and sequencing combinations when starting 

DNA is of low quality and quantity. 
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HOW “SIMPLE” METHODOLOGICAL DECISIONS AFFECT 
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Abstract 

 Reduced representation (RRL) sequencing approaches (e.g., RADSeq, 

genotyping by sequencing) require decisions about how much to invest in genome 

coverage and sequencing depth (library quality), as well as choices of values for 

adjustable bioinformatics parameters. To empirically explore the importance of these 

“simple” decisions, we generated two independent sequencing libraries for the same 142 

individual lake whitefish (Coregonus clupeaformis) using a nextRAD RRL approach: (1) 

A small number of loci and low sequencing depth (library A); and (2) more loci and 

higher sequencing depth (library B). The fish were selected from populations with 

different levels of expected genetic subdivision. Each library was analyzed using the 

STACKS pipeline followed by three types of population structure assessment (FST, 

DAPC and ADMIXTURE) with iterative increases in the stringency of sequencing depth 

and missing data requirements, as well as more specific population maps. Library B was 

always able to resolve strong population differentiation in all three types of assessment 

regardless of the selected parameters. In contrast, library A produced more variable 

results; increasing the minimum sequencing depth threshold (-m) resulted in a reduced 

number of retained loci, and therefore lost resolution at high -m values for FST and 

ADMIXTURE, but not DAPC. FST and DAPC were robust to varying the population 

map and increasing the stringency of missing data requirements. In contrast, 

ADMIXTURE was unable to resolve strong population differentiation when increasing 

these same parameters in library A. Similarly, when examining fine scale population 

subdivision, the library B was robust to the changing parameters but library A lost 

resolution depending on the parameter set. We used library B to examine actual 
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subdivision in our study populations. All three types of analysis found complete 

subdivision between populations in Lake Huron and Dore Lake using 10,640 SNP loci. 

Weak population division was also detected in Lake Huron with fish from sites in the 

north-west, Search Bay, North Point and Hammond Bay, showing slight differentiation. 

Overall, we show that apparently simple decisions about library quality and 

bioinformatics parameters can have potentially important impacts on the interpretation of 

population subdivision. Although costly, the early investment in a high-quality library 

and more conservative stringency settings on STACKS parameters lead to a final dataset 

that was more consistent and robust when examining both weak and strong population 

differentiation.    
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Introduction 

 The field of molecular ecology has experienced a recent increase in the use of 

reduced representation library (RRL) sequencing approaches for population studies. This 

increase was prompted by the prohibitive cost of whole genome sequencing for non-

model species and enables sequencing of a targeted portion of the genome across a large 

number of individuals (reviewed by Davey et al., 2011 and Narum et al., 2013; Andrews 

et al., 2016). Several variations of the RRL approach exist, most using either restriction 

enzymes or probes to target homologous regions of the genome across individuals and 

populations. Popular techniques include restriction site associated DNA sequencing 

(RADSeq; Baird et al., 2008; Miller et al., 2007), double digest RADSeq (ddRADSeq; 

Peterson et al., 2012), genotyping by sequencing (GBS; Poland et al., 2012), 2bRAD 

(Wang et al., 2012), 3RAD (Graham et al., 2015), Rapture (Ali et al., 2016), RADcap 

(Hoffberg et al., 2016), and Nextera-tagmented reductively-amplified DNA sequencing 

(nextRAD; Russello et al., 2015). Each of these approaches enable simultaneous 

sequencing and genotyping of thousands of single nucleotide polymorphism (SNP) 

markers, and they have been used in a wide range of studies including population 

structure (Benestan et al., 2015; Cristofari et al., 2016; Larson et al., 2014), local 

adaptation and selection (Cammen et al., 2015; Catchen, Bassham, et al., 2013; Flanagan 

et al., 2016; Funk et al., 2016; Gleason & Burton, 2016) and phylogenomics (Díaz-arce 

et al., 2016; Morgan et al., 2017). RRL techniques and downstream bioinformatics 

analyses have been evolving rapidly, and consistent guidance when making fairly 

“simple” decisions on basic elements of study design is often not available in the 

published literature.  
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 Molecular ecologists using RRL approaches are faced with decisions ranging 

from sequencing effort to adjustable bioinformatics parameters that can profoundly 

impact the quality of SNP data, and thereby the strength of inference in population 

studies. The targeted genome coverage and sequencing depth will have a major influence 

on both the financial cost and the quality of the data generated (Buerkle & Gompert, 

2013). Sequencing a higher proportion of the genome (coverage) provides more data per 

individual, and higher sequencing depth increases confidence in base calls and the ability 

to identify low frequency variants (Ilut et al., 2014; Mastretta-Yanes et al., 2015; Nielsen 

et al., 2011; Sims et al., 2014; Song et al., 2016). However, limited research funds force 

most researchers to seek an optimal trade-off between sequencing effort and resolution 

power. In addition, following the generation of sequence data, methods for filtering and 

the identification of variable SNP sites can profoundly impact the number and quality of 

loci retained (Mastretta-Yanes et al., 2015; Rodriguez-Ezpeleta et al., 2016), and 

potentially the power of downstream analyses. Clear explorations of how these 

methodological decisions affect the quality and quantity of SNPs, as well as the 

interpretation of population structure, are required.  

All bioinformatics programs have adjustable parameters influencing the 

stringency of requirements for SNP calls that can influence the quantity and quality of 

loci in the final dataset. There are several programs designed to analyze RRL data 

including STACKS (Catchen et al., 2013), UNEAK (Lu et al., 2013) and pyRAD (Eaton, 

2014). In this study, we chose STACKS because it is one of the most widely used 

programs, and there is previous research investigating error rates (Mastretta-Yanes et al., 

2015), parameter optimization (Mastretta-Yanes et al., 2015; Paris et al., 2017; Rochette 
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& Catchen, 2017; Rodriguez-Ezpeleta et al., 2016) and influences on the number of 

markers in the final dataset (Rodriguez-Ezpeleta et al., 2016) using this pipeline. In 

STACKS, SNP locus discovery and genotyping is done using three modules, ustacks, 

cstacks and sstacks (Catchen et al., 2013; Rochette & Catchen, 2017). The ustacks 

module first assembles stacks based on similarity on an individual level and cstacks then 

merges individual stacks into a population level catalog (Rochette & Catchen, 2017). 

The sstacks module is then used to match individual stacks back to the catalog and the 

populations script outputs the data into various different formats (Catchen et al., 2013). 

In ustacks and cstacks there are three main parameters that control catalog construction: 

(1) minimum sequencing depth to create stacks (-m); (2) maximum number of 

mismatches allowed between alleles (-M); and (3) number of mismatches allowed 

between stacks (-n; Catchen et al., 2013; Paris et al., 2017; Rochette & Catchen, 2017). 

In the populations module there are also parameters that affect the output and potential 

downstream analyses, including: (1) population map used (-M); (2) minimum percentage 

of individuals required to have the locus genotyped (-r); and (3) the number of 

populations required to have the locus genotyped (-p; Catchen et al., 2013; Paris et al., 

2017; Rochette & Catchen, 2017). These parameters can drastically influence the SNP 

dataset that is generated, but the impacts on downstream analyses and inferences about 

population subdivision have not been fully investigated.  

 Previous research has investigated how the parameters in the different STACKS 

modules influence SNP datasets generated, but few have examined how these changes 

actually influence population differentiation analyses. Paris et al. (Paris et al., 2017) 

developed the r80 rule, based on the generation of polymorphic loci across 80% of the 
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population, to optimize important STACKS parameters (-m, -M and -n), because these 

may vary by study organism. Increasing -m and -M values generates fewer loci in the 

final dataset as a result of removal of loci lacking minimum sequencing depth, and over-

merging of loci, respectively (Mastretta-Yanes et al., 2015; Paris et al., 2017; Rodriguez-

Ezpeleta et al., 2016). Studies examining the impact of sample size, study design, 

individual sequencing depth, and sequence quality have shown that fewer individuals (3-

5 per site) and moderate sequencing depth (~10X) are often adequate for the detection of 

population structure and group assignment, even though higher sequencing depths result 

in more accurate genotype calls (Crawford & Lazzaro, 2012; Fountain et al., 2016; 

Fumagalli, 2013; Gaughran et al., 2017). However, there is no consensus on sequencing 

depth requirements for population studies.  

RRL sequencing often results in missing data (loci, genotypes) in individuals and 

populations (Eaton et al., 2016); this issue may confound population structure analyses 

and it can be exacerbated by the selection of bioinformatics parameters. Multiple sources 

can give rise to missing data including issues during library preparation, such as size 

selection, DNA quality and uneven amplification, and biological sources, such as 

mutations within restriction or primer binding sites (Eaton et al., 2016). Shafer et al. 

(2016) tested increasing missing thresholds in the STACKS pipeline and found that the 

summary statistics generated, such as heterozygosity, FIS and TS/TV, were not affected by 

missing data. However, missing data becomes a more prominent issue at low sequencing 

depths, and previous research has shown that high-stringency filters can result in too few 

loci to discern population subdivision (Chattopadhyay et al., 2014). Further, Huang & 

Knowles (2014) found that high stringency filters on missing data thresholds reduced the 
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amount of missing data but may bias the resulting dataset by limiting the mutation 

spectrum included in downstream analyses. Missing data has also been investigated in 

phylogenetic studies using RRL datasets, in which less stringent thresholds on missing 

data resulted in larger matrices, thereby increasing resolution in the phylogenetic 

analyses (Díaz-arce et al., 2016; Eaton et al., 2016; Hodel et al., 2017; Huang & 

Knowles, 2014; Tripp et al., 2017; Wagner et al., 2013; Wessinger et al., 2016). The 

interaction between library quality (sequencing effort), bioinformatics parameter 

selection, and missing data, and their potential influences on the interpretation of 

population structure require additional investigation. It is especially important for groups 

switching from more traditional markers (e.g., microsatellite DNA) to RRLs and SNPs to 

have access to such information to guide study design. 

 Here, we examine the influence of sequencing library quality and various 

bioinformatics parameters on the resolution of strong and weak population subdivision in 

lake whitefish (Coregonus clupeaformis). Our overall objective was to provide an 

empirical example that will help molecular ecologists understand the trade-off between 

sequencing effort and library and dataset quality, and aid in decision making about 

bioinformatics parameters. We generated nextRAD SNP data for 142 lake whitefish 

individuals from two different lakes: Lake Huron, ON, and Dore Lake, SK. We chose 

nextRAD sequencing to accommodate both low quantity of input DNA and moderate 

levels of degradation as a result of field sampling conditions. The lake whitefish has 

been studied extensively in both population and evolutionary genetics (Dion-Cote et al., 

2016; Evans et al., 2012; Gagnaire et al., 2013; Mee et al., 2015; Renaut et al., 2011; 

Rogers & Bernatchez, 2007; VanDeHey et al., 2009) and is also part of large-scale 
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research project within our group (Eberts et al., 2017; Graham et al., 2015; Thome et al., 

2017). The analysis between the two lakes represents strong population subdivision, 

while multiple sample sites within Lake Huron represent potential weak population 

subdivision. Our specific objectives were to: (1) examine how library quality influences 

the number of polymorphic loci, missing data, and other quality metrics; and (2) 

investigate how various bioinformatics parameters affect our interpretation of population 

subdivision.  

 

Materials and Methods  

Study Design  

 We chose to perform an empirical examination of library quality and 

bioinformatics parameters by generating independent libraries using actual populations 

of our study species (as opposed to simulating). We collected lake whitefish from a total 

of 9 sites in Lake Huron, Ontario, Canada (44°48’N 82°24’ W), and Dore Lake, 

Saskatchewan, Canada (54°46’N 107°18’W; Fig. 11). These two lakes were chosen 

because fish have not been able to interbreed between them for at least several thousand 

years, representing strong population subdivision. In contrast, lake whitefish in Lake 

Huron have previously shown only weak within-lake population subdivision using 

microsatellites (Graham et al., 2016; Stott et al., 2011, 2008, 2010). Conceptually, we 

designed our study such that we generated for comparison: (a) a low effort, low cost (low 

quality) sequencing library based on a 9mer probe (library A); and (b) a moderate effort, 

moderate cost (good quality) sequencing library based on a 10mer probe (library B). We 

then went through filtering and bioinformatics analyses iteratively, increasing the 
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stringency of parameters, and compared the performance of the two libraries side-by-side 

in discerning whitefish population subdivision. We expected the signal of the between-

lake population subdivision to be persistent across all analyses and used this as a 

benchmark for understanding when technical or analytical decisions had major impacts 

on the outcome. In contrast, we expected fluctuations in the signal from weak population 

subdivision within Lake Huron based on the resolving power of each dataset.   
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Figure 11 Map of the two lakes sampled (a) and the nine sample sites in Lake Huron (b). 

Fish were collected from Lake Huron sites in 2012 and Dore Lake in 2015.  
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Sample Collection and DNA Isolation  

Adult spawning-phase lake whitefish were sampled from one site in Dore Lake, 

Saskatchewan and nine sites in Lake Huron, Ontario via commercial fishermen, fish 

processing plants and various management agencies (Table 8). Dorsal muscle tissue was 

collected from 142 individuals and stored in lysis buffer (4.0M urea / 0.2M NaCl / 0.1M 

Tris–HCl, pH 8.0 / 0.5% n-laurylsarcosine / 0.1 M 1,2-cyclo- hexanediamine) for genetic 

analyses. All animal research was approved by the University of Regina President's 

Committee on Animal Care, following the guidelines of the Canadian Council on 

Animal Care. The approved Animal Use Protocol was AUP 11–13 "Population and 

Conservation Genetics of Freshwater Fish".  

Genomic DNA was isolated from 20 mg of dorsal muscle tissue following 

manufacturers guidelines (Genomic DNA Isolation Kit, Norgen Biotech Corp., Ontario, 

Canada) except for extending the proteinase K digestion to 8-12 hours and the addition 

of 28 U of RNAse A (Qiagen Inc., Ontario, Canada). DNA was quantified using a Qubit 

2.0 Fluorometer (Life Technologies Inc., Ontario, Canada) and DNA quality was 

assessed using an E-Gel (Thermo Fisher Scientific, Canada). 
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Table 8 Collection data for 142 lake whitefish (Coregonus clupeaformis) samples from 

Lake Huron, ON, Canada, and Dore Lake, Sk, Canada. 

Site Lake 
Location 

Latitude Longitude Collection 
Date 

Total 
(n) 

Lake Huron 
ET East Tawas 43.906 -83.672 Nov 13, 2012 14 
NI North Island 43.878 -83.435 Nov 15, 2012 14 
NP North Point 45.395 -83.486 Nov 1, 2012 14 
HB Hammond 

Bay 
45.502 -84.033 Nov 4, 2012 14 

SB Search Bay 45.981 -84.497 Nov 2, 2012 15 
ScB Scougall 

Bank 
44.355 -81.617 Nov 6-18, 2012 17 

DP Douglas Point 41.298 -81.609 Nov 6-15, 2012 9 
MP McRae Point 44.258 -81.617 Nov 7-18, 2012 17 
FI Fishing 

Islands 
44.709 -80.312 Nov 18, 2012 14 

Dore Lake 
DL Dore Lake 54.767 -107.300 Nov 22, 2015 14 
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NextRAD Sequencing 

 We used an amplification-based RRL approach to accommodate variation in 

DNA quality among individuals and low amounts of input DNA for library preparation. 

Genomic DNA was converted into nextRAD genotyping-by-sequencing libraries 

(SNPsaurus, Oregon, USA) as described by Russello et al. (Russello et al., 2015). 

Briefly, genomic DNA was first digested with the Nextera reagent (Illumina, Inc., British 

Columbia, Canada), which randomly fragments the genome using a transposase. The 

Nextera reagent also ligates short adapter sequences to the ends of the fragments. For 

high quality (mostly intact, high molecular weight DNA) samples the Nextera reaction 

included 20 ng of input DNA; for moderately degraded (sheared; fragments < 5 Kb) 

samples we used 40 – 60 ng of input DNA to compensate for degradation. Fragmented 

DNA was then amplified with a primer matching the adaptor sequence and extending 

either 9 (library A) or 10 (library B) nucleotides into the genomic DNA with the 

selective sequences 5’-GTGTAGAGC-3’ and 5’-GTGTAGAGCC-3’, respectively. 

These two primers were used to create two completely independent libraries with 

different selectivity. Following hybridization of the primers, PCR amplification was 

done with an annealing temperature of 72 °C for 27 cycles. This allowed for selective 

hybridization and amplification of fragments that paired with the primer sequence as 

well as the incorporation of individual barcodes. The nextRAD libraries were then 

sequenced on an Illumina HiSeq 2500 with six lanes of 150 bp reads (University of 

Oregon, Oregon). 
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Data Analysis  

Data Quality Filtering  

 FASTQ files were first processed using Trimmomatic (Bolger et al., 2014) to 

remove the Nextera adaptors (Fig. 12). The remaining reads were then visualized in 

FastQC to ensure effective adaptor removal (Andrews, 2010). All sequences were 

analyzed using STACKS 2.0 beta 7 (Catchen et al., 2013; Catchen et al., 2011). Further 

quality filtering was done using process_radtags to remove any reads with uncalled 

bases, discard reads with an average quality score below Q10 or that failed the Illumina 

chastity filter and truncate the reads to 150 bps (Fig. 12). 
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Figure 12 Flow chart of the bioinformatics pipeline and decisions required for analysis. 

Each arrow indicates different libraries that were generated in the analysis.  
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SNP Genotyping Parameters 

Following quality filtering, the maximum distance allowed between stacks (-M in 

ustacks) and the number of mismatches allowed between sample loci when building the 

catalog (-n in cstacks) were optimized as recommended by Paris et al., (2017; Fig. 12). 

The maximum distance between stacks (-M) parameter was tested from 1 – 4 as a result 

of the highly repetitive nature of the lake whitefish genome. The r80 rule, the increment 

with the most new polymorphic loci present in 80% of the populations, was used to 

determine that M = 1 (one substitution per stack) was optimal for the lake whitefish 

genome (Paris et al., 2017). The number of mismatches allowed between samples when 

building the catalog was then tested from 0 – 2. The r80 rule was again used to determine 

that n = 1 generated the most polymorphic loci (Paris et al., 2017). Following parameter 

optimization, the denovo_map.pl script was used to run through the STACKS pipeline. 

This script was run five times on each sequencing library, A and B, with the minimum 

depth of coverage (-m) set at 3, 6, 10, 15 and 20 (Fig. 12). By filtering for read depth at 

the ustacks level instead of the populations level it allows for better performance from 

the SNP model, which identifies variable sites in the ustacks module (Paris et al., 2017). 

While the -m parameters varied in each iteration, the other parameters were held 

constant. In the ustacks portion of the script the cleaned and trimmed reads were 

assembled into individual level stacks using the ustacks script with a maximum distance 

between stacks of 1 (-M) and the varying –m value as stated above. The removal 

algorithm was enabled to eliminate highly-repetitive stacks. Following ustacks, a catalog 

of all the loci in the dataset was assembled using the cstacks script with a mismatch 
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value between samples (-n) of 1 as determined above. Finally, individual stacks were 

then searched against the catalog using sstacks.  

 

Population Genotyping Parameters 

For each parameter set (m3 – m20), the populations script was used to export 

SNPs with a minor allele frequency greater than 0.05. In both sequencing libraries, a 

range of the proportion of individuals within the population containing the locus (-r), the 

minimum number of defined populations with the locus (-p), and different population 

maps (-M) was tested in the populations script (Fig. 12). Each of these different values 

was varied while the other values remained constant. The minimum percentage of 

individuals in a population required to process a locus (-r) was tested from 0.1 – 0.8 (Fig. 

12). These -r values were tested with three different population maps: (1) no specified 

populations (NoPops), (2) Lake Huron and Dore Lake populations (LHDL), and (3) 

sample site designations (Pops; Fig. 12). While varying the -r flag in the script, the -p 

value was held constant at 1, indicating that the locus only needed to be present at the 

specified percentage in 1 population. Different -p values were also tested using the Pops 

population map and r30 on the m3 sequencing parameter dataset. The -p value was tested 

from p1 – p10, increasing the number of defined populations that were required to 

contain the loci in greater than 30% of the individuals (Fig. 12). All three of these 

parameters, -p, -r and -popmap, influence the level of missing data included in the final 

matrix. By changing the stringency on these parameters iteratively we were able to 

examine how missing data influences the final data matrix and the inference of 

population subdivision. 
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The level of missing genotypes per individual was examined using grur 

(Gosselin, 2018). A principal coordinate analysis was run based on the presence/absence 

of genotypes within the samples to create an isolation by distance (IBM) plot. This IBM 

plot can be used to determine if samples are related to each other based on the missing 

genotypes in the data. Loci were then checked for conformation to Hardy Weinberg 

Equilibrium (HWE; P < 0.05) using PLINK 1.07 (Purcell et al., 2007). Loci that did not 

conform to HWE in both the Lake Huron and Dore Lake populations were used to create 

a blacklist and were omitted from future analyses.  

 

Population Differentiation 

 After filtering, we performed population structure analyses on the SNP data 

generated from each parameter set using pairwise fixation indices (FST; GENODIVE; 

Meirmans & van Tienderen, 2004; Weir & Cockerham, 1984), ordination (DAPC; 

Jombart et al., 2010), and maximum likelihood approaches (ADMIXTURE; Alexander 

& Novembre, 2009; Zhou et al., 2011; Fig. 12). The population differentiation values 

from each analysis were used to compare the outcomes across the different datasets 

generated from the modifications listed above. As a result of assumptions from each 

analysis, both the pairwise fixation indices (FST) and maximum likelihood analyses were 

conducted using only the loci in HWE, while the ordination analysis was conducted with 

all loci. We calculated pairwise fixation indices (Weir & Cockerham, 1984) using the 

program GENODIVE with 5,000 permutations. FST values were evaluated by comparing 

individual sampling sites. The program ADMIXTURE was then used to estimate 

ancestry using a maximum likelihood approach. ADMIXTURE uses a block relaxation 
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approach coupled with novel Quasi-Newton acceleration of convergence (Alexander & 

Novembre, 2009). In order to determine the correct number of distinct populations (K), 

the ADMIXTURE program uses a cross-validation approach. The R package pophelper 

(Francis, 2017) was used to visualize the K = 2 and K = 3 data from ADMIXTURE. 

Finally, the data were analysed using discriminant analysis of principal components 

(DAPC), a multivariate ordination approach, implemented in adegenet (Jombart et al., 

2010). The DAPC plot was generated using N/3 principal components to avoid over 

fitting the data and for consistency across all analyses. All analyses were conducted on a 

regional super computer (Breezy, Westgrid, Compute Canada, Canada).  

 

Results  

 Data Analysis 

Data Quality Filtering 

 The total number of reads following the removal of the Nextera adapters was 

2,070,280.98 (SD = 390,050.28) and 2,078,327.40 (SD = 742,955.97) in library A and B, 

respectively. Following process_radtags, the library A had an average of 1,311,335.71 

(SD = 356,211.59) and the library B had an average of 1,875,843.07 (SD = 739,513.25) 

reads remaining. 

 

SNP Genotyping Parameters 

 Each sequencing library, both library A and B, was filtered with five different 

sequencing depth (-m) cut-offs, m3, m6, m10, m15 and m20, in the ustacks module of 

denovo_map.pl. As expected, increasing the stringency of the -m criterion drastically 
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increased the average sequencing depth per locus and decreased the total number of 

matched loci in each individual for both library A and B (Table 9). Library B 

consistently had more than 2X as many loci in the catalog and matched loci following 

the cstacks and sstacks modules regardless of the -m value used (Table 9). Following the 

populations module, the total number of polymorphic loci varied depending on the 

specified sequencing depth in the ustacks module (Table 9). Library B had 1.8-5.4X 

more polymorphic loci than library A across all -m values, with the largest loss of 

polymorphic loci occurring at m6 in the library A (Fig. 13; Table 9). 
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Table 9 Summary data from each sequencing library, A and B, with increasing sequencing depth (-m) thresholds in the ustacks 

module of STACKS. The m parameter influences the number of loci generated per individual in the ustacks module of STACKS, 

which influences the total number of loci in the catalog and the matched loci in the sstacks module. The populations module was then 

run on each library independently using no population differentiation in the population map (NoPops), one population required to 

contain the locus (p) and 30% of the individuals required to contain the locus (r). 

Library A 
 m3 m6 m10 m15 m20 

Average depth (per individual) 9.01 
(SD = 1.0935) 

21.09 
(SD = 2.7930) 

44.57 
(SD = 9.6451) 

82.99 
(SD = 19.9276)  

127.78 
(SD = 28.7960)  

Total Loci in catalog 1,381,311 467,790 185,070 84,677 47,509 
Matched loci  

(per individual) 
39,111.96 

(SD = 14,653.63) 
13,599.86 

(SD = 9,286.50) 
5,594.30 

(SD = 5,358.70) 
2,676.54 

(SD = 3,045.56) 
1,603.20 

(SD = 1,892.85)  
Loci post populations (p1r30NoPops)  8,606 2,669 1,193 724 555 

Polymorphic loci 5,882 2,029 884 479 337 
HWE <0.05 5,613 1,859 744 369 245 

Library B 
Average depth (per individual) 

 
12.24 

(SD = 2.7465) 
20.73 

(SD = 2.8198) 
31.87 

(SD = 2.3186) 
46.54 

(SD = 2.1598) 
62.03 

(SD = 3.2270) 
Total Loci in catalog 3,742,031 1,874,424 987,836 538,722 329,949 

Matched loci  
(per individual)  

84,912.22 
(SD = 21,703.38) 

44,472.85 
(SD = 17,336.98) 

25,344.63 
(SD = 12,639.20) 

15,204.57 
(SD = 8,853.66) 

10,178.71 
(SD = 6,423.01) 

Loci post populations (p1r30NoPops)  18,857 12,398 8,132 5,484 3,972 
Polymorphic loci 10,640 6,955 4,202 2,669 1,834 

HWE <0.05 9,942 6,518 3,897 2,438 1,641 
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Figure 13 Total number of polymorphic loci generated with five different coverage 

levels (-m) in ustacks in library A (black) and B (grey). Data was generated using three 

different population maps in the populations module, no specified populations (NoPops), 

Lake Huron and Dore Lake specifications (LHDL) and sample sites (Pops). 
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The resolution of strong (between-lake) population subdivision was affected by 

the different sequencing depth thresholds used to generate the dataset. Mean overall FST 

values between Dore Lake and each site in Lake Huron were low in library A and 

decreased with more stringent -m values (Fig. 14a, c, e, g, i): m3 = 0.0776 (SD = 

0.0031), m6 = 0.0413 (SD = 0.0054), m10 = 0.0413 (SD = 0.0054), m15 = 0.0337 (SD = 

0.0054) and m20 = 0.01922 (SD = 0.0087). Some sites did not appear differentiated 

between the two lakes using the FST approach with high sequencing depth parameters 

(m20), as a result of the small number of loci remaining in library A (Fig. 14i). Search 

Bay (SB) was consistently differentiated from the rest of the Lake Huron sites in all 

datasets and North Point (NP), East Tawas (ET) and North Island (NI) showed potential 

differentiation with increasing m values in library A (Fig. 14a, c, e, g, i). Comparatively, 

mean overall FST values were higher at all sequencing depth thresholds in library B (Fig. 

14b, d, f, h, j): m3 = 0.1311 (SD = 0.0038), m6 = 0.1289 (SD = 0.0041), m10 = 0.1282 

(SD = 0.0034), m15 = 0.1241 (SD = 0.0069) and m20 = 0.1302 (SD = 0.0078), and all 

comparisons between Dore Lake and Lake Huron resulted in significant (P < 0.05) 

differentiation (data not shown). Library B and higher m values in library A, Search Bay 

(SB) showed differentiation from other Lake Huron Sites (Fig. C1). Sites found on the 

eastern shores, Scougall Bank (ScB), Douglas Point (DP), McRae Point (MP) and 

Fishing Islands (FI) also showed slight differentiation in library B (Fig. C1b, d, f, h, j). 

DAPC clearly resolved population differentiation between Lake Huron and Dore Lake in 

both library A and B (Fig. 15). Assignment proportions ranged from 0.7324 to 0.7606 in 

library A, and 0.7676 to 0.7887 in library B. Within Lake Huron, North Point (NP) and 

Search Bay (SB) showed weak differentiation in library A until the m15 dataset and 
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North Island (NI) shows subdivision at m3 (Fig. C2a, c, e, g, i). In library B, Search Bay 

(SB) and North Point (NP) both showed consistent genetic subdivision in all sequence 

depth datasets (Fig. C2b, d, f, h, j). ADMIXTURE clearly detected strong population 

subdivision at m3 in library A. Two groups representing Dore Lake and Lake Huron 

were still evident until m15, but with much less clarity (Fig. 16a, c, e); however, no 

signal of subdivision between the lakes remained when the m20 value was applied. In 

contrast, library B was always able to resolve population differentiation between the two 

lakes at all sequencing depth thresholds with high average ancestry fraction values (Fig. 

16b, d, f). Further differentiation was not detected in library A when the Lake Huron 

sites were run independently, while North Point (NP), Hammond Bay (HB) and Search 

Bay (SB) are differentiated in all m datasets in library B (Fig. C3). 
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Figure 14 Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across all sample sites with increasing sequencing depth (m) in the ustacks module with 

m3 (a, b), m6 (c, d), m10 (e, f), m15 (g, h) and m20 (i, j) in library A (a, c, e, g, i) and B 

(b, d, f, h, j). Larger FST values represent larger population differentiation.  
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Figure 15 Discriminant analysis of principal components (DAPC) of all sample sites 

with increasing sequencing depth (m) in the ustacks module with m3 (a, b), m6 (c, d), 

m10 (e, f), m15 (g, h) and m20 (i, j) in library A (a, c, e, g, i) and B (b, d, f, h, j). The 

DAPC analysis was run with 46 principal components (N/3) for the analysis. Distinct 

ellipses indicate population differentiation. 
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Figure 16 ADMIXTURE analysis of all sample sites with increasing sequencing depth 

(m) in the ustacks module with m3 (a, b), m6 (c, d), m10 (e, f), m15 (g, h) and m20 (i, j) 

in library A (a, c, e, g, i) and B (b, d, f, h, j). K2 was used as it had the lowest cross-

validation value post-hoc. Each line represents an individual from the corresponding 

sample site.  
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Population Genotyping and Differentiation Parameters 

There were more polymorphic loci in library B in every population map and 

minimum sequencing depth (-m) permutation tested (Fig. 13). Further, the number of 

polymorphic loci generated was always higher with the minimum sequencing depth (-m) 

in ustacks set at three, with ~20X and ~5X more loci in the m3 datasets compared to 

m20 in library A and B, respectively. More SNP loci were generated using the Pops 

population map (Fig. 13). The NoPops population map resulted in a higher genotyping 

rate compared to the LHDL and Pops maps in both library A and B, with each locus 

being genotyped in approximately double the number of individuals (Fig. C4). The high 

genotyping rate resulted in much less missing data using the NoPops population map. 

Missing data can lead to clustering of individuals based on biases in the absence of data 

rather than true biological relationships. The IBM plot generated using grur showed that 

both the LHDL and Pops population maps generated datasets with biases from missing 

data (Fig. 17). The NoPops population map resulted in IBM plots with slight Dore Lake 

differentiation, likely as a result of biological differences between the populations, while 

both the LHDL and Pops population maps generated skewed IBM plots with significant 

differentiation based on missing data (Fig. 17).  
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Figure 17 Identity-by-missingness (IBM) plot generated using grur with 3 different 

population maps in the population module of STACKS: (1) no population designation 

(NoPops; a, b), (2) Lake Huron and Dore Lake designations (LHDL; c, d) and (3) sample 

site designations (Pops; e, f) in library A (a, c, e) and B (b, d, f).  
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The three population maps, NoPops, LHDL and Pops, were also analyzed using 

three population differentiation approaches to examine the effects of missing data and 

genotyping rate on downstream analyses. These analyses were done with a minimum 

depth threshold value of m3, minimum of 30% individuals containing the locus (-r) and a 

minimum of one population containing the locus (-p). FST and DAPC analyses were both 

able to consistently differentiate the Dore Lake samples from each of the Lake Huron 

sample sites regardless of the population map in both sequencing libraries (Fig. C5, C6). 

Regardless of the population map used, library B resulted in average FST values ~2X 

larger for the Dore Lake samples than library A (Fig. C5). Search Bay (SB) showed 

potential differentiation in the LHDL and Pops population maps in library A and in all 

population maps in library B (Fig. C5). When run independently, Search Bay (SB) 

showed slight differentiation using the LHDL and Pops population maps in library A, 

while it is differentiated using all population maps in library B (Fig. C7). Library B also 

showed differentiation of sites in eastern Lake Huron, Fishing Islands (FI), McRae Point 

(MP), Douglas Point (DP) and Scougall Bay (ScB; Fig. C7b, d, f). The assignment 

proportion from the DAPC analysis drastically decreased in both libraries from 0.7324 

using the NoPops population map and 0.7254 with LHDL, to 0.5282 with Pops in library 

A and from 0.7887 with NoPops and 0.8028 with LHDL to 0.6408 in the Pops 

population map in library B (Fig. C6). Fine scale population subdivision was detected 

with both libraries with Search Bay (SB), North Island (NI) and North Point (NP) 

differentiated in library A and Search Bay (SB) and North Point (NP) in library B in all 

three population maps (Fig. C8). In contrast, maximum likelihood analyses using 

ADMIXTURE was only able to resolve the Dore Lake samples using the NoPops 
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population map in library A with an average ancestry fraction of 0.9304 (SD = 0.0684), 

while the LHDL and Pops population maps resulted in average ancestry fractions of 

0.8412 (SD = 0.1857) and 0.9747 (SD = 0.0988), respectively (Fig C9a, c, e). 

Comparatively, library B was able to resolve strong population differentiation using all 

population maps with average ancestry fractions of 0.9755 (SD = 0.0261), 0.9501 (SD = 

0.0751) and 0.9256 (SD = 0.1039) using the NoPops, LHDL and Pops population maps, 

respectively (Fig. C9b, d, f). Within Lake Huron, no distinct population subdivision is 

detected in library A, while Search Bay (SB) and Hammond Bay (HB) showed 

differentiation using the NoPops and LHDL population maps in library B (Fig. C10). 

Increasing the number of populations required to contain the locus (-p) using the Pops 

population map resulted in a higher genotyping rate (Fig. C11) but did not result in 

increased resolution in either the DAPC or ADMIXTURE analyses, with optimal 

resolution occurring using intermediate p values (Fig. C12; Fig. C13). 

The minimum percentage of individuals required to contain a locus within a 

population (-r) was tested from 0.1 – 0.8. The number of polymorphic loci generated 

after the populations module was 107.4X and 16.7X higher when comparing r10 and r80 

in library A and B, respectively (Fig. C14a). The proportion of loci genotyped per 

individual was higher in library B at all r values compared to library A with 65.06% (SD 

= 19.60%) and 17.90% (SD = 6.58%), respectively (Fig. C14b). The GENODIVE 

analysis was able to resolve differentiation between the two lakes in both sequencing 

libraries regardless of the r value (Fig. C15). The Dore Lake samples in library A had 

decreasing average FST values of 0.091 (SD = 0.004), 0.078 (SD = 0.003), 0.056 (SD = 

0.002) and 0.038 (SD = 0.002) for r10, r30, r50 and r70, respectively (Fig. C15a, c, e, g). 
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Conversely, the FST values in library B were consistently high with average values of 

0.124 (SD = 0.006), 0.131 (SD = 0.004), 0.131 (SD = 0.005) and 0.127 (SD = 0.003) for 

r10, r30, r50 and r70, respectively (Fig. C15b, d, f, h). In all r values in library B Search 

Bay (SB) shows slight differentiation within the Lake Huron samples, while this is not 

detectable in library A until very slight differentiation at r70 (Fig. C16). Both sequencing 

libraries are able to fully resolve Dore Lake in the DAPC analysis at all r values (Fig. 

C17). In library A, North Point (NP), North Island (NI) and Search Bay (SB) show slight 

differentiation within Lake Huron in the r10 and r30 libraries and slightly in r50, while 

Search Bay (SB) and North Point (NP) show consistent strong differentiation in library B 

(Fig. C18). Maximum likelihood analyses using ADMIXTURE are clearly able to 

resolve Dore Lake in library A in the r10 and r30 libraries, while this signal is lost in the 

r50 and r70 datasets (Fig. C19a, c, e, g). In contrast, library B is able to resolve strong 

differentiation at all r values (Fig. C19b, d, f, h). Library A is unable to resolve fine 

population differentiation using ADMIXTURE in Lake Huron, while Hammond Bay 

(HB) and Search Bay (SB) show differentiation in library B (Fig. C20).  

 

Population Differentiation 

 As a result of the higher number of loci and increased coverage, library B was 

used to determine actual population differentiation. The m3 dataset was used as it 

resulted in the same level of differentiation in all three analyses, while retaining the most 

polymorphic loci (Fig. C4). The NoPops population map was used to maximize the 

genotyping rate (Fig. C4b) and because there was very little population differentiation by 

missing data in the IBM analysis (Fig. 17). Finally, an r value of 30% was used in the 
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following analyses as it resulted in a moderate level of loci with relatively low levels of 

missing data (Fig. C14). 

 We used GENODIVE to determine pairwise FST values between lakes and each 

sample site (Fig. 18). Dore Lake and Lake Huron showed significant differentiation with 

an FST value of 0.118 (P £ 0.001). Each sample site was then run independently in a 

pairwise FST analysis (Table 10; Fig. 18a). Within the samples from Lake Huron, the 

average FST value was 0.038 (SD = 0.138; Table 10; Fig. 18b). Within Lake Huron, 

Search Bay (SB) and North Island (NI) showed differentiation from the other sample 

sites as well as the sites in eastern Lake Huron, Fishing Island (FI), McRae Point (MP), 

Douglas Point (DP) and Scougall Bay (ScB; Fig. 18b). DAPC was run using 46 and 40 

principal components (N/3) in the analysis with all sample sites and the Lake Huron 

sites, respectively (Fig. 19). The assignment proportion when analyzing all of the sample 

sites was 0.7887 (Fig. 19a) and 0.7344 for the sample sites in Lake Huron (Fig 19b). 

Dore Lake shows strong differentiation while North Point (NP) and Search Bay (SB) 

show differentiation within Lake Huron (Fig. 19). ADMIXTURE was run using all of 

the sample sites (Fig. 20a) and only the individuals from Lake Huron (Fig. 20b). In both 

cases, K = 2 resulted in the lowest value using the cross-validation approach post-hoc. 

The analysis resulted in an average ancestry proportion of 0.9755 (SD = 0.0261) in the 

Dore Lake analysis (Fig. 20a) and 0.7773 (SD = 0.1919) when analysing only Lake 

Huron, where Search Bay (SB) and Hammond Bay (HB) show potential differentiation 

(Fig. 20b).  
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Figure 18 Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across all sample sites (a) and only Lake Huron sites (b) in library B. Larger FST values 

represent larger population differentiation.  
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Table 10 Pairwise FST output from GENODIVE using library B. Numbers above the 

diagonal correspond to the p-value below for each sample site. The bolded numbers 

represent significant FST values (P £ 0.05). 

 
ET NI NP HB SB ScB DP MP FI DL 

ET -- 0.013 0.008 0.005 0.011 0.006 0.003 0.005 0.003 0.136 
NI 0 -- 0.005 0.012 0.022 0.008 0.006 0.005 0.008 0.135 
NP 0.001 0.009 -- 0.003 0.008 0.004 0.003 0.004 0.004 0.132 
HB 0.035 0 0.063 -- 0.005 0.006 0.005 0.005 0.004 0.126 
SB 0 0 0 0.004 -- 0.008 0.009 0.007 0.009 0.128 
ScB 0.004 0 0.014 0.001 0 -- 0.002 -0.001 -0.002 0.13 
DP 0.236 0.021 0.142 0.041 0 0.155 -- -0.001 -0.001 0.136 
MP 0.035 0.01 0.027 0.01 0 0.783 0.7 -- -0.001 0.129 
FI 0.118 0.001 0.033 0.04 0 0.797 0.699 0.747 -- 0.128 
DL 0 0 0 0 0 0 0 0 0 -- 
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Figure 19 Discriminant analysis of principal components (DAPC) of all sample sites (a) 

and only Lake Huron sites (b) using library B. The DAPC analysis was run with 46 and 

40 principal components (N/3) for the analysis with all sample sites and Lake Huron 

sites, respectively. Distinct ellipses indicate population differentiation.  
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Figure 20 ADMIXTURE analysis of all sample sites (a) and sites in Lake Huron (b) in 

library B. K2 was used as it had the lowest cross-validation value post-hoc. Each line 

represents an individual from the corresponding sample site.  
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Discussion  

Library quality and sequencing effort have a profound influence on the quality 

and potential power of inference of the final dataset. This can impact downstream 

population structure analysis, especially when detecting fine scale population 

subdivision. Overall, we find that both libraries are able to resolve large scale population 

structure, but when examining fine scale differentiation library B produces more 

consistent and reliable results. Library A was able to differentiate strong population 

differentiation between Dore Lake and Lake Huron with low stringency on bioinformatic 

parameters but increasing the stringency resulted in fewer loci leading to decreased 

resolution in population differentiation analyses. This trend was clear in library A where 

large scale population subdivision between lakes was detected using low bioinformatic 

parameters, both -m and -r, and the signal was not lost until high stringencies. Compared 

to previous population structure studies, this loss of signal occurs at much higher -m 

values and within the range of -r values, where common cut-offs range from 3 – 5 and 

0.35 – 0.75, respectively (Benestan et al., 2015; Catchen et al., 2013; Flanagan et al., 

2016; Gleason & Burton, 2016; Lah et al., 2016; Larson et al., 2014; Maroso et al., 2016; 

Paris et al., 2017; Puebla et al., 2014; Rodriguez-Ezpeleta et al., 2016). All three 

population analyses resulted in higher differentiation between samples from Dore Lake 

and Lake Huron in library B in all parameters tested, with an average FST value 

consistently double and both ancestry coefficients and assignment proportions ~10% 

higher than library A. In contrast, when trying to detect fine scale population subdivision 

within Lake Huron, library A was either unable to detect structure or gave inconsistent 

results across analyses and with changing parameters, while library B consistently 
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produced the same results. Although the average sequencing depth in both sequencing 

libraries was relatively similar in the m3 datasets, the increased depth and number of loci 

in library B resulted in higher genotype accuracy and genome coverage, generating a 

higher quality dataset (Andrews et al., 2016; Crawford & Lazzaro, 2012; Sims et al., 

2014; Song et al., 2016; Xu et al., 2013). Fountain et al. (Fountain et al., 2016) 

investigated sequence coverage in parentage analyses and found that low coverage 

sequencing libraries resulted in higher genotyping error rates and increasing 

bioinformatic thresholds lead to large losses of loci. Here we see that this small decrease 

in sequencing coverage in library A leads to large losses of loci with increasing 

parameters and also lower genotyping rates, which results in a loss of fine scale 

population subdivision. This indicates that when investigating population differentiation, 

it is not possible to rescue poor sequencing effort by increasing the stringency of 

bioinformatic parameters. Overall, we find that the effects of sequencing library quality 

are more profound on fine scale population subdivision and did not affect large scale 

differentiation with low bioinformatic stringency.  

Population designation (popmap) at the end of the bioinformatic pipeline 

influenced the amount of missing data introduced into the final dataset and also had 

significant impacts on the ability to differentiate strong subdivision. Similar to increasing 

the stringency on other parameters, changing the population specifications of individuals 

within the population map in the populations module lead to a loss of strong population 

differentiation and inconsistent results in the fine scale analyses in library A. In contrast, 

library B was always able to differentiate strong population subdivision in all analyses 

and produced consistent results in the fine scale analysis. This difference is likely a result 
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of the decrease in genotyping rate in library A combined with an overall decrease in the 

number of loci in the final dataset. Even though changing the population map to lake or 

site-specific labels lead to an increased number of loci in both libraries, these loci had 

large amounts of missing data that resulted in clustering based on similarities in the lack 

of a genotype, rather than true population structure. This is visible in the IBM plot and 

also DAPC where the sample sites become more defined by changing the population 

maps (Fig. 17; Fig. C3). This trend is also present when only one population was 

required to contain the locus using a population map with sample site designations in 

library A, where we see a large number of loci (>20,000) but the low genotyping rate 

drowns out the signal for strong differentiation in the maximum likelihood analysis. The 

impacts of missing data has been investigated in phylogenomic studies where they found 

increased resolution with loosened thresholds on missing data (Díaz-arce et al., 2016; 

Eaton et al., 2016; Hodel et al., 2017; Huang & Knowles, 2014; Tripp et al., 2017; 

Wagner et al., 2013; Wessinger et al., 2016) but within the field of population genomics, 

studies investigating the impacts of missing data have been limited to the impacts of 

various parameters on the final dataset (Chattopadhyay et al., 2014), genotyping error 

rates (Fountain et al., 2016) and different bioinformatic pipelines (Shafer et al., 2016). 

We find that using biased population maps may lead to more loci but also more missing 

data and a decreased genotyping rate, which creates artifacts and impacts downstream 

clustering. Therefore, researchers should not designate populations until after the 

generation of the final dataset as this results in the most informative loci with few 

artifacts from missing data.   
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Increasing the stringency of various bioinformatic parameters reduces the number 

of loci present in the final dataset, which impacts population differentiation analyses. 

Specifically, increasing the sequencing depth threshold (-m) and proportion of 

individuals genotyped (-r) removes loci early in the pipeline with too few reads per 

individual. The remaining loci have higher average coverage and genotyping rates but 

much fewer loci remain with each iterative increase. This limits the final dataset of 

library A at high parameters to loci with high coverage, which are likely repetitive 

regions in the genome that are not informative for population differentiation. This issue 

is exacerbated in salmonids as a result of a whole genome duplication event in the teleost 

genome, creating many paralogous regions throughout the genome (Allendorf & 

Danzmann, 1997; Amores et al., 2011; Hohenlohe et al., 2013; Ilut et al., 2014; Seeb et 

al., 2011). Further, setting the sequencing threshold parameter (-m) too high in a low 

sequencing library can lead to allelic dropout and incorrect genotyping calls (Mastretta-

Yanes et al., 2015). Allelic dropout, where only one allele is sequenced within an 

individual, is an inherent issue in RRL studies and leads to overestimation of population 

differentiation parameters such as FST and Hexp (Andrews et al., 2016; Gautier et al., 

2012). In this study we find that fewer loci sequenced at higher coverage and genotyping 

rates are unable to resolve strong population subdivision in the library A, even with less 

missing data present in the final dataset. Conversely, the higher initial sequencing depth 

of library B allows for more loci to remain with increased stringency, resulting in no loss 

of inference. This indicates that the main factor influencing the ability to detect 

population subdivision is the sequencing effort at the front end of a project, as this 

impacts the amount missing data and total loci in the final dataset. We find that library B 
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with higher sequencing quality and depth is more robust to increasing stringency of the 

parameters, while library A loses the power of inference as a result of too few loci.  

The different population differentiation analysis programs had varying 

sensitivities to missing data and other changes resulting from changing the bioinformatic 

parameters. Analyses using fixation indices and maximum likelihood approaches were 

unable to resolve strong population differentiation with increasing stringency on 

bioinformatic parameters in library A. In contrast, the ordination analysis using DAPC 

was always able to resolve between lake subdivision in library A. Jombert et al. (2010) 

also found that DAPC was more consistent than Bayesian analyses at characterizing 

population differentiation. This difference in the power of inference in population 

subdivision may be a result of the removal of loci that are out of HWE, which is not an 

assumption for the DAPC analysis, unlike ADMIXTURE and GENODIVE. Loci out of 

HWE are produced by selection occurring within a single generation in a single 

population, while outlier loci are produced from different selection pressures across 

multiple populations and generations (Waples, 2014). The removal of loci out of HWE 

requires assuming some level of differentiation, in this case by lake, but this can be 

confounded by fuzzy population boundaries, sampling time or species that are 

continuously distributed (R. S. Waples, 2014). With the increased number of loci in NGS 

studies, significant deviations from HWE are unlikely to have significant downstream 

affects and could instead result in the loss of important biological information (Andrews 

& Luikart, 2014; Waples, 2014). Further, each analysis program treats missing data 

differently, with DAPC inferring genotypes based on the global average (Jombart et al., 

2010) and ADMIXTURE ignores missing data (Alexander & Lange, 2011), while 
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GENODIVE employs pairwise comparisons where only genotypes present in the two 

populations are evaluated (Meirmans & van Tienderen, 2004). Overall, we find that each 

analysis has advantages and pitfalls that may be influenced by the removal of loci and 

missing data interpretation, but we recommend that biological inference be evaluated 

based on multiple different approaches. 

 

Population Differentiation 

 Strong population differentiation was detected between Lake Huron and Dore 

Lake in all three analyses using our best SNP dataset. These populations diverged several 

thousand years ago following the last glacial refugia with evidence that both populations 

belong to the Mississippian glacial lineage (Dawson, 1992; McPhail & Lindsey, 1970; 

Mee et al., 2015; Pielou, 1991). Within Lake Huron, all three analyses show relatively 

strong differentiation of Search Bay from the rest of the sample sites, while North Point 

and Hammond Bay show slight differentiation in the ordination and maximum likelihood 

approaches. This result is similar to previous microsatellite studies that found spawning 

populations near Lake Michigan were slightly genetically differentiated from the rest of 

the main basin in Lake Huron (Stott et al., 2011, 2010). Further, Ebener et al. (2010) 

performed a tag-recapture study that found evidence of movement of lake whitefish 

between Lake Huron and Lake Michigan, which is confirmed by a microsatellite study 

from Stott et al. (Stott et al., 2010) who found evidence of gene flow between the two 

lakes. Previous work in our lab using dC13 and dN15 stable isotopes also found that the 

sample individuals from the Search Bay and Hammond Bay spawning aggregations 

showed differentiation from the other western main basin samples (Eberts et al., 2017). 
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However, in contrast to the results obtained here, these samples also clustered with the 

sites on the eastern main basin, including Fishing Islands, Scougall Bay, Douglas Point 

and McRae Point (Eberts et al., 2017). In this study, we find evidence of east/west 

genetic subdivision within Lake Huron as well as differentiation of sites close to Lake 

Michigan, which will help with management of this valuable resource. 

 

Conclusion 

In this study we show the importance of investing in sequencing quality at the 

beginning of a population genomic study based on the level of differentiation expected 

within the study. In our high quality library, B, there is no loss of strong population 

differentiation and we also see consistent fine scale differentiation when increasing the 

stringency of various important bioinformatic parameters. In contrast, library A provides 

consistent strong population differentiation until relatively high levels of bioinformatic 

stringency, but fine scale population subdivision is not clear. The loss of strong 

differentiation is likely a result of the removal of informative loci with parameters that 

are too high for the library quality. Inconsistent fine scale differentiation in library A 

likely results from the low coverage of loci, resulting in high levels of missing data. 

Before embarking on a population genetic study and following sequencing we 

recommend that researchers: (1) understand the question and the expected level of 

differentiation between the samples, (2) invest in sequencing quality to address the 

expected differentiation, with more sequencing effort required for fine scale subdivision 

(3) test bioinformatic parameters for optimal values, (4) avoid using stringent 

bioinformatic parameters and (5) understand the assumptions and limitations of the 
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analysis programs. It has previously been stated that correct filtering of data presents the 

biggest and most challenging obstacle in NGS studies but likely has the most impact on 

data interpretation (Andrews & Luikart, 2014). This challenge exists because of the 

potential of removing important biological information but we show that these errors can 

potentially be avoided by sequencing quality (K. R. Andrews & Luikart, 2014). The 

quality of the sequence data and the stringency of the bioinformatic parameters has 

drastic influence on the number of informative loci in the final dataset and therefore the 

downstream population analyses and therefore should be examined to allow for 

confidence in biological inference. 
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CHAPTER FIVE 

 

POPULATION STRUCTURE AND LOCAL ADAPTATION OF 

LAKE WHITEFISH (COREGONUS CLUPEAFORMIS) ACROSS 

CENTRAL CANADA AND THE USA 
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Abstract 

 The lake whitefish (Coregonus clupeaformis) is a valuable species ecologically, 

economically, and culturally throughout Canada and the northern USA. Surprisingly, 

relatively little genetic work has been done to investigate population structuring of this 

species, other than delineating different glacial lineages. We used nextRAD sequencing 

to genotype 10,170 SNPs in 508 individuals from 22 lakes in 3 provinces, Saskatchewan, 

Manitoba and Ontario, which represent fish from the Mississpian glacial refugium. We 

found evidence for hierarchical genetic structuring across the region. Populations were 

subdivided based on geographic distance between lakes, with FST values doubling (~0.2 

compared to ~0.1) across the largest distances between sampled locations in 

Saskatchewan and Ontario. However, overall isolation by distance analysis resulted in a 

weak relationship, indicating that the differentiation results from more than just spatial 

separation. Within provinces, we found subdivision based mainly on hydrologic 

connectivity via watersheds, with lakes clustering based on geographic proximity and 

connectivity. All analyses indicated slight differentiation of the Great Lakes from other 

sampled lakes in Ontario. Within the Great Lakes, intermediate levels of differentiation 

across the lakes based on proximity was detected with multiple analyses. Within 

Saskatchewan we found associations between key environmental variables and SNPs in 

genes associated with immune and stress responses (immunoglobin heavy locus and heat 

shock cognate 70 kDa). These associations may indicate genomic changes as a result of 

local adaptation to environmental conditions. Our study is the first broad-scale genetic 

analysis of lake whitefish from the Mississippian lineage and identifies population 

subdivision on multiple scales across their range. Genetic characteristics of whitefish 
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populations, such as heterozygosity and divergence from other groups, are not 

necessarily predictable based on geographic location or lake size and history.   
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Introduction 

 The lake whitefish (Coregonus clupeaformis) is an important species 

economically, ecologically, and culturally throughout northern North America. In 

Canada, this cold-water species is found from Yukon to Labrador and makes up the 

second largest freshwater fishery by landings (Bernatchez & Dodson, 1990; DFO, 2016; 

Lindsey & Woods, 1970; Mee et al., 2015; Scott & Crossman, 1973). In the Great Lakes, 

lake whitefish represent the largest and oldest commercial fishery, with their near shore 

spawning enabling high catch rates using gill-nets (Ebener et al., 2008; Kinnunen, 2003; 

Rennie et al., 2009). Lake whitefish also serve as an important energy conduit from 

benthic to pelagic sources, and function to couple nearshore and offshore habitats 

(Ebener et al., 2010; Nalepa et al., 2005; Rennie et al., 2009). Further, they are an 

important component of Aboriginal culture through subsistence fisheries (Ebener et al., 

2008). The lake whitefish is facing serious pressures across its range through over-

fishing, invasive species, and habitat and environmental changes, which has already 

resulted in declines in body condition and growth in some areas (Brenden et al., 2010). 

Even though lake whitefish are one of the most valuable fisheries across their range, with 

few exceptions, very little is known about population subdivision and diversity outside 

of the Great Lakes. 

 Effective management of lake whitefish in North America will benefit from an 

improved understanding of the evolutionary history and genetic differentiation of the 

species on multiple spatial scales. During the Pleistocene glaciation the extreme climate 

created geographic and temporally isolated refugia for fish populations (Mee et al., 

2015). Glaciation resulted in four distinct phylogenetic lineages of lake whitefish across 
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North America, the Beringian, Nahanni, Mississippian and Atlantic, which have been 

identified using mitochondrial DNA (mtDNA; Bernatchez & Dodson, 1991; Foote et al., 

1992; Mee et al., 2015). The largest refugium was created by the ice-free portions of the 

Mississippi river drainage, the Mississippian refugium, and fish from this lineage 

colonized over 5 million km2 from Alberta to Quebec when the glaciers receded (Mee et 

al., 2015). MtDNA analysis provides broad scale lineage data, but it only represents a 

small portion of the evolutionary history and genetic differentiation within a species (Liu 

et al., 2012). Neutral population subdivision has been examined using traditional markers 

within small regions, especially within the Great Lakes, but never on a broad scale 

(Bernatchez et al., 1991; Casselman et al., 1981; Foote et al., 1992; Franzin & Clayton, 

1977; Mee et al., 2015; Stott et al., 2011, 2010; VanDeHey et al., 2009). Very little 

population genetic work has been done on lake whitefish within the largest post-glacial 

lineage group and never on a broad geographic scale.  

 Lake whitefish have a broad distribution across Canada with successful 

colonization of both lake and river environments. This diversity has created a large 

amount of phenotypic variability throughout their range (Ebener et al., 2008). The 

variability in environmental conditions may generate local adaptation as a result of 

natural selection; a phenomenon that can be apparent in the genome (Rogers et al., 

2013). Further, there are multiple lakes across North America that harbour two distinct 

ecotypes of lake whitefish, dwarf and normal, that have evolved in parallel resulting 

from secondary contact following the glaciation (Lu et al., 2001; Mee et al., 2015; 

Renaut et al., 2011; Rogers & Bernatchez, 2007). These two ecotypes occupy different 

levels of the water column and multiple signatures of local adaptation have been detected 
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including burst swimming, growth rate and gill raker count (Rogers & Bernatchez, 

2007). Lake whitefish occupy an extreme range of environmental conditions within the 

Mississipian refugium, generating morphological variability and potentially making 

them an excellent candidate species to investigate local adaption on a genomic level.  

 The combination of population genomic and local adaptation analyses has 

enhanced fisheries management and the definition of appropriate management units. The 

integration of genomics with morphological, biological, and physiological traits enables 

the identification of distinct populations, and has vastly improved stock identification 

and assessment (Allendorf et al., 2010; Wenne et al., 2007). The preservation of local 

populations is vital to ensure the maintenance of genetic diversity within a species 

(Flanagan et al., 2018; Nielsen et al., 2009; Reitzel et al., 2013; Wenne et al., 2007). The 

identification of local genetic groups is improved by incorporating regions of the genome 

influenced by local adaptation, as neutral structure does not provide the full relationship 

between groups of individuals (Allendorf et al., 2010; Hemmer-Hansen et al., 2014; 

Ovenden et al., 2015; Valenzuela-Quiïnonez, 2016). New tools enable large-scale 

genomic analyses of SNPs throughout the genome with different evolutionary histories 

(Davey et al., 2011). Previously, signatures of selection have been investigated using 

genome scans (Benestan et al., 2015; Bradbury et al., 2010; Cammen et al., 2015; Funk 

et al., 2016), but this method is limited to the detection of strong selection on single 

locus or groups of linked loci. The introduction of multivariate ordination enables the 

integration of environmental predictors and the detection of polygenic adaptation by 

analyzing many loci simultaneously (Forester et al., 2018; Harrisson et al., 2017). These 

advances in the detection of local adaptation can help to provide better insight into the 
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genetic diversity of local populations and help to prioritize management of stocks on 

multiple scales.  

 Here we present the largest broad-scale population genomic study yet conducted 

on lake whitefish across the central portion of their North American range. We used 

nextRAD sequencing of thousands of single nucleotide polymorphisms (SNPs) to 

address two major objectives: (1) examine levels of genetic diversity and differentiation 

among lake whitefish populations over a broad geographic scale within the area 

represented by fish from the Mississippian refugium; and (2) examine potential genomic 

targets for local adaptation in lake whitefish populations across a range of environmental 

conditions in Saskatchewan. We hypothesized that on a broad-scale, lake whitefish 

populations would be subdivided based on hydrological connectivity and geographic 

distance. We predicted that populations occupying unconnected waterbodies would be 

differentiated from one another, and that those located farther apart would be more 

differentiated than those closer together. This study provides novel insights into 

population subdivision and the distribution of genetic diversity in lake whitefish and will 

be useful for understanding relevant scales for management and conservation. Further, 

this study highlights the potential for specific genomic contributions to the adaptability 

of this valuable species to various different environmental conditions.  

 

Materials and Methods 

Sample Collection and DNA Isolation  

 Adult lake whitefish were collected from 22 lakes across central Canada from 

Saskatchewan to Ontario, and from several sites in the USA from Lakes Michigan and 
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Huron (Table 11; Fig. 21). These lakes were strategically sampled to encompass 

substantial environmental variance in different ecozones and drainages based on location 

and lake characteristics, and to encompass a large geographic area occupied by fish 

derived from a single glacial refugium (Mississipian; Table 12). Fish were primarily 

collected through government agencies, commercial fishermen, and fish processing 

plants in both summer and winter using gillnets. Either dorsal muscle tissue or a fin clip 

was collected and stored in lysis buffer (4.0M urea / 0.2M NaCl / 0.1M Tris–HCl, pH 8.0 

/ 0.5% n-laurylsarcosine / 0.1 M 1,2-cyclo- hexanediamine) for genetic analyses (Table 

11). All animal research was approved by the University of Regina President's 

Committee on Animal Care, following the guidelines of the Canadian Council on 

Animal Care. The approved Animal Use Protocol was AUP 11–13 "Population and 

Conservation Genetics of Freshwater Fish". 

 DNA was extracted from 20 mg of tissue following the manufacturers guidelines 

(Genomic DNA Isolation Kit, Norgen Biotech Corp., Ontario, Canada), except for 

extending the proteinase K digestion to 8-12 hours and the addition of 28 U of RNAse A 

(Qiagen Inc., Ontario, Canada). Following isolation, DNA was quantified using a Qubit 

2.0 Fluorometer (Life Technologies Inc., Ontario, Canada) and the quality was assessed 

using an E-gel (Thermo Fisher Scientific, Canada). 
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Table 11 Collection data for 508 lake whitefish (Coregonus clupeaformis) samples 

across central Canada. 

Lake Site Latitude Longitude Year Total (N) Tissue Type 
   Saskatchewan 

Reindeer Lake RL 57.564 -102.143 2016 20 Pectoral fin 
Mackay Lake McL 55.458 -104.931 2012 16 Muscle 

Nemieben Lake NeL 55.271 -105.503 2009/10 10 Muscle 
Nunn Lake NL 55.234 -104.316 2011 20 Muscle 

Lac La Ronge LR 55.174 -104.448 2010 20 Pectoral fin 
Keeley Lake KL 54.913 -108.113 2011 6 Muscle 
Dore Lake DL 54.756 -107.272 2015 20 Muscle 

Waterhen Lake WL 54.491 -108.433 2011 13 Muscle 
Blackstrap Lake B 51.786 -106.439 2015 19 Muscle 

Lake Diefenbaker LD 51.098 -106.638  16 Adipose fin 
Last Mountain Lake LML 50.840 -105.072 2010 6 Muscle 

     Manitoba 
South Indian Lake SIL 57.055 -98.618 2016 20 Pectoral fin 

Granville Lake GL 56.254 -100.600 2016 20 Pectoral fin 
Setting Lake SeL 55.065 -98.589 2016 17 Pectoral fin 

Lake Winnipeg LW 53.319 -97.938 2016 20 Pectoral fin 
        Ontario 

Schistose Lake SL 49.155 -93.061 2016 14 Pectoral fin 
Jean Lake JL 48.530 -91.753 2016 18 Pectoral fin 
Burt Lake BL 48.295 -91.556 2016 8 Pectoral fin 

Saganaga Lake SaL 48.250 -90.923 2016 19 Pectoral fin 
Lake Michigan LM-01 43.131 -86.414 2012 20 Pectoral fin 

 LM-08 45.628 -86.848 2012 20 Pectoral fin 
Lake Huron LH-ET 43.906 -83.672 2012 14 Muscle 

 LH-NI 43.878 -83.435 2012 14 Muscle 
 LH-NP 45.395 -83.486 2012 14 Muscle 
 LH-HB 45.502 -84.033 2012 14 Muscle 
 LH-SB 45.981 -84.497 2012 15 Muscle 
 LH-ScB 44.355 -81.617 2012 17 Muscle 
 LH-DP 41.298 -81.609 2012 9 Muscle 
 LH-MP 44.258 -81.617 2012 17 Muscle 
 LH-FI 44.709 -80.312 2012 14 Muscle 

Lake Superior LS-WB 46.773 -84.607 2016 19 Pectoral fin 
 LS-NB 48.869 -87.901 2016 19 Pectoral fin 
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Figure 21 Map of the lakes sampled (a) across central Canada, (b) in Saskatchewan, (c) 

in Manitoba and (d) in Ontario. Site abbreviations can be found in table 1. Lines within 

provinces represent different ecoregions.

a) b)

c) d)



 
 

 139 

Table 12 Lake ecozones and ecoregions and drainages, sub-drainages and sub-sub-drainages across Central Canada and the USA. 

Lake Ecozone Ecoregion Drainage Sub-Drainage Sub-Sub-Drainage 
Saskatchewan      
Reindeer Lake Boreal Shield Churchill River Uplands Hudson Bay Churchill River Reindeer/Wollaston Lake 
Lac la Ronge Boreal Shield /Boreal Plain Churchill River Uplands Hudson Bay Churchill River Rapid River 

Nemeiben Lake Boreal Shield /Boreal Plain Churchill River Uplands Hudson Bay Churchill River Rapid River 
Nunn Lake Boreal Shield/Boreal Plain Churchill River Uplands Hudson Bay Churchill River Rapid River 

Mackay Lake Boreal Shield Churchill River Uplands Hudson Bay Churchill River Pinehouse Lake 
Waterhen Lake Boreal Plain Mid Boreal Upland Hudson Bay Churchill River Waterhen Lake 

Keeley Lake Boreal Plain Mid Boreal Upland Hudson Bay Churchill River Upper Churchill River- Lac Ile a la Crosse 
Dore Lake Boreal Plain Mid Boreal Upland Hudson Bay Churchill River Lower Beaver River 

Last Mountain Lake Prairie Moist Mixed Grasslands Hudson Bay Qu’appelle River Last Mountain Lake 
Lake Diefenbaker Prairie Mixed Grassland /Moist Mixed 

Grassland 
Hudson Bay South Saskatchewan River Lower South Saskatchewan River- Brightwater 

Manitoba      
Lake Winnipeg Boreal Plain Mid-Boreal Lowland/ Interlake Plain Hudson Bay Lower Saskatchewan- Nelson Lake Winnipeg 

Setting Lake Boreal Shield Hayes River Upland Hudson Bay Lower Saskatchewan- Nelson Central Grass River 
Granville Lake Boreal Shield Churchill River Upland Hudson Bay Churchill River Central Churchill River 

South Indian Lake Boreal Shield Churchill River Upland Hudson Bay Churchill River Southern Indian Lake 
Ontario      

Schistose Lake Boreal Shield Lake Wabigoon Hudson Bay Winnipeg Central Rainy River 
Jean Lake Boreal Shield Lake Nipigon Hudson Bay Winnipeg Upper Rainy River 
Burt Lake Boreal Shield Lake Nipigon Hudson Bay Winnipeg Upper Rainy River 

Saganaga Lake Boreal Shield Lake Nipigon Hudson Bay Winnipeg Upper Rainy River 
Lake Superior Boreal Shield Great Lakes Atlantic Ocean Great Lakes Lake Superior 
Lake Michigan Boreal Shield Great Lakes Atlantic Ocean Great Lakes Lake Michigan 

Lake Huron Boreal Shield Great Lakes Atlantic Ocean Great Lakes Lake Huron 
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NextRAD Sequencing 

 We used an amplification-based reduced representation library preparation 

approach to accommodate varying levels of DNA quality and low amounts of input 

DNA that resulted from different tissue types and sources of samples. To generate the 

sequencing library, genomic DNA was converted into nextera-tagmented reductively-

amplified DNA sequencing (nextRAD) genotyping-by-sequencing libraries (SNPsaurus, 

Oregon, USA), as described by Russello et al. (2015). Briefly, genomic DNA was first 

digested with the Nextera reagent (Illumina, Inc., British Columbia, Canada), which 

randomly fragments the genome using a transposase. The Nextera reagent also ligates 

short adapter sequences to the ends of the fragments. For high quality (mostly intact, 

high molecular weight DNA) samples the Nextera reaction included 20 ng of input 

DNA; for moderately degraded (sheared; fragments < 5 Kb) samples we used 40 – 60 ng 

of input DNA to compensate for degradation. Fragmented DNA was then amplified with 

a primer matching the adaptor sequence and extending 10 nucleotides into the genomic 

DNA with the selective sequence 5’-GTGTAGAGCC-3’. Following hybridization of the 

primers, PCR amplification was done with an annealing temperature of 72 °C for 27 

cycles. This allowed for selective hybridization and amplification of fragments that 

paired with the primer sequence, as well as the incorporation of individual barcodes. The 

nextRAD libraries were then sequenced on two different Illumina HiSeq 2500 lanes with 

150 bp reads (University of Oregon, Oregon).  
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Data Analysis  

Data Quality Filtering 

 Raw sequence files were processed using Trimmomatic (Bolger et al., 2014) to 

remove Nextera adaptors. All sequences were then analyzed using STACKS version 

1.48 (Catchen et al., 2013; Rochette & Catchen, 2017). The process_radtags script was 

used to remove any reads with uncalled bases, discard reads with an average quality 

score below Q10 or that failed the Illumina chastity filter and truncate the reads to 150 

base pairs.  

 

SNP Genotyping Parameters  

 The optimal distance allowed between stacks (-M in ustacks) and the number of 

mismatches allowed between sample loci (-n in cstacks) were optimized using the r80 

rule as recommended by Paris et al. (2017), and default parameters were determined to 

be M = 1 and n = 1 as determined by Graham et al. (this volume, chapter 4). These 

parameters were determined to generate the most polymorphic loci in 80% of 

individuals. The ustacks script was run using a minimum sequencing depth of 3 (-m), a 

maximum distance of 1 bp allowed between stacks (-M), and a maximum distance of 3 

bp allowed to align secondary reads (-N). The minimum sequencing depth of 3 was 

determined by Graham et al. (this volume, chapter 4) to generate the most informative 

dataset. The removal algorithm was also enabled to remove highly repetitive stacks. 

Following ustacks, a catalog of loci was generated using the cstacks script using at least 

5 individuals from each lake with an average number of reads. More individuals were 

included from lakes with multiple sample locations. This was done to reduce the 
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complexity of the catalog while still capturing the genetic diversity within each lake. The 

catalog was assembled with a mismatch value of 1 between samples (-n) as determined 

above. Following generation of the catalog, individual stacks were searched against the 

catalog using the sstacks script. Finally, the populations script was then run to export 

SNPs. In order to avoid bias as shown by Graham et al. (this volume, chapter 4), a 

population map with no specified populations was used to export data; with the first SNP 

of each locus, and loci had to be present in at least 50% of individuals. Limiting loci to 

50% of individuals is an effective means of limiting analyses to loci that are widely 

represented across individuals in the entire sampling region and reduces the influences of 

missing data. Minimum minor allele frequency (MAF) was 0.05, and maximum 

heterozygosity was 0.5.  

 The influence of missing data on the final dataset was examined using grur 

(Gosselin, 2018). The missing_visualization function was used to create an isolation by 

distance plot (IBM; isolation by missingness) based on the presence/absence of 

genotypes within individuals across sample sites. Further, individuals with more than 

90% missing data were removed from subsequent analyses. We then used a Kruskal-

Wallis non-parametric analysis of variance (KW-ANOVA) to compare the percentages 

of missing data across populations. The Dunn’s test (Dunn, 1964) was used as a post-hoc 

analysis to investigate significant pairwise comparisons following the KW-ANOVA. 

Following the analysis of missing data, loci were checked for conformation to Hardy 

Weinberg Equilibrium (HWE; P < 0.01). HWE analysis was done using the filter_hwe 

function in the radiator package, which uses the same function as implemented in 

PLINK 1.07 (Purcell et al., 2007). Loci that did not conform to HWE in 10 or more of 
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the 22 sampled sites were used to create an exclusion list for analyses requiring HWE as 

an underlying assumption.  

 

Population Differentiation Analysis 

 Basic population differentiation statistics were calculated using the radiator 

package in R. The average heterozygosity was calculated using the 

detect_mixed_genomes function. This function is also implemented in PLINK 1.07 

(Kardos et al., 2015; Keller et al., 2011; Purcell et al., 2007). A non-parametric KW-

ANOVA was then used to compare the average heterozygosity across populations 

followed by a post-hoc Dunn’s test to investigate significant pairwise comparisons. The 

relationship between missing data and heterozygosity was further investigated using 

linear regression. The regression was analyzed across all of the samples as well as Lac la 

Ronge, Lake Diefenbaker and Mackay Lake. These three lakes were chosen as they 

represent the large range of heterozygosity observed, with the largest range in Lac la 

Ronge, low diversity in Mackay Lake and high diversity in Lake Diefenbaker.  

Three different population structure analyses were performed on the final SNP 

dataset using: (1) pairwise fixation indices (FST); (2) maximum likelihood analysis; and 

(3) ordination. As a result of assumptions underlying the analyses, only the loci in HWE 

were used for both the FST and maximum likelihood analyses, while all loci were used in 

the ordination approach. The FST analysis was conducted by first computing a distance 

matrix for all sites using AMOVA (Excoffier et al., 1992), and GENODIVE was used to 

compute pairwise FST between sample sites using 5,000 permutations (Meirmans & van 

Tienderen, 2004). The maximum likelihood analysis was performed using the program 
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ADMIXTURE to estimate the ancestry coefficient of each individual using a maximum 

likelihood approach (Alexander & Novembre, 2009; Zhou et al., 2011). The cross-

validation approach was used in ADMIXTURE to determine the correct number of 

distinct populations (K; Alexander & Novembre, 2009; Zhou et al., 2011). Following the 

maximum likelihood analysis, the R package pophelper was used to visualize the output 

(Francis, 2017). The ordination analysis was conducted using discriminant analysis of 

principal components (DAPC) in the adegenet program (Jombart, 2008; Jombart & 

Ahmed, 2011). The DAPC plot was generated in each analysis using the optim_a_score 

function to determine the optimal number of principal components in order to avoid 

over-fitting the data.  

 Isolation-by-distance (IBD) was tested using a mantel test in the ade4 R package 

with 999 replicates (Dray & Dufour, 2007). The genetic distance matrix was created 

using Edwards’ distance to reflect the distance between populations based on gene 

frequencies in the adegenet package. The geographical distance matrix was generated 

using the Universal Transverse Mercator (UTM) coordinate system.  

 

Local Adaptation Analysis  

 We used a multivariate ordination approach to assess the genetic signature of 

local adaptation within Saskatchewan. Saskatchewan was chosen for this analysis 

because of the variance in lake type and productivity across the province. Redundancy 

analysis (RDA) is a constrained type of ordination that extends linear regression to 

include environmental variables (Forester et al., 2016). This analysis was performed on 

all loci, including HWE outliers. RDA involves two steps, where first a multivariate 
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linear regression is computed between the genetic and environmental data to create a 

matrix of fitted values, followed by a PCA of the fitted values (Forester et al., 2016). 

Following Forester et al. (2016), outlier markers associated with each environmental 

variable were identified as loci that had a ‘locus score’ that was ± 3 SD from the mean 

score of the axis. The locus scores were calculated in vegan (Oksanen et al., 2018) using 

the coordinates of each locus (Forester et al., 2016). All analyses were conducted on a 

regional super computer (Breezy, Westgrid, Compute Canada, Canada; Cedar, Compute 

Canada, Canada) and using RStudio version 3.5.1 (R Development Core Team, 2018). 

 

Results  

Data Analysis 

Data Quality Filtering  

 Following the removal of the Nextera adapters there was an average of 3,740,947 

(SD = 2,191,292) reads per individual. After cleaning and trimming in process_radtags 

there was 3,242,831 (SD = 1,984,622) average reads per individual.  

 

SNP Genotyping Parameters  

 The STACKS modules were run to generate a catalog with 3,726,967 markers. 

This catalog was generated using 124 individuals with average numbers of reads. After 

running cstacks, there was 92,782 (SD = 43,773) matched loci per individual. Following 

the populations module, a total of 10,170 polymorphic SNP loci were identified within 

the dataset with an average depth of coverage of 25X per individual.  
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 The IBM plot was generated with grur after removing 20 individuals that had 

less than 10% of the variable sites genotyped. This plot showed that there was no 

evidence of major biases or clustering of sites based on patterns of missingness for PC1, 

which encompasses most of the variance in the dataset (14%; Fig. 22). Some individuals 

show divergence based on missingness in other plots along PC2 and PC3, but the amount 

of variance represented is negligible (< 2%; Fig. 22). Interestingly, minor deviance for 

Lake Huron on PC2 (Fig. 22) corresponds to the different library preparation batches and 

sequencing lanes that were used to generate the dataset. This resulted from the lower 

average number of reads generated following process_radtags, with 1,824,308 (SD = 

788,510) in the Lake Huron samples and 3,728,840 (SD = 2,038,043) in the other 

samples. The percentage of missing data in Lake Huron was similar to that of the 

samples overall with averages of 33.10% (SD = 15.84%) for all individuals and 33.50% 

in Lake Huron (SD = 7.37%) and was not significantly different from all other 

populations (KW-ANOVA, df = 21, P < 0.001; Fig. 23a). Both Blackstrap and Lake 

Diefenbaker had the lowest average percent of missing data with 17.34% (SD = 0.88%) 

and 17.48% (SD = 1.16%) loci genotyped across individuals, respectively, and both were 

significantly differentiated from most populations in post-hoc testing (KW-ANOVA, df 

= 21, P < 0.001; Fig. 23a). Conversely, Granville Lake and Burt Lake in Ontario had the 

highest amount of missing data across individuals with 57.07% (SD = 17.53%) and 

51.34% (SD = 19.91%), respectively, but did not show significant differentiation in the 

KW-ANOVA (df = 21, P < 0.001; Fig. 23a).  
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Figure 22 Identity-by-missingness (IBM) plot generated using grur. Each circle 

represents an individual and the colour matches the lake the sample originated from. Site 

abbreviations can be found in table 11. 
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Figure 23 Boxplots of (a) the percentage of missing data and (b) the level of 

heterozygosity per individual. Each analysis was done after removing individuals with 

less than 10% of the variable sites genotyped. The red samples correspond to 

Saskatchewan lakes, yellow to Manitoba and blue to Ontario. The line in the middle of 

each box denotes the median, the box encompasses the first and third quartile of the data, 

while the horizontal lines above and below represent the maximum and minimum, 

respectively. Site abbreviations can be found in table 11. The letters denote populations 

that are statistically different.  
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 The filter_hwe function in grur identified 58 markers that did not conform to 

HWE in at least 10 of the 22 populations (P £ 0.01). These markers were removed from 

subsequent analysis that have HWE as an assumption, specifically from the FST and 

maximum likelihood analysis.  

 

Population Differentiation Analysis 

Broad Scale Analysis  

 The overall average heterozygosity of each individual across all loci was 0.119 

(SD = 0.031; Fig. 23b). Each province had similar average heterozygosity with averages 

of 0.121 (SD = 0.037), 0.117 (SD = 0.027) and 0.115 (SD = 0.028) for Saskatchewan, 

Manitoba and Ontario, respectively (Fig. 23b). Saskatchewan had the largest variation 

across sites ranging from 0.023 – 0.205 compared to 0.051 – 0.194 and 0.033 – 0.179 in 

Manitoba and Ontario, respectively (Fig. 23b). There was a weak but significant negative 

relationship between the level of missing data and heterozygosity (Fig. 24; r2 = 0.0552, P 

= 9.08x10-8). There was a minor trend for individuals to have higher observed 

heterozygosity with higher genotyping rates; however, this was not consistent across all 

samples where some samples had high heterozygosity and high missingness or low 

heterozygosity and low missingness (Fig. 24). We investigated this relationship further at 

Lac la Ronge, with a large range of heterozygosity, Lake Diefenbaker, high 

heterozygosity, and Mackay Lake, low heterozygosity, and the r2 values were -0.055 (P 

= 0.898), -0.067 (P = 0.821) and 0.082 (P = 0.148), respectively (Fig. 25). All three of 

these analyses did not result in significant relationships between missingness and 

heterozygosity. 
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Figure 24 Regression plot of heterozygosity and the percentage of missing genotypes per 

individual. This analysis was done after the removal of individuals with less than 10% of 

variable sites genotyped. The adjusted R2 value is 0.0552 with a significant P value of 

9.08x10-8. The red samples correspond to Saskatchewan lakes, yellow to Manitoba and 

blue to Ontario. Site abbreviations can be found in table 11
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Figure 25 Regression plot of heterozygosity and the percentage of missing genotypes per 

individual in (a) Lac la Ronge, (b) Lake Diefenbaker and (c) Mackay Lake. This analysis 

was done after the removal of individuals with less than 10% of variable sites genotyped. 

The adjusted r2 values are -0.055 (P = 0.898), -0.068 (P = 0.838) and 0.083 (P = 0.147) 

in Lac la Ronge, Lake Diefenbaker and Mackay Lake, respectively.   
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 Three population differentiation analyses were used to examine subdivision 

across the entire sampled range. The first population differentiation analysis used 

fixation indices (FST) to examine pairwise differentiation across all sites. Each of the 

pairwise comparisons resulted in significant p-values after Bonferroni correction, 

indicating differentiation among all groups sampled (Table 13). The average FST of lakes 

within Saskatchewan and Ontario compared to the other sampled lakes was similar in 

both provinces with averages of 0.137 (SD = 0.113), and 0.164 (SD = 0.094) in 

Saskatchewan and Ontario, respectively. Manitoba lakes had the lowest average FST 

values of 0.092 (SD = 0.075), likely as a result of its intermediate geography (Fig. 26). 

Further, the average FST values of Saskatchewan lakes compared to Manitoba lakes was 

0.090 (SD = 0.082) and Manitoba lakes compared to Ontario lakes was 0.122 (SD = 

0.059; Fig. 26; Fig 27). Comparatively, across two provinces, the average FST when 

comparing Saskatchewan lakes to Ontario lakes was 0.180 (SD = 0.101; Fig. 26; 27). 

The second population analysis was DAPC, which was run using 24 principal 

components for the overall analysis. This analysis broadly differentiated lakes by 

province along the first axis, explaining 34.0% of the variation, while the second axis 

differentiated the Saskatchewan samples, explaining 17.1% (Fig. 28a). The average 

assignment proportion of each lake was 0.916 in the overall analysis (Fig. 28a). Finally, 

ADMIXTURE was run for all lakes and each province separately using the number of 

clusters (K) with the lowest cross-validation value. The overall lake analysis resulted in 

an average ancestry coefficient of 0.815 (SD = 0.189) with K = 4, where we see 

clustering based on province (Fig. 29a).  
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Table 13 Pairwise FST output from GENODIVE. Numbers above the diagonal correspond to the FST value and below the diagonal is 

the corresponding p-value. All comparisons are significant (P £ 0.05). 

 
BL JL LH LM LS SaL ScL LW SeL SIL GL RL McL NL NeL LR KL WL DL B LD LML 

BL -- 0.354 0.274 0.261 0.245 0.261 0.287 0.235 0.247 0.23 0.281 0.256 0.609 0.246 0.305 0.254 0.376 0.284 0.28 0.318 0.316 0.393 

JL <0.001 -- 0.189 0.181 0.164 0.151 0.176 0.147 0.152 0.138 0.171 0.166 0.436 0.146 0.171 0.158 0.214 0.179 0.181 0.215 0.207 0.236 

LH <0.001 <0.001 -- 0.015 0.022 0.119 0.143 0.109 0.123 0.104 0.13 0.12 0.331 0.121 0.125 0.123 0.157 0.146 0.144 0.173 0.167 0.184 

LM <0.001 <0.001 <0.001 -- 0.019 0.11 0.13 0.096 0.107 0.093 0.113 0.106 0.332 0.106 0.107 0.111 0.134 0.128 0.135 0.161 0.155 0.162 

LS <0.001 <0.001 <0.001 <0.001 -- 0.086 0.112 0.076 0.084 0.068 0.084 0.078 0.324 0.085 0.079 0.088 0.11 0.107 0.114 0.145 0.137 0.14 

SaL <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.094 0.072 0.074 0.062 0.084 0.075 0.362 0.071 0.077 0.082 0.13 0.107 0.112 0.146 0.142 0.162 

ScL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.083 0.09 0.074 0.1 0.09 0.385 0.086 0.091 0.102 0.143 0.118 0.118 0.159 0.151 0.171 

LW <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.039 0.025 0.045 0.058 0.323 0.057 0.048 0.061 0.078 0.069 0.074 0.109 0.102 0.11 

SeL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.019 0.03 0.047 0.333 0.044 0.034 0.048 0.059 0.055 0.064 0.099 0.092 0.093 

SIL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.02 0.034 0.309 0.032 0.027 0.037 0.059 0.044 0.051 0.087 0.081 0.096 

GL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.041 0.376 0.056 0.025 0.055 0.052 0.05 0.065 0.108 0.1 0.1 

RL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.359 0.047 0.037 0.052 0.073 0.065 0.072 0.112 0.104 0.116 

McL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.324 0.418 0.341 0.448 0.362 0.342 0.365 0.37 0.46 

NL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.034 0.024 0.078 0.058 0.066 0.092 0.088 0.105 

NeL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 0.001 -- 0.039 0.053 0.053 0.062 0.109 0.109 0.106 

LR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.007 -- 0.077 0.054 0.063 0.092 0.083 0.104 

KL 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 0.007 -- 0.03 0.047 0.09 0.095 0.121 

WL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 -- 0.024 0.052 0.053 0.084 

DL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.063 0.059 0.1 

B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.019 0.116 

LD <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -- 0.115 

LML 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.001 0.002 <0.001 <0.001 <0.001 <0.001 -- 
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Figure 26 Boxplot of each pairwise FST comparison for each population. This analysis 

was run after removing loci out of Hardy Weinberg equilibrium (P < 0.01) in 10 

populations. The red samples correspond to Saskatchewan lakes, yellow to Manitoba and 

blue to Ontario. The line in the middle of each box denotes the median, the box 

encompasses the first and third quartile of the data, while the horizontal lines above and 

below represent the maximum and minimum, respectively. Site abbreviations can be 

found in table 11.  
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Figure 27 Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across all sample sites. Larger FST values represent larger population differentiation. This 

analysis was run after removing loci out of Hardy Weinberg Equilibrium in 10 

populations. Site abbreviations can be found in table 11.
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Figure 28 Discriminant analysis of principal components (DAPC) analysis of (a) all 

lakes, (b) Saskatchewan lakes, (c) Manitoba lakes and (d) Ontario sample sites. The 

optim.a.score function was used to determine the optimal number of principal 

components was 24, 11, 15 and 5 for the analysis with all the lakes, Saskatchewan 

samples, Manitoba samples and Ontario samples, respectively. The red samples 

correspond to Saskatchewan lakes, yellow to Manitoba and blue to Ontario. Site 

abbreviations can be found in table 11.
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Figure 29 ADMIXTURE analysis of (a) all the sampled lakes, (b) Saskatchewan lakes, (c) Manitoba lakes and (d) Ontario lakes. 

Cross validation was used to determine the most likely number of clusters with K4, K3, K2, and K2 being used for all sites, 

Saskatchewan lakes, Manitoba lakes and Ontario lakes, respectively. Each line represents an individual from the corresponding 

sample site. Site abbreviations can be found in table 11.
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 Isolation by distance (IBD) was tested across all samples and within province as 

samples further apart geographically are often more different genetically based on 

distance. The mantel test including all samples resulted in a weak positive relationship 

between geographic and genetic distance with an R value of 0.180 (P = 0.086; Fig. 30). 

Within province analyses resulted in R values of -0.042 (P = 0.53), -0.287 (P = 0.685) 

and -0.080 (P = 0.53) for Saskatchewan, Manitoba and Ontario, respectively. Overall, 

IBD was not a major influence on the genetic relationships identified here. 
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Figure 30 Isolation by distance plot generated using a mantel test of pairwise 

comparisons between the genetic data and the geographic distances in UTMs. The 

analysis generated an r value of 0.180 (P = 0.086). The red hash line indicates the linear 

regression between the two axes. 
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Saskatchewan Population Structure 

 Saskatchewan had the largest range of heterozygosities across all sample sites. 

Lake Diefenbaker and Blackstrap Lake had the highest levels of observed heterozygosity 

with values of 0.183 (SD = 0.013) and 0.169 (SD = 0.013), respectively, and were 

significantly distinct from populations with lower heterozygosities (KW-ANOVA, df = 

21, P < 0.001; Fig. 23b). Both of these lakes are found in the South Saskatchewan River 

sub-drainage and are connected hydrologically (Table 12). Mackay Lake, located in the 

Churchill River sub-drainage, had the lowest average heterozygosity value of 0.057 (SD 

= 0.015) and resulted in significant differentiation from some of the other populations 

(KW-ANOVA, df = 21, P < 0.001; Fig. 23b; Table 12). Lac la Ronge had the largest 

range of individual heterozygosity values, ranging from 0.023 – 0.205 (Fig. 23b). FST 

analysis resulted in a large range of variation within Saskatchewan. Mackay Lake 

showed the highest amount of differentiation from the other lakes with an average FST 

value of 0.376 (SD = 0.068; Fig. 26, 27). Excluding Mackay Lake, the average FST value 

compared to the other sampled sites was 0.115 (SD = 0.086). The overall assignment 

proportion in Saskatchewan in the DAPC analysis was 0.924 (Fig. 28b). The first axis 

explains 51.4% of the variance and shows a gradient of clustering, with the northern 

lakes found in the Churchill River sub-drainage, Reindeer Lake, Nemeiben Lake, Lac la 

Ronge, Nunn Lake and Mackay Lake, followed by Dore Lake, Waterhen Lake, Keeley 

Lake and Last Mountain Lake and finally Blackstrap and Lake Diefenbaker (Fig. 28b). 

The second axis shows 16.5% of the variation and separates Mackay Lake as well as the 

two reservoirs, Blackstrap and Lake Diefenbaker (Table 12). The ADMIXTURE 

analysis within the province resulted in an average ancestry coefficient of 0.790 (SD = 
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0.166) and clearly separated Mackay Lake with K = 3 (Fig. 29b). We also see a gradient 

with Keeley Lake, Waterhen Lake, Dore Lake and Last Mountain Lake are intermediate 

between Reindeer Lake, Nunn Lake, Nemeiben Lake and Lac la Ronge and Blackstrap 

and Lake Diefenbaker (Fig. 29b). 

 

Manitoba Population Structure  

 The lowest levels of pairwise differentiations were found in the lakes in Manitoba 

with average FST values of 0.092 (SD = 0.075), where all of the lakes had similar FST 

values (Fig. 26, 27). The DAPC analysis resulted in clustering by region and 

hydrological connectivity. The two northern lakes in the Churchill River sub-drainage, 

South Indian Lake and Granville Lake, cluster together (Fig. 28c). Comparatively, 

although Lake Winnipeg and Setting Lake are both found in the Nelson River drainage, 

they originate from different arms and therefore result in differentiation in the DAPC 

analysis (Fig. 28c). The overall assignment proportion was 0.889 with 99.9% of the 

variance within the first two axes (Fig. 28c). The ADMIXTURE analysis differentiated 

Lake Winnipeg with an average ancestry coefficient of 0.876 (SD = 0.146) using K = 2 

(Fig. 29c). 

 

Ontario Population Structure  

Ontario had a large amount of differentiation in the FST analysis with Burt Lake 

having a large average pairwise FST value of 0.301 (SD = 0.084). Burt Lake is found in 

the Winnipeg River sub-drainage along with Saganaga Lake, Jean Lake and Schistose 

Lake, which had average pairwise FST values of 0.144, 0.141 and 0.137, respectively. 
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This sub-drainage also had decreasing average heterozygosities from Saganaga Lake 

with 0.125 (SD = 0.040), to Jean Lake with 0.116 (SD = 0.030), to Schistose Lake with 

0.0115 (SD = 0.042) to Burt Lake with 0.058 (SD = 0.013; Fig. 23). Within the Great 

Lakes, the average heterozygosity was highest in Lake Huron with average 

heterozygosity per individual of 0.148 (SD = 0.016) compared to 0.130 (SD = 0.020) and 

0.113 (SD = 0.040) in Lake Michigan and Lake Superior, respectively (Fig. 23). The 

Great Lakes showed very little pairwise differentiation among the three sampled lakes 

with an average FST value of 0.019 (SD = 0.004; Fig. 27). Outside of the Great Lakes, the 

average FST values decreased from Burt Lake, Jean Lake, Schistose Lake and Saganaga 

Lake with average pairwise values of 0.301 (SD = 0.084), 0.197 (SD = 0.072), 0.138 

(SD = 0.074) and 0.123 (SD = 0.071), respectively (Fig. 26, 27). The first axis of the 

Ontario DAPC analysis, containing 27.9% of the variation, separated lakes based on sub-

drainage with Burt Lake, Jean Lake, Saganaga Lake and Schistose Lake clustering 

separately from the Great Lakes (Fig. 28d). The second axis explained 20.6% of the 

variation and separates the Great Lakes from one another (Fig. 28d). Interestingly, the 

two sample sites in Lake Michigan did not cluster together, in contrast to the sample sites 

in the other lakes (Fig. 28d). The DAPC analysis of the Ontario samples resulted in an 

assignment proportion of 0.606 (Fig. 28d). The ADMIXTURE analysis clearly separates 

the Great Lakes form the rest of the sample sites within the province. The Great Lakes 

clustered in the Ontario analysis with an average ancestry coefficient of 0.944 (SD = 

0.078) using K = 2 (Fig. 29d). 
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Local Adaptation Analysis  

 The environmental variables (Table 14) were checked for correlation using a 

Pearson test. Surface area and maximum depth were found to be highly correlated with a 

value of 0.96 as well as nearly complete overlap between lake type and watershed. Both 

surface area and watershed were removed from the RDA analysis. The adjusted r2 value 

of the RDA analysis was 0.027, indicating that 2.7% of the variance among sites is 

explained by these variables (Fig. 31). Each axis was significant with 42.9%, 22.0% and 

18.4% of the variance explained by the first 3 axes (Fig. 31). The SNP loadings were 

investigated to examine the total SNP composition in each individual and test for 

correlations. In the first two axes, both of the reservoirs, Blackstrap and Lake 

Diefenbaker, were positively associated with lake type, while Mackay Lake was 

positively associated with stocking (Fig. 31a). Lac la Ronge, Nunn Lake and Reindeer 

Lake were positively associated with depth along the second axis (Fig. 31a). Mackay 

Lake was positively associated with depth when comparing the first and third RDA axis 

(Fig. 31b). Lac la Ronge, Nemeiben Lake and Nunn Lake were positively associated 

with ecotype (Fig 31). Interestingly, both Lake Diefenbaker and Blackstrap Lake were 

negatively associated with ecotype (Fig 31). 
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Table 14 Lake characteristics used as environmental variables in the RDA analysis. 

Lake Site Watershed Max Depth 
(m) 

Surface 
Area (km2) 

Lake 
Type 

Stocking Ecozone 

Reindeer Lake RL Churchill River 215 5560 Natural None Boreal Shield 
Dore Lake DL Churchill River 20 640 Natural None Boreal Plain 

Keeley Lake KL Churchill River 17 90.36 Natural 1974-76 Boreal Plain 
Waterhen Lake WL Churchill River 27.5 73 Natural 1947 Boreal Plain 
Lac la Ronge LR Churchill River 42 1178 Natural 1946-47 Boreal Plain 
Nunn Lake NL Churchill River 21.8 15.4 Natural None Boreal Plain 

Nemeiben Lake NeL Churchill River 39.3 154.9 Natural None Boreal Plain 
Mackay Lake McL Churchill River 31.3 8.36 Natural None Boreal Plain 

Blackstrap B South Saskatchewan River 9.39 12 Reservoir Reservoir Prairie 
Last Mountain Lake LML Qu’appelle River 40 215 Natural 1947 Prairie 
Lake Diefenbaker LD South Saskatchewan River 21.6 430 Reservoir 1969-75 Prairie 
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Figure 31 Triplots for RDA analysis of (a) axes one and two and (b) axes one and three. 

The dark grey points in the center represent the SNPs, the coloured points represent 

individuals with coding by sample site. Environmental predictors are expressed as 

vectors. Depth represents maximum depth and lake represents lake type. Site 

abbreviations can be found in table 11.  
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There were 51 outlier SNP loci associated with RDA1, 11 with RDA2, and 118 

with RDA3 (Fig. 32). Specifically, there were 7 outlier loci associated with depth, 94 

with ecozone, 65 with lake and 14 with stocking (Fig. 32). These outlier SNPs were 

exported and blasted against the BLASTn and BLASTx databases to determine 

significant hits (E values < 10-5; Table C1). BLASTn resulted in seven significant hits 

with more than one database entry, while there were no multiple hits from the BLASTx 

database (Table 15). The loci with multiple hits in the database, the IgH locus in Salmo 

salar and the Hsc70 gene in Coregonus clupeaformis, are related to immune, 

environmental, and stress responses and could help populations respond to a variety of 

environmental stressors. 
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Figure 32 Magnification of the variable sites in the RDA plot to highlight the SNP 

loadings on (a) RDA axes 1 and 2 and (b) RDA axes 1 and 3. Candidate SNPs are shown 

as coloured points with the colouring coded with the associated environmental predictor 

variable. Neutral SNPs are shown in light grey. Environmental predictors are expressed 

as vectors. Depth represents maximum depth and lake represents lake type.
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Table 15 Significant BLAST hits using the nucleotide (BLASTn) database. Significant hits were hits with E values below 10-5. Only 

hits with more than one hit are displayed. The predictor indicates which environmental variables were significant associated with the 

loci. Depth represents maximum depth and lake represents lake type. 

Hit Predictors # Hits 
Salmo salar IgH locus  Lake, 

Ecozone, 
Stocking, 

Depth 

18 

Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene Lake, 
Ecozone, 
Stocking, 

Depth 

8 

Salmo salar chaperonin gene, myosin 1 gene and TCR-gamma locus Stocking, 
Lake 

2 

Salmo salar growth hormone 2 gene and skeletal muscle sodium channel alpha subunit-like, myosin alkali light chain-
like, and microtubule-associated protein Tau-like genes 

Ecozone, 
Lake 

2 

Zinc finger protein 34-like Ecozone 2 
Homeobox proteins Lake 2 
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Discussion  

Broad Scale Analysis 

 Lake whitefish show broad-scale population subdivision within the Mississippian 

lineage across central Canada and the USA. This finding supported our prediction that 

populations in different watersheds would be genetically distinct, having not been 

interconnected for thousands of years post-glaciation (Bernatchez & Dodson, 1991). 

Differentiation based on geographic proximity was not supported by isolation by 

distance analyses; however, comparisons by province resulted in FST values twice as 

large between Saskatchewan and Ontario than those comparing adjacent provinces. The 

level of differentiation found here was similar to previous studies examining population 

differentiation on similar spatial scales in other species including round whitefish 

(Morgan et al., 2017), Atlantic salmon (Moore et al., 2014), Galapagos giant tortoise 

(Gaughran et al., 2017) and Atlantic cod (Bradbury et al., 2013) and the harbor porpoise 

(Lah et al., 2016). Specifically, Morgan et al. (2017) examined round whitefish structure 

across Canada and found similar levels of differentiation using pairwise FST comparisons 

as found in this study on the same spatial scales. This differentiation was also confirmed 

in ordination and maximum likelihood analyses, which showed a gradient of 

differentiation by province.  

The poor relationship between genetic differentiation and geographic distance 

indicates that the subdivision across the sampled lakes is not just a simple function of 

isolation by distance. We found evidence of structuring based on hydrological 

connectivity and watershed within provinces, which has not been previously investigated 

within the Mississippian lineage (see Table 12). Specifically, we found that hydrological 
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connectivity based on sub-drainage and sub-sub-drainage enabled gene flow and 

reflected the differentiation observed across sample sites. Further, lakes within the same 

sub-drainage often are found in the same ecozones with similar environmental 

conditions. As expected, we found that lakes within the same sub-drainage, such as Nunn 

Lake, Nemeiben Lake and Lac la Ronge (Saskatchewan), that are interconnected by 

rivers and other lakes tend to be similar genetically, likely due to geographic proximity 

and connectivity. In contrast, the large geographic distance between lakes in different 

provinces, eliminates gene flow between populations and creates differentiation on a 

genomic level. Previous work from Mee et al. (2015), showed evidence for distinct 

designatable units by province using mtDNA. With the incorporation of SNP data, we 

find distinct geographical structuring by province and fine-scale structuring based on 

hydrological connectivity. 

 

Regional Population Structure  

Saskatchewan Population Structure 

 Lake whitefish from Saskatchewan showed the largest amount of genetic 

diversity in multiple analyses. Similar to the broad scale analysis, we detected population 

subdivision across the province based on geographic distance and watershed. We 

sampled three distinct sub-drainages within the province: the Qu’appelle River, South 

Saskatchewan River, and Churchill River. Populations located in the different sub-

drainages have been geographically isolated and likely face different environmental 

stressors for many generations, which lead to the distinct clustering in both the 

ordination and maximum likelihood analyses. These isolated watersheds and 
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environmental conditions created a large range of diversity in Saskatchewan, which was 

evident in all analyses, but specifically in the overall DAPC analysis where we observed 

differentiation based on watershed along the second axis. Specifically, all three analyses 

showed differentiation of lakes in southern Saskatchewan that drain through the South 

Saskatchewan River, such as Blackstrap and Lake Diefenbaker, from the lakes in 

northern Saskatchewan that drain through the Churchill River, such as Nunn Lake, Lac 

la Ronge and Nemeiben Lake. Although all of the southern lakes have been stocked, this 

is not likely driving the subdivision within the province, as stocking often leads to 

genetic bottlenecks (reviewed by Araki & Schmid, 2010), reducing diversity, which was 

not observed. Further, three lakes in the north also experienced previous stocking and do 

not show similar clustering. Hydrological connectivity within drainages and sub-

drainages enables the dispersal of individuals and contemporary gene flow, making these 

populations less genetically differentiated (Pringle, 2003; Waples & Gaggiotti, 2006). 

 The Churchill River runs across Saskatchewan and Manitoba, consisting of a 

series of lakes and finally drains into Hudson Bay (Pomeroy et al., 2005). Within this 

drainage we found a gradient of differentiation as a result of hydrological connectivity 

and distance. Waterhen Lake, Keeley Lake, and Dore Lake are farthest upstream and 

geographically close to one another, resulting in genetic clustering of fish from these 

locations. In both the ordination and maximum likelihood approaches, we found 

intermediate levels of differentiation of these lakes from Nemeiben Lake, Nunn Lake, 

Lac la Ronge, and Reindeer Lake, which are also part of the Churchill River system, but 

much farther downstream. The geographic distance is also compounded with 

environmental factors, where Nemeiben Lake, Nunn Lake, Lac la Ronge and Reindeer 
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Lake are found in the transition from the Boreal Plains to the Boreal Shield ecoregions 

(Rawson, 1960). Not only are these lakes separated geographically but the populations 

may also be exposed to different environmental conditions, which may create more 

genetic differentiation than expected. Further, the RDA analysis indicates that Waterhen 

Lake, Keeley Lake and Dore Lake are negatively correlated with depth, indicating that 

although these lakes may be connected hydrologically, varying environmental conditions 

may be driving population subdivision from the other sampled lakes. Along the 

Precambrian shield transition, we found that Nemeiben Lake, Nunn Lake and Lac la 

Ronge clustered together in all analyses; this is likely the result of connectivity because 

both Nemeiben and Nunn Lake drain into Lac la Ronge, which is also clear in the range 

of heterozygosity found in Lac la Ronge. Interestingly, Lac la Ronge had the largest 

range of individual heterozygosities of all sites studies, which may indicate the potential 

presence of multiple genetic populations. Although multiple sampled lakes are found 

within the Churchill River drainage, and are thereby physically connected, we still found 

evidence for genetic divergence among some populations. Similar to the situation across 

provinces, it is likely that additional factors beyond simple distance and connectivity 

may influence population subdivision within Saskatchewan. 

Whitefish in Mackay Lake further emphasizes the importance of hydrological 

connectivity. Although Mackay Lake is geographically close to Lac la Ronge, fish from 

this site were genetically distinct from those in Lac la Ronge in all three analyses. Both 

Mackay Lake and the Lac la Ronge area are found in the Churchill River sub-drainage, 

but Mackay Lake is located in a different sub-sub-drainage and drains through Pinehouse 

Lake, while the Lac la Ronge region drains through Rapid River. Not only are these 
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regions differentiated by a lack of hydrological connectivity, previous geological work 

from Maxeiner (1994) found that the composition of rocks near Mackay Lake varies 

from those in the Lac la Ronge area, likely resulting from the transition into the Boreal 

Shield ecoregion. This geological change can drastically influence the productivity and 

composition of the lakes; Lac la Ronge was found to be mesotrophic while lakes in the 

Boreal Shield had low mineral content and were oligotrophic (Rawson, 1960). Whitefish 

from Mackay Lake were also observed to have very low levels of heterozygosity, which 

may suggest a genetic bottleneck at some point since post-glacial colonization (Nei et al., 

1975; Peery et al., 2012). Mackay Lake may only be very infrequently hydrologically 

connected to other waterbodies in the Pinehouse sub-sub-drainage, supporting the notion 

that it is potentially isolated. The distinctness of Mackay Lake is reinforced by the RDA 

analysis, where it was positively correlated with stocking and maximum depth. The 

suboptimal size and depth of Mackay Lake likely creates extreme environmental 

conditions, which could also contribute to a bottleneck-like effect.  

 Lake Diefenbaker and Blackstrap Lake are found in the South Saskatchewan 

River drainage. This drainage passes through the highly agricultural regions of the 

Canadian prairies and collects 80% of the runoff from the Canadian Rockies (Gober & 

Wheater, 2014; Gregor & Munawar, 1989). Both of these lakes are man-made reservoirs 

that were filled in 1967 with the construction of the Gardiner Dam and supply drinking, 

irrigation, and industrial water supplies for some of the largest urban populations in the  

province (Gober & Wheater, 2014; Hwang et al., 1975; Lucas et al., 2015). Whitefish 

from these lakes cluster together in the ordination and maximum likelihood analyses, and 

also show strong association with lake type in the RDA analysis. This structuring could 
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result from multiple factors including geographic proximity, both lakes are in the same 

sub-drainage and ecoregion, similar environmental conditions, or from founder effects 

resulting from stocking events (Gavrilets & Boake, 1998; Laikre et al., 2010; Matute, 

2013). The differentiation of fish populations in these reservoirs is further emphasized by 

their differentiation from those in Last Mountain Lake, even though it is located 

geographically close to both Lake Diefenbaker and Blackstrap Reservoir. Previous 

research has found that reservoirs undergo a series of changes in aquatic productivity and 

community composition following impoundment (Hall et al., 1999). These changes 

result in cycling of productivity and trophic status from the rapid release of nutrients 

from the soil (Hall et al., 1999; Lucas et al., 2015). Further, reservoirs also reduce 

nutrient flow and previous research has found that Lake Diefenbaker acts as a 

Phosphorous sink as a result of irrigation and agriculture runoff (North et al., 2015; 

Sadeghian et al., 2015) and toxic substances have been found in the sediment (Gregor & 

Munawar, 1989). The altered conditions present in these reservoirs, coupled with 

stocking, may be additional contributing factors to the population subdivision detected. 

 

Manitoba Population Structure  

 Our analyses indicate that the lake whitefish in Manitoba lakes represented 

intermediate levels of differentiation between Saskatchewan and Ontario, as would be 

expected based on geographic distance. Similar to Saskatchewan, Manitoba lakes 

clustered based on drainage basin. Lake Winnipeg is located in a distinct sub-sub-

drainage from other sites sampled in Manitoba, which flows into the Nelson River 

drainage from the south to Hudson Bay. This lack of hydrological connectivity to other 
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sites in Manitoba was likely a large factor affecting the detected differentiation of 

whitefish in Lake Winnipeg. Southern Saskatchewan and northwestern Ontario 

watersheds drain into Lake Winnipeg through the Saskatchewan River Basin and the 

Nelson River Basin, respectively, potentially adding to the diversity of fish in the lake 

(Gober & Wheater, 2014; McCullough et al., 2012). Rapid eutrophication in Lake 

Winnipeg from increased agriculture and human impacts has created drastically different 

nutrient conditions within the lake, all of which could lead to distinct genetic clustering 

(McCullough et al., 2012; Schindler et al., 2012). Setting Lake also flows through the 

Nelson River, but through the South Saskatchewan River instead of from the south, 

limiting hydrological connectivity and likely leading to the observed differentiation 

between Setting Lake and Lake Winnipeg. Both Granville Lake and South Indian Lake 

are found in the Churchill River drainage and cluster together in the DAPC analysis as a 

result of proximity and hydrological connectivity. The connectivity of the watersheds 

and drainage systems of Manitoba create the differentiation across lakes and represent an 

intermediate level of differentiation between its bordering provinces. 

 

Ontario Population Structure  

 Our analyses identified multiple levels of subdivision among sampled lake 

whitefish populations in Ontario, consistent with clustering based on hydrological 

connectivity. Most significantly, we observed differentiation between the Great Lakes 

region and lakes in the Nelson River drainage. This was evident in all three analyses and 

likely occurs as a result of the lack of connectivity and isolation of the Great Lakes, 

which drain into the Atlantic Ocean. Within the Winnipeg River sub-drainage, Saganaga 
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Lake, Burt Lake, Jean Lake and Schistose Lake all drain into the Nelson River through 

Lake Winnipeg. Both Saganaga Lake and Schistose Lake are located directly along the 

drainage to the Winnipeg River, and as a result are genetically similar in all analyses. 

Both Jean Lake and Burt Lake are located close geographically but Burt Lake is 

upstream, which may contribute to low connectivity and therefore the population 

divergence observed. The importance of hydrology and associated connectivity among 

waterbodies for the evolution of genetic differences has been shown in previous 

population studies (Morgan et al., 2017; Olsen et al., 2010; Costello et al., 2003). In the 

Ontario lakes we sampled, it is likely that hydrological connectivity is also driving 

population subdivision, rather than simple geographic proximity.  

Whitefish sampled in the Great Lakes showed evidence for subdivision across 

lakes, but not among all of the sites sampled within them. FST analyses showed very little 

differentiation among fish sampled from 3 of the Great Lakes (Huron, Michigan, and 

Superior) compared to other relationships in our study, suggesting that on a broad-level 

the Great Lakes may be relatively connected. However, both the ordination and 

maximum likelihood analyses clearly separated fish from Huron, Michigan, and 

Superior, which is consistent with previous studies based on microsatellite loci in the 

Great Lakes region (Stott et al., 2010; VanDeHey et al., 2009). Other fish species in the 

Great Lakes also tend to be genetically distinct by lake, including round whitefish 

(Morgan et al., 2017), small-mouth bass (Stepien et al., 2007), walleye (Haponski & 

Stepien, 2014; Stepien et al., 2009) and yellow perch (Kocovsky et al., 2013). Ordination 

analysis showed differentiation between the two sample sites in Lake Michigan, with the 

southern-most site clustering separately. This finding suggests that there could be 
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multiple lake whitefish populations in Lake Michigan, which has also been observed in 

previous work from VanDeHey et al. (2009).  

 

Local Adaptation 

 Based on the BLASTn search, SNPs in multiple genes were found to be 

associated with the environmental factors used in the RDA. Specifically, the 

immunoglobin heavy (IgH) locus in Salmo salar matched with multiple outlier loci 

associated with different environmental variables, with ecozone and lake type having the 

highest number of hits. The IgH gene contains two different isoloci in Salmonidae, IgH-

A and IgH-B, that resulted from the historical genomic duplication event in the 

Salmonidae (Solem et al., 2001; Yasuike et al., 2010). The different portions of the IgH 

gene in teleosts arrange themselves in tandem, generating large amounts of diversity 

(Yasuike et al., 2010). This diversity helps Salmonidae fishes produce a high variability 

of IgH gene products that are able to respond to different antigens (Solem et al., 2001; 

Yasuike et al., 2010). Diversity in the IgH gene may facilitate adaptation by lake 

whitefish to many different local environments by enabling a wide range of immune 

responses. Future work should investigate where the variable site is located within this 

gene, which may give insight into how variability at this locus helps whitefish adapt to 

differing environmental conditions. 

 The Coregonus clupeaformis heat shock cognate (70 kDa; Hsc70) gene also had 

multiple hits for loci associated with all of the environmental predictors in our study. 

Heat shock cognate proteins are constitutive proteins, meaning that they are continually 

transcribed, and they are an important component of the heat shock response in fish 
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(Krone, 1997; Stefanovic et al., 2016). Although Hsc70 is continuously produced, small 

increases have been detected in embryos and they encode important stress proteins under 

normal conditions (Boutet et al., 2003; Stefanovic et al., 2016). Heat shock proteins help 

organisms to respond to stressors by functioning as molecular chaperones to prevent 

inappropriate protein aggregation and mediate protein transportation (Papakostas et al., 

2012; Renaut et al., 2009). The Hsc70 gene has previously been associated with salinity 

adaptation (Papakostas et al., 2012) and divergence between the dwarf and normal 

species pairs (Renaut et al., 2009), indicating that it likely has pleiotropic effects and 

influences important phenotypes for local adaptation. Further, Ahn et al. (2005) found 

that Hsc70 is required for the activation of heat-shock factor 1, which helps mediate the 

cellular response to multiple different stressors. We found that SNPs in the Hsc70 gene 

were positively correlated with the ecozone and lake type, highlighting potential adaptive 

significance for this gene to general environmental factors as well. Similarly, the other 

genes, chaperonin, homeobox protein and zinc finger protein, are positively correlated 

with the environmental predictors also help with protein folding, stabilization and 

regulation. Changes to these genes likely help lake whitefish persist in the wide range of 

environmental conditions in Saskatchewan, as well as respond to future stressors in sub-

optimal environments.   

 

Missing Data  

 Missing data in SNP datasets based on RRLs can lead to potential errors in 

downstream analyses; however, we did not see any major influences of missing data in 

our study. Missingness is an especially important issue in RRL sequencing because only 
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a small subset of the genome is represented, which may vary among sampled individuals 

and populations for both biological and technical reasons (Eaton et al., 2017). Issues 

arise in downstream analyses when the distribution of missing data is non-random, 

especially when it results from technical issues such as systematic variation in DNA 

quality (Eaton et al., 2017). Missing data can arise from allelic dropout caused by 

mutations, variable recovery during library preparation, bioinformatic errors, mutations 

within restriction or primer binding sites, or uneven amplification or sequencing 

coverage (Cariou et al., 2013; Eaton, 2014; Eaton et al., 2017; Escudero et al., 2014; 

Huang & Knowles, 2016; Shafer et al., 2016). These issues can lead to errors such as the 

sequencing of only one chromosome, resulting in a correlation between missing data and 

reduced heterozygosity. We examined the potential influence of missingness in our study 

in two ways: (1) the relationship between missing data and observed heterozygosity, and 

(2) clustering of individuals based on missing data (IBM plot). For observed 

heterozygosity, we did find a significant relationship across all samples, with Ho 

decreasing as missingness increased. However, the small r2 value coupled with non-

significant relationships within key lakes, suggested that missing data was not likely 

influencing downstream analyses. Nevertheless, it is important to acknowledge that as 

expected, heterozygous genotypes do become predictably less common as data are lost 

from RRL sequencing pools. The IBM analysis we conducted showed that there was 

very little clustering of our individuals or populations based on missing data. One minor 

exception was the Lake Huron samples, for which nextRAD library construction and 

sequencing were done in a separate run. However, the missing data accounted for less 

than 2% of the variance among samples and was unlikely to influence any of our 
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perspectives on population structure. Thus, our detailed analysis of missing data on 

several levels (whole dataset, lake-specific) suggests that there was some technical 

variance, but it was not sufficient to cause concern for interpretation of biological 

relationships.  

 

Conclusions  

Our study provides the largest genetic study examining population structure and 

local adaptation of lake whitefish on multiple spatial scales in central Canada and the 

USA. The data support the hypothesis that geographic and hydrological connectivity 

have the strongest influence on genetic population differentiation in the post-glacial 

environment. We find hierarchical structure at multiple geographic scales, first across 

provinces where geographic distance restricts gene flow. Population subdivision on this 

scale was expected based on the period of isolation following the glaciation, but the 

weak correlation in the IBD analysis indicates that forces beyond simple temporal and 

spatial isolation are also important. This finding may be informative for management as 

well, because the lake whitefish is managed on a provincial level. Within provinces, the 

identification of subdivision based on ecoregion and sub-drainage, where hydrological 

connectivity limits gene flow between lakes, may aid in understanding appropriate scales 

for fisheries management. Overall, we found that there are at least two major 

mechanisms driving population differentiation in lake whitefish: (1) barriers to gene flow 

based on hydrologic connectivity (genetic drift); and (2) potential changes that result 

from varying environmental conditions (selection). It is very likely that these two 

mechanisms operate in concert to produce genetic population structure. This study builds 
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on previous work by Mee et al. (2015), by examining fine-scale differentiation in central 

Canada and the USA in the Mississippian lineage. With the current environmental 

pressures that could result in changes in hydrologic and environmental conditions, it is 

important to understand the adaptability, diversity and subdivision across the entire range 

of the lake whitefish.   
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CHAPTER SIX 

 

GENERAL DISCUSSION 
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 The field of population genetics has drastically changed over the last twenty 

years. Microsatellites took advantage of the invention of PCR and expanded the field, 

enabling non-invasive sampling in wild populations (Allendorf, 2017). Microsatellites 

have been effectively used in population genetic studies for over two decades and are 

still used to investigate neutral population structure and diversity (Díez-del-Molino et al., 

2018; Somers et al., 2017) as a result of their high mutation rate and high polymorphism 

(DeFaveri et al., 2013). This is exemplified in chapter two, where I use microsatellites to 

investigate the fine-scale population structure of both lake and round whitefish in eastern 

Lake Huron, addressing my first thesis objective. The extended popularity of 

microsatellites has led to many advantages including predictable error rates (Bonin et al., 

2004; Estoup et al., 2002), known impacts based on sample quality (Balloux & Lugon-

Moulin, 2002; Broquet et al., 2007), and relatively simple bioinformatic approaches 

(Balloux & Lugon-Moulin, 2002; Pearse & Crandall, 2004). Although microsatellites are 

still useful in many population genetic studies, the limitation to neutral regions of the 

genome, high cost of development, and lab- and species-specificity, limit the broader 

utility of these markers in conservation genetics (Hess et al., 2011; Luikart et al., 2003).  

The integration of NGS and RRL sequencing enables the simultaneous 

sequencing and genotyping of thousands of SNPs. Further, RRL sequencing allows for a 

small homologous portion of the genome to be sequenced across many individuals, 

enabling a cost-effective method to answer many different biological questions, 

especially in non-model species. RRL sequencing has been quickly adopted by the field 

of molecular ecology as a result of the ease of data standardization across laboratories, 

high throughput, high diversity and genome coverage, and low genotyping error 
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(Beacham et al., 2010; Coates et al., 2009). Not only do SNPs provide sequencing on a 

level that is more representative of the entire genome, they also enable the detection of 

signatures of adaptation and selection, improving our understanding of how species are 

influenced by environmental factors (Angeloni et al., 2012). Although RRLs and SNPs 

have rapidly increased in popularity, many factors that may affect the quality of data and 

downstream analyses, including sample quality, sequencing depth and bioinformatic 

parameters remain poorly understood.  

There is very little consensus in the literature on best practices for making the 

successful transition from microsatellites to RRLs and SNPs, and practitioners skilled in 

the application of microsatellites face a wide range of potentially unanticipated 

challenges. These challenges span the entire process from field sample collection to 

bioinformatics, and include relatively simple aspects, such as the impacts of DNA 

isolation and quality, as well as much more technically complex aspects such as 

decisions around sequencing coverage and bioinformatics parameters. I addressed many 

of these important considerations in my work, with the intention of providing guidance 

based on empirical information for molecular ecologists when designing and carrying 

out population genomic studies. In addition, I examined genetic population subdivision 

in an important species, the lake whitefish, using several marker types, across several 

spatial scales. I chose to focus on the lake whitefish in this thesis for the transition to 

RRLs and SNPs as it is a very valuables species throughout North America, with a wide 

range throughout the country. 

 



 
 

 186 

Fine-scale Population Structure of Lake Whitefish in Eastern Lake Huron 

 Chapter two features traditional application of microsatellite markers to examine 

population structure. Microsatellites can identify neutral subdivision among populations 

based on time and isolation (i.e., genetic drift), as well as via other mechanisms, such as 

natal philopatry or assortative mating (Allendorf et al., 2010; Selkoe & Toonen, 2006). 

In this chapter I investigated the fine-scale population subdivision of lake and round 

whitefish across 24 km of shoreline in Eastern Lake Huron using 20 microsatellite loci in 

208 lake whitefish and 11 microsatellite loci in 327 round whitefish, addressing my first 

thesis objective. This population genetic question was prompted by the vicinity of 

potential lake whitefish spawning grounds to thermal effluent from Bruce Power, the 

world’s largest nuclear generating station (Graham et al., 2016). Previous studies have 

found that thermal pollution from industrial processes can negatively impact cold-water 

species (Encina et al., 2008; Sandström et al., 1997; Teixeira et al., 2009, 2012). It is 

important to understand the diversity of the fish near the thermal effluent to determine 

whether discrete populations may be affected. Three different genetic analyses 

confirmed that the spawning-phase lake whitefish near Bruce Power do not represent 

distinct genetic groups compared to those in nearby reference areas. Interestingly, there 

was evidence for potential weak structuring from north to south in lake whitefish across 

the sampled area, which should be further examined.  

Stable isotopes were also used to investigate the ecological structuring of lake 

and round whitefish in the vicinity. Stable isotopes reflect a shorter time scale than 

genetics, i.e. months, and reflect the mixing of individuals and resource use in different 

seasons (Bearhop et al., 2004; Fink et al., 2012; Newsome et al., 2007). Different tissues 
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have different turn-over rates, representing different periods of time (Dalerum, 2005). 

This study incorporates stable isotopes of multiple tissues and reflects mixing of sampled 

individuals. This paper integrates both genetic and ecological approaches and finds that 

there are no distinct groups of lake or round whitefish in front of the nuclear power plant. 

This paper was published in PLoS ONE and overall suggests that the thermal impacts do 

not negatively affect a discrete genetic group, indicating that management intervention is 

not required to protect discrete local populations exposed to the thermal effluent. Future 

research should incorporate SNPs to investigate the influence of the different local 

environments on a genomic-level. 

 

Impacts of DNA Quality, Sequencing Depth and Bioinformatic Parameters in NGS 

and RRL Sequencing  

 Researchers embarking on RRL sequencing studies are faced with many 

decisions ranging from sample collection and quality, to the number of individuals and 

sequencing depth, to genomic coverage. All of these decisions influence the cost of 

sequencing, the number of polymorphic sites, and the average coverage of these sites. 

Many of these decisions are currently made without adequate understanding of the 

downstream effects and are often based on arbitrary criteria of uncertain origin. This 

uncertainty spurred my second and third thesis objectives, where I investigated how 

these seemingly routine decisions affect the outcomes of population studies. The 

following chapters investigates the transition to RRL and SNPs in population genomics 

lake whitefish. 
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One of the major advantages of RRLs is the ability to sequence large numbers of 

markers in non-model species in the wild. Many of these studies collect samples from 

suboptimal sources, but the impacts of DNA degradation on RRL approaches has not 

been investigated. In my work, fish were often collected by commercial fisherman and 

government agencies, and I had no ability to control the length of time they were dead in 

gill nets prior to collection, or the elapsed time between sample collection and 

refrigeration. Upon examination, I found that this generated large variation in the quality 

(size distribution of fragments) of DNA following extraction. For amplification and 

genotyping of microsatellites, the degradation of DNA was not a major concern because 

error rates and impacts of degradation have been well investigated (Bonin et al., 2004; 

Ledoux et al., 2012; Prugh et al., 2005; Scandura et al., 2006). However, similar 

variations in DNA quality were not present in published RRL and SNP studies, and 

dogma in the field at the time I began my work was that only the most pristine, high 

molecular weight DNA could be used for this kind of work. Rather than simply discount 

the use of RRLs and SNPs for my dissertation, or any other molecular ecology program 

with similar DNA quality variation, I designed chapter three. This experimental work 

empirically examined the impacts of varying levels of DNA quality on data generation 

for an RRL and SNP genotyping library using a modified ddRADSeq approach (3RAD). 

Overall, I found that libraries generated with low to moderate levels of DNA degradation 

performed well and produced large numbers of RADtags and potential variable sites. 

Comparatively, highly degraded samples generated significantly lower potential variable 

sites and would not perform well in population genetic analyses. This loss of 

performance was due to a large loss of reads due to quality, likely as a result of too little 
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intact genomic DNA. This study indicates that although RRL approaches are quite 

robust, DNA degradation needs to be investigated prior to sequencing as it can 

drastically influence the number of variable sites generated. This seminal paper was 

published in Molecular Ecology Resources and has already been cited 43 times since 

2016, indicating the applicability and importance of DNA quality and assessment to all 

fields of population genetics.  

The investigation of DNA quality indicated that moderately degraded samples 

would produce sufficient amounts of variable sites and opened the door for use of this 

approach on lake whitefish. However, moving forward molecular ecologists are faced 

with many important decisions including study design, library preparation, sequencing 

platform and bioinformatic approach, which also have major influences on the amount 

and quality of SNP data generated. Across the literature, there is very little consensus in 

terms of the recommended sequencing depth, which ranges from 2-45X (Benestan et al., 

2015; Crawford & Lazzaro, 2012; Fountain et al., 2016; Fumagalli, 2013; Gaughran et 

al., 2017; Larson et al., 2014; Xu et al., 2013), number of markers, from 3,000-20,000 

(Benestan et al., 2016; Chu et al., 2014; Gaughran et al., 2017; Moore et al., 2014; 

Vendrami et al., 2017; Xu et al., 2013) and various bioinformatic parameters and 

pipelines. There was little guidance in the published literature regarding how to make 

such decisions, and wide variance in how various authors chose to proceed. The 

increased complexity of an NGS study makes it very difficult for researchers to 

transition from traditional markers as these factors greatly influence the cost of 

sequencing as well as the quality of the data that is generated.  
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  These questions about study design led to chapter four, in which I investigated 

the influence of genome coverage and sequencing depth on the detection of broad and 

fine-scale population differentiation by generating two independent sequencing libraries. 

The first library consisted of a small number of loci with low sequencing depth, while 

the second consisted of a large number of loci with higher sequencing depth. Different 

bioinformatic parameters were tested in the STACKS pipeline to investigate the 

influence on downstream population genetic analyses. Overall, I found that the library 

with more loci and higher sequencing depth was able to resolve both fine and broad scale 

population differentiation consistently and reliably. In contrast, the low sequencing depth 

library was not consistently able to resolve differentiation and was susceptible to 

variation based on filtering parameters. Bioinformatic parameter choice also greatly 

influenced resolution; both libraries were able to resolve differentiation with relatively 

conservative values, but this signature was lost in the low sequencing depth library with 

high stringency, i.e. high coverage cut-off values. The loss of the signal in the low 

sequencing depth library was likely a result of removing the informative loci resulting 

from high coverage cut-offs, and the presence of variable sites in a large proportion of 

the population. The most reliable library was made up of ~10,000 loci at ~12X depth and 

was generated using conservative bioinformatic parameters, a depth cut-off of 3, no 

population differentiation in the population map, and loci genotyped in 30% of the 

individuals. This library was able to resolve population differentiation on multiple scales. 

Although these parameters will change based on the study question, they have large 

impacts on downstream analyses. This study will help researchers make important 
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decisions that have not previously been investigated, allowing for the retention of the 

largest number of loci and highest resolution of population differentiation.  

 

Broad Scale Population Differentiation and Local Adaptation of Lake Whitefish 

Across Central Canada and the USA 

 In the previous two chapters I extensively investigated the effects of DNA quality 

and sequencing depth and coverage. This knowledge was then used to address my final 

objective and investigate the diversity and subdivision of lake whitefish in the 

Mississippian lineage in Canada. This lineage colonized the largest area following the 

last glaciation, over 5 million km2, from Alberta to Quebec, and represents one of the 

largest freshwater commercial fisheries in these regions (DFO, 2016; Mee et al., 2015). 

A deeper understanding of the population differentiation and diversity of this valuable 

species will help understand the influence of isolation and post-glacial processes on 

population structure within a single lineage. This population analysis across multiple 

scales indicated that lake whitefish are structured roughly based on provincial boundaries 

as a result of geographic isolation. Within provinces, I also observed differentiation 

based on watersheds and hydrological connectivity.  

 The largest amount of diversity was found in Saskatchewan where whitefish are 

found across the province in very different environmental conditions. This diversity is 

reflected in the population structuring, where I found evidence for distinct subdivision 

based on watershed. The large amount of environmental variation resulted in correlations 

with the tested environmental predictors. Specifically, I found that four predictors, lake 

type, reservoir or natural lake, ecozone, stocking and maximum depth, accounted for 
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~2% of the variation across lakes. Although this is a small percent of the variation, this is 

expected as only a small portion of the genotyped SNPs will show a relationship with the 

environmental predictors, which reflects the nature of polygenic adaptation (Forester et 

al., 2017). The two reservoirs, Lake Diefenbaker and Blackstrap, were strongly 

correlated with lake type, likely as a result of very different environmental conditions. 

Interestingly, two genes were identified as under selection, heat shock cognate (Hsc) 70 

kDa and immunoglobin heavy (IgH) locus, which both are important genes in immune 

and stress response. Future research should investigate how these genes impact 

phenotype and enable whitefish to thrive in a variety of different environments.  

This chapter represents the largest genetic study examining population structure 

and local adaptation of lake whitefish on multiple scales in central Canada and the USA. 

Although all of these fish originated from the same glacial refugium, I found hierarchical 

structuring based on geographic and hydrological isolation. The incorporation of SNPs 

enables the detection of fine-scale population subdivision within the Mississippian 

lineage, which expands on previous mitochondrial work from Mee et al. (2015). This 

study provides important research on the post-glacial movement and isolation of fish as 

well as population differentiation and fine scale subdivision of lake whitefish in an 

understudied lineage. This study will help guide policy makers on the best scale to 

manage this valuable species, within various different political jurisdictions.  

Overall, this thesis reflects the transition from a well-established marker 

(microsatellites) to a novel, relatively unknown marker (RRLs and SNPs), addressing 

gaps in knowledge and helping to expand the field of molecular ecology. This valuable 

work will help inform researchers on the impacts of important factors influencing 
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population genomic studies and help guide them through world of next generation 

sequencing.  
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Table A1.  Details for 16 polymorphic microsatellite loci developed for lake and round whitefish specifically for this study. The size 

indicates the range of observed alleles in base pairs and includes the length of the CAG tag; number of individuals genotyped is N; k is 

number of alleles observed; Ho and He are observed and expected heterozygosity, respectively; PI is the probability of identity for each 

locus, and TD refers to the touchdown protocol used for PCR (see text). 
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Locus Primer Sequence 5’ -> 3’ Repeat Motif Size (bp) N k Ho He PI TD 

Lake Whitefish          
Cocl Lav6 F:*AGGGACTCTGCTTTATTTCTCC 

R:  AGAACGAGTGAATGAGGAAGG 
AAAG 183-243 24 13 0.958 0.898 0.019 TD65 

Cocl Lav12 F:*CCGTTCTGGACGACTTGAGC 
R:  CAGATATTAGACCGAGTTTGTGTTGC 

AAAG 196-274 24 15 0.708 0.815 0.056 TD65 

Cocl Lav18 F:*CCACTACAGATAAACACAGACAGGC 
R:  CTGCAGTACAGCTCCAGCC 

TCTG 188-220 24 9 0.792 0.850 0.040 TD65 

Cocl Lav20 F:*TGATACAGCATGTTGTCAGATGG 
R:GAAACTAACACACACCAGAATGAACC 

TCTG 316-348 24 10 0.917 0.843 0.043 TD65 

Cocl Lav33 F:*GAGCAGGAGAGCAACACAACC 
R:  TCAATGCTCAGCTCTCAAAGG 

AGTG 176-232 24 15 0.958 0.914 0.014 TD65 

Cocl Lav34 F:*TGTGGGACATGAAGAGGAGG 
R:  TCACTTGTACATACACTGAAACAAATCC 

AGTG 212-232 24 6 0.750 0.708 0.130 TD65 

Cocl Lav43 F:*GGTTTCTCCAGTGAGATCAAAGC 
R:  TTAACCTGGCTTTGTGGTGC 

TCTG 205-277 23 14 0.783 0.904 0.017 TD65 

Cocl Lav44 F:*TTCTGCTCATGAAACACGGG 
R:  TTCACAGTATTATTCCAACCTCATCC 

TCTG 128-180 23 11 0.783 0.860 0.034 TD65 

Cocl Lav45 F:*TGCGAAACGACTCCCACC 
R:  TTCTGACACATGACTTACAGTATTCCC 
 

TCTG 168-244 23 16 0.913 0.909 0.015 TD65 

Cocl Lav47 F:*TGCCTACCTCTCGTGTGCC 
R:  TTGTTTCTATCAATGCACCATCC 
 

ATGG 318-356 23 10 0.783 0.821 0.053 TD65 

Cocl Lav48 F:*TGCCTGTCTGCATCTGCC 
R:  TTTCCACTGCGGATTTACCC 
 

TCTG 322-398 19 14 0.737 0.900 0.018 TD65 
 

Round Whitefish          
Prwi55 F:*TCATTATTACTGACACAGATAGACGG 

R:  CAGATTAATCAGATACTGCTAGCCC 
TCTG 138-162 24 6 0.833 0.747 0.105 TD65 

Prwi56 F:*GGCTCTGGCTGCTTTCTAGC 
R: CATGAACCCTCTGCGAACC 

AAAG 394-413 22 6 0.455 0.546 0.25 TD65 

Prwi60 F:*ACTTCTATACAGTCATCATCTGCCC 
R: GCAATTTCATAAATGCCTGCC 

TGCC 163-199 18 7 0.778 0.773 0.11 TD65 

Prwi65 F:*TCATTAACCTACAGCTATTACAGAGGC 
R: GGTCTGTAGCTGTCGGGC 

TCTG 312-340 24 8 0.792 0.707 0.11 TD65 

Prwi72 F:*GGCTGACACAGTAAGAGGGC 
R: TTGGTGTGATGCAATACAGTAGC 

TCTG 244-284 24 13 0.833 0.842 0.04 TD65 

 
* indicates CAG tag (5’- CAGTCGGGCGTCATCA -3’) label  
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Table A2. Summary data for the 31 microsatellite loci used to genotype lake and round 

whitefish for this study. The repeat size indicates the length of the repeat within each 

locus; N is the number of individuals genotyped; k refers to the number of alleles 

observed; HO and HE are observed and expected heterozygosities, and PIC is the 

polymorphic information content. 

 
 

Locus 
 

Repeat Size 
 

N 
 

k 
 

HO 

 

HE 

 

PIC 

 

 

Lake Whitefish 

 

      
 

BWF1 
 

Di 
 

179 
 

11 
 

0.693 
 

0.726 
 

0.683 
BWF2 Di 177 10 0.571 0.649 0.609 

Cocl Lav1 Di 166 2 0.006 0.006 0.006 
Cocl Lav4 Di 178 4 0.629 0.654 0.579 
Cocl Lav6 Di 179 9 0.346 0.479 0.462 
Cocl Lav6 Tetra 205 18 0.839 0.915 0.907 
Cocl Lav12 Tetra 204 20 0.824 0.835 0.817 
Cocl Lav18 Tetra 205 10 0.878 0.840 0.818 
Cocl Lav19 Di 179 11 0.642 0.643 0.603 
Cocl Lav20 Tetra 205 17 0.829 0.906 0.896 
Cocl Lav27 Di 176 4 0.080 0.088 0.085 
Cocl Lav33 Tetra 204 18 0.912 0.911 0.902 
Cocl Lav34 Tetra 195 10 0.718 0.770 0.739 
Cocl Lav43 Tetra 204 35 0.750 0.941 0.936 
Cocl Lav44 Tetra 206 32 0.840 0.921 0.914 
Cocl Lav45 Di 163 8 0.613 0.699 0.646 
Cocl Lav45 Tetra 180 17 0.456 0.903 0.891 
Cocl Lav47 Tetra 205 19 0.761 0.923 0.915 
Cocl Lav48 Tetra 205 30 0.922 0.939 0.933 
Cocl Lav68 Di 162 5 0.358 0.361 0.322 

 

 

Round Whitefish 

 

      
 

Prwi6 
 

Tetra 
 

324 
 

11 
 

0.639 
 

0.636 
 

0.590 
Prwi15 Tetra 316 22 0.829 0.861 0.844 
Prwi24 Tetra 318 33 0.868 0.911 0.903 
Prwi25 Tetra 324 9 0.614 0.638 0.587 
Prwi27 Tetra 324 12 0.775 0.8080 0.779 
Prwi28 Tetra 322 16 0.904 0.901 0.891 
Prwi55 Tetra 324 14 0.759 0.769 0.735 
Prwi72 Tetra 323 15 0.854 0.878 0.865 
Prwi60 Tetra 308 11 0.698 0.781 0.748 
Prwi56 Tetra 317 11 0.530 0.618 0.573 
Prwi65 Tetra 318 10 0.701 0.713 0.688 
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APPENDIX B 

 

CHAPTER THREE SUPPLEMENTARY MATERIAL 
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Supplementary Figures 

 

 

Figure B1. Box and whisker plot showing the percentage of genotype calls at the same 

locus that varied within individual fish as DNA degradation increased. This is a direct 

measure of SNP calling accuracy as a function of DNA quality. Each time interval was 

compared to the genotypes called in the 0-hour muscle sample. As a result of insufficient 

overlap of variable sites between the 0 and 96-hour samples, one individual was removed 

from this analysis (n = 7 individuals). The box represents the interquartile range of the 

data, the line is the median, and the lines above and below represent the maximum and 

minimum respectively. The letters denote treatment groups that are statistically different.  
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Figure B2. Box and whisker plot showing the depth of sequencing coverage of variable 

sites per individual. Only the genotypes that were examined to determine the consistency 

of SNP calls in Figure S1 were used to produce this figure. The box represents the 

interquartile range of the data, the line is the median, and the lines above and below 

represent the maximum and minimum respectively. The letters denote treatment groups 

that are statistically different. 
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Supplementary Tables 

 

Table B1 Adapter sequences incorporated into each read during library preparation. We 

used a dual indexing approach with internal adapters on each side of the restriction digest 

and external adapters added during the PCR reaction. Each individual had a unique i7 

external adapter allowing for easy demultiplexing.  

 
 

Name Adapter Sequence (5’ to 3’) 
Internal Adapters  

Upper Oligos  
NheI-A ACGACGCTCTTCCGATCTCCGAATG 
NheI-B ACGACGCTCTTCCGATCTTTAGGCAG 
NheI-C ACGACGCTCTTCCGATCTAACTCGTCG 
NheI-D ACGACGCTCTTCCGATCTGGTCTACGTG 
NheI-E ACGACGCTCTTCCGATCTGATACCG 
NheI-F ACGACGCTCTTCCGATCTAGCGTTGG 
NheI-G ACGACGCTCTTCCGATCTCTGCAACTG 
NheI-H ACGACGCTCTTCCGATCTTCATGGTCAG 
EcoRI-1 AATTACGTTAGAGATCGGAAGAGCACACGTaatcc 
EcoRI-2 AATTAGTACCGAAGATCGGAAGAGCACACGTaatcc 
EcoRI-3 AATTACAACGATCAGATCGGAAGAGCACACGTaatcc 
EcoRI-4 AATTAAGTGTAGCTAGATCGGAAGAGCACACGTaatcc 
EcoRI-5 AATTAATGCGTAGATCGGAAGAGCACACGTaatcc 
EcoRI-6 AATTATGCATACAGATCGGAAGAGCACACGTaatcc 
EcoRI-7 AATTAGACATGTGAGATCGGAAGAGCACACGTaatcc 
EcoRI-8 AATTATCGTGCACAAGATCGGAAGAGCACACGTaatcc 
ClaI-A ACGACGCTCTTCCGATCTCCGAATAT 
ClaI-B ACGACGCTCTTCCGATCTTTAGGCAAT 
ClaI-C ACGACGCTCTTCCGATCTAACTCGTCAT 
ClaI-D ACGACGCTCTTCCGATCTGGTCTACGTAT 
ClaI-E ACGACGCTCTTCCGATCTGATACCAT 
ClaI-F ACGACGCTCTTCCGATCTAGCGTTGAT 
ClaI-G ACGACGCTCTTCCGATCTCTGCAACTAT 
ClaI-H ACGACGCTCTTCCGATCTTCATGGTCAAT 

Lower Oligos  
NheI-A /5phos/CTAGCATTCGGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-B /5phos/CTAGCTGCCTAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-C /5phos/CTAGCGACGAGTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-D /5phos/CTAGCACGTAGACCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-E /5phos/CTAGCGGTATCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-F /5phos/CTAGCCAACGCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-G /5phos/CTAGCAGTTGCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
NheI-H /5phos/CTAGCTGACCATGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
EcoRI-1 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTAACGT 
EcoRI-2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCGGTACT 
EcoRI-3 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGATCGTTGT 
EcoRI-4 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGCTACACTT 
EcoRI-5 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACGCATT 
EcoRI-6 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTATGCAT 
EcoRI-7 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACATGTCT 
EcoRI-8 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGTGCACGAT 
ClaI-A /5phos/CGATATTCGGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
ClaI-B /5phos/CGATTGCCTAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
ClaI-C /5phos/CGATGACGAGTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
ClaI-D /5phos/CGATACGTAGACCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
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ClaI-E /5phos/CGATGGTATCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
ClaI-F /5phos/CGATCAACGCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
ClaI-G /5phos/CGATAGTTGCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 
ClaI-H /5phos/CGATTGACCATGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

External Adapters  
iTru5_01 AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTAC 
iTru5_02 AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCTTTCCCTAC 
iTru5_03 AATGATACGGCGACCACCGAGATCTACACCCTATCCTACACTCTTTCCCTAC 
iTru5_04 AATGATACGGCGACCACCGAGATCTACACGGCTCTGAACACTCTTTCCCTAC 
iTru5_05 AATGATACGGCGACCACCGAGATCTACACAGGCGAAGACACTCTTTCCCTAC 
iTru5_06 AATGATACGGCGACCACCGAGATCTACACTAATCTTAACACTCTTTCCCTAC 
iTru5_07 AATGATACGGCGACCACCGAGATCTACACCAGGACGTACACTCTTTCCCTAC 
iTru5_08 AATGATACGGCGACCACCGAGATCTACACGTACTGACACACTCTTTCCCTAC 

iTru7_01_01 CAAGCAGAAGACGGCATACGAGATAGTGACCTGTGACTGGAGTTCAG 
iTru7_01_02 CAAGCAGAAGACGGCATACGAGATAACAGTCCGTGACTGGAGTTCAG 
iTru7_01_03 CAAGCAGAAGACGGCATACGAGATGAGTGTGTGTGACTGGAGTTCAG 
iTru7_01_04 CAAGCAGAAGACGGCATACGAGATCCAAGGTTGTGACTGGAGTTCAG 
iTru7_01_05 CAAGCAGAAGACGGCATACGAGATACAGGCATGTGACTGGAGTTCAG 
iTru7_01_06 CAAGCAGAAGACGGCATACGAGATGCTGTAAGGTGACTGGAGTTCAG 
iTru7_01_07 CAAGCAGAAGACGGCATACGAGATCACCAGTTGTGACTGGAGTTCAG 
iTru7_01_08 CAAGCAGAAGACGGCATACGAGATTTCGGCTAGTGACTGGAGTTCAG 
iTru7_01_09 CAAGCAGAAGACGGCATACGAGATTCGAGAGTGTGACTGGAGTTCAG 
iTru7_01_10 CAAGCAGAAGACGGCATACGAGATCTACATCCGTGACTGGAGTTCAG 
iTru7_01_11 CAAGCAGAAGACGGCATACGAGATCCTGTCAAGTGACTGGAGTTCAG 
iTru7_01_12 CAAGCAGAAGACGGCATACGAGATACGAATCCGTGACTGGAGTTCAG 
iTru7_02_01 CAAGCAGAAGACGGCATACGAGATTCCTGGTAGTGACTGGAGTTCAG 
iTru7_02_02 CAAGCAGAAGACGGCATACGAGATCGAATTGCGTGACTGGAGTTCAG 
iTru7_02_03 CAAGCAGAAGACGGCATACGAGATACAAGCTCGTGACTGGAGTTCAG 
iTru7_02_04 CAAGCAGAAGACGGCATACGAGATGGATGTAGGTGACTGGAGTTCAG 
iTru7_02_05 CAAGCAGAAGACGGCATACGAGATCATCCAAGGTGACTGGAGTTCAG 
iTru7_02_06 CAAGCAGAAGACGGCATACGAGATGTCGTTACGTGACTGGAGTTCAG 
iTru7_02_07 CAAGCAGAAGACGGCATACGAGATCCGCTTAAGTGACTGGAGTTCAG 
iTru7_02_08 CAAGCAGAAGACGGCATACGAGATTACCTGCAGTGACTGGAGTTCAG 
iTru7_02_09 CAAGCAGAAGACGGCATACGAGATACGTCGTTGTGACTGGAGTTCAG 
iTru7_02_10 CAAGCAGAAGACGGCATACGAGATAACTTGCCGTGACTGGAGTTCAG 
iTru7_02_11 CAAGCAGAAGACGGCATACGAGATCTGATGAGGTGACTGGAGTTCAG 
iTru7_02_12 CAAGCAGAAGACGGCATACGAGATCACGATTCGTGACTGGAGTTCAG 
iTru7_03_01 CAAGCAGAAGACGGCATACGAGATAGGAACACGTGACTGGAGTTCAG 
iTru7_03_02 CAAGCAGAAGACGGCATACGAGATGCCACTTAGTGACTGGAGTTCAG 
iTru7_03_03 CAAGCAGAAGACGGCATACGAGATACACGAGAGTGACTGGAGTTCAG 
iTru7_03_04 CAAGCAGAAGACGGCATACGAGATCAAGAAGCGTGACTGGAGTTCAG 
iTru7_03_05 CAAGCAGAAGACGGCATACGAGATAACAGCGAGTGACTGGAGTTCAG 
iTru7_03_06 CAAGCAGAAGACGGCATACGAGATGACTACGAGTGACTGGAGTTCAG 
iTru7_03_07 CAAGCAGAAGACGGCATACGAGATACGAGAACGTGACTGGAGTTCAG 
iTru7_03_08 CAAGCAGAAGACGGCATACGAGATGATCAAGGGTGACTGGAGTTCAG 
iTru7_03_09 CAAGCAGAAGACGGCATACGAGATGAGACCAAGTGACTGGAGTTCAG 
iTru7_03_10 CAAGCAGAAGACGGCATACGAGATACATGGAGGTGACTGGAGTTCAG 
iTru7_03_11 CAAGCAGAAGACGGCATACGAGATACTCAACGGTGACTGGAGTTCAG 
iTru7_03_12 CAAGCAGAAGACGGCATACGAGATGCTACAACGTGACTGGAGTTCAG 
iTru7_04_01 CAAGCAGAAGACGGCATACGAGATACGTCCAAGTGACTGGAGTTCAG 
iTru7_04_02 CAAGCAGAAGACGGCATACGAGATAGCCGTAAGTGACTGGAGTTCAG 
iTru7_04_03 CAAGCAGAAGACGGCATACGAGATATGACAGGGTGACTGGAGTTCAG 
iTru7_04_04 CAAGCAGAAGACGGCATACGAGATGGTCGTATGTGACTGGAGTTCAG 
iTru7_04_05 CAAGCAGAAGACGGCATACGAGATCACCATGAGTGACTGGAGTTCAG 
iTru7_04_06 CAAGCAGAAGACGGCATACGAGATGACACAGTGTGACTGGAGTTCAG 
iTru7_04_07 CAAGCAGAAGACGGCATACGAGATGAATGGCAGTGACTGGAGTTCAG 
iTru7_04_08 CAAGCAGAAGACGGCATACGAGATTCATCTCCGTGACTGGAGTTCAG 
iTru7_04_09 CAAGCAGAAGACGGCATACGAGATACAGCAAGGTGACTGGAGTTCAG 
iTru7_04_10 CAAGCAGAAGACGGCATACGAGATAGCTAAGCGTGACTGGAGTTCAG 
iTru7_04_11 CAAGCAGAAGACGGCATACGAGATCAGCTAGAGTGACTGGAGTTCAG 
iTru7_04_12 CAAGCAGAAGACGGCATACGAGATGAAGACTGGTGACTGGAGTTCAG 
iTru7_05_01 CAAGCAGAAGACGGCATACGAGATCACTTCACGTGACTGGAGTTCAG 
iTru7_05_02 CAAGCAGAAGACGGCATACGAGATGTCGATTGGTGACTGGAGTTCAG 
iTru7_05_03 CAAGCAGAAGACGGCATACGAGATCGAATACGGTGACTGGAGTTCAG 
iTru7_05_04 CAAGCAGAAGACGGCATACGAGATTTACGTGCGTGACTGGAGTTCAG 
iTru7_05_05 CAAGCAGAAGACGGCATACGAGATCCGATGTAGTGACTGGAGTTCAG 
iTru7_05_06 CAAGCAGAAGACGGCATACGAGATACCTAGACGTGACTGGAGTTCAG 
iTru7_05_07 CAAGCAGAAGACGGCATACGAGATTACCGGATGTGACTGGAGTTCAG 
iTru7_05_08 CAAGCAGAAGACGGCATACGAGATCACATGGTGTGACTGGAGTTCAG 
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iTru7_05_09 CAAGCAGAAGACGGCATACGAGATCACACATCGTGACTGGAGTTCAG 
iTru7_05_10 CAAGCAGAAGACGGCATACGAGATCAATCAGGGTGACTGGAGTTCAG 
iTru7_05_11 CAAGCAGAAGACGGCATACGAGATGTGAATGGGTGACTGGAGTTCAG 
iTru7_05_12 CAAGCAGAAGACGGCATACGAGATAGTATGCCGTGACTGGAGTTCAG 
iTru7_06_01 CAAGCAGAAGACGGCATACGAGATACTTGGCTGTGACTGGAGTTCAG 
iTru7_06_02 CAAGCAGAAGACGGCATACGAGATAAGTCCTCGTGACTGGAGTTCAG 
iTru7_06_03 CAAGCAGAAGACGGCATACGAGATAACGCCTTGTGACTGGAGTTCAG 
iTru7_06_04 CAAGCAGAAGACGGCATACGAGATAGCGTGTAGTGACTGGAGTTCAG 
iTru7_06_05 CAAGCAGAAGACGGCATACGAGATATGTGGACGTGACTGGAGTTCAG 
iTru7_06_06 CAAGCAGAAGACGGCATACGAGATCGAACAACGTGACTGGAGTTCAG 
iTru7_06_07 CAAGCAGAAGACGGCATACGAGATTACTAGCGGTGACTGGAGTTCAG 
iTru7_06_08 CAAGCAGAAGACGGCATACGAGATTAGGAGCTGTGACTGGAGTTCAG 
iTru7_06_09 CAAGCAGAAGACGGCATACGAGATTTCGCCATGTGACTGGAGTTCAG 
iTru7_06_10 CAAGCAGAAGACGGCATACGAGATGGACAGATGTGACTGGAGTTCAG 
iTru7_06_11 CAAGCAGAAGACGGCATACGAGATTACGGTCTGTGACTGGAGTTCAG 
iTru7_06_12 CAAGCAGAAGACGGCATACGAGATTCGGATTCGTGACTGGAGTTCAG 
iTru7_07_01 CAAGCAGAAGACGGCATACGAGATGAGAAGGTGTGACTGGAGTTCAG 
iTru7_07_02 CAAGCAGAAGACGGCATACGAGATACTGGTGTGTGACTGGAGTTCAG 
iTru7_07_03 CAAGCAGAAGACGGCATACGAGATCTTCCTTCGTGACTGGAGTTCAG 
iTru7_07_04 CAAGCAGAAGACGGCATACGAGATTCACTCGAGTGACTGGAGTTCAG 
iTru7_07_05 CAAGCAGAAGACGGCATACGAGATAACAGGTGGTGACTGGAGTTCAG 
iTru7_07_06 CAAGCAGAAGACGGCATACGAGATACAGTGACGTGACTGGAGTTCAG 
iTru7_07_07 CAAGCAGAAGACGGCATACGAGATTCTTACGGGTGACTGGAGTTCAG 
iTru7_07_08 CAAGCAGAAGACGGCATACGAGATTGCAAGACGTGACTGGAGTTCAG 
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Table B2. Mean total RADtags and SNPs at each time interval with increasing values for coverage (-m in STACKS). A Kruskal-

Wallis ANOVA was used to compare outputs and generate the statistical groupings displayed. The letters denote groups that are not 

statistically different.  

 

Coverage Degradation 
(hr) 

Total 
RADtags 

KW-ANOVA 

Mean 
(Total 

RADtags) 

SD 
(Total 

RADtags) 

Statistical 
Grouping 

Total SNPs 
KW-

ANOVA 

Mean (Total 
SNPs) 

SD 
(Total 
SNPs) 

Statistical 
Grouping 

2 0 F3,28=13.54 67969.25 17841.76 A F3,28=13.47 27453 23768.83 A 
 12 P < 0.001 67922.38 20840.57 A P < 0.001 26269.38 19754.34 A 
 48  54768 14829.59 AB  20447.88 19416.03 A 
 96  11771.5 10433.88 B  718.75 567.88 B 

4 0 F3,28=11.91 39688.13 15242.71 A F3,28=15.03 15132.25 14346.40 A 
 12 P < 0.001 40284 19833.03 A P < 0.001 13395.38 9537.05 A 
 48  27699.38 12062.20 AB  10378.5 10408.07 A 
 96  4823.38 5819.9 B  428.5 453.82 B 

8 0 F3,28=6.10 12505.88 8000.56 A F3,28=9.54 3917.25 2959.32 A 
 12 P = 0.0025 14697 13736.68 A P < 0.001 3706.63 2470.82 A 
 48  7604.38 5203.92 AB  2482.25 1973.49 A 
 96  1512.5 1846.60 B  203.75 218.01 B 

16 0 F3,28=0.91 1243.75 1066.06 A F3,28=9.92 584.38 327.11 A 
 12 P = 0.4489 2315.5 3240.25 A P < 0.001 783.88 737.30 A 
 48  663 433.16 A  389.13 227.94 AB 
 96  429.5 353.66 A  70 62.31 B 
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APPENDIX C 

 

CHAPTER FOUR SUPPLEMENTARY MATERIAL  
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Supplementary Materials  

The minimum number of populations required to contain the locus was tested 

from p1 – p10 using the sample site designations in the Pops population map. Library B 

had 1.3X – 3.5X more polymorphic loci than library A at all p values (Fig. C11a). With 

increasing p values the number of polymorphic loci decreased resulting in 14.5X and 

5.5X more loci in the p1 dataset compared to p10 for library A and B, respectively (Fig. 

C11a). Library B also had a higher proportion of genotyped loci with an average of 

55.84% (SD = 15.59%) genotyped across all p values compared to 41.60% (SD = 

16.16%) in library A (Fig. C11b). With increasing p values the genotyping rate per 

individual increased 4.0- and 3.0-fold from p1 to p10 in library A and B, respectively 

(Fig. C11b).  

Increasing the number of populations required to contain the locus (p) with the 

Pops population map also resulted in varying outcomes for population differentiation 

analyses in both DAPC (Fig. C12) and ADMIXTURE (Fig. C13) for library A and B. 

DAPC was able to resolve Dore Lake and Lake Huron samples regardless of the 

sequencing primer or p value with assignment proportions of 0.5282 for p1, 0.7535 for 

p5 and 0.8028 for p10 in library A and 0.6408 for p1, 0.7887 for p5 and 0.8451 for p10 

in library B (Fig. C12). Weak population differentiation was also detected with Search 

Bay (SB), North Island (NI) and North Point (NP) showing slight differentiation in p1 

and p5 of library A, while Search Bay (SB) shows differentiation in library B at all p 

values (Fig. C12). ADMIXTURE was unable to resolve this strong population structure 

with p1 or p10 in library A but resulted in strong differentiation at all p values in library 

B (Fig. C13).  
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Supplementary Figures  

  

a) b)

c) d)

e) f)

h)g)

i) j)
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Figure C1. Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across sample sites found in Lake Huron with 5 sequencing depth thresholds (m) in the 

ustacks module of STACKS with m3 (a, b), m6 (c, d), m10 (e, f), m15 (g, h) and m20 (i, 

j) in library A (a, c, e, g, i) and library B (b, d, f, h, j). No population designations were 

used (NoPops)in the populations module and a and minimum of 30% of individuals were 

required to contain the locus (-r). Larger FST values represent larger population 

differentiation.
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a) b)

c) d)

e) f)

g) h)

i) j)
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Figure C2. Discriminant analysis of principal components (DAPC) of Lake Huron 

sample sites with increasing sequencing depth (m) in the ustacks module with m3 (a, b), 

m6 (c, d), m10 (e, f), m15 (g, h) and m20 (i, j) in library A (a, c, e, g, i) and library B (b, 

d, f, h, j). The DAPC analysis was run with 40 principal components (N/3). No 

population designations were used (NoPops)in the populations module and a and 

minimum of 30% of individuals were required to contain the locus (-r). Distinct ellipses 

indicate population differentiation.  
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Figure C3. ADMIXTURE analysis of the Lake Huron sample sites with increasing 

sequencing depth (m) in the ustacks module with m3 (a, b), m6 (c, d), m10 (e, f), m15 (g, 

h) and m20 (i, j) in library A (a, c, e, g, i) and library B (b, d, f, h, j). K2 was used as it 

had the lowest cross-validation value post-hoc. Each line represents an individual from 

the corresponding sample site. 

 

a) b)

c) d)

e) f)

g) h)

i) j)
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Figure C4. The proportion of loci genotyped in each individual in library (a) A and (b) B 

with increasing sequencing depth values (-m) in ustacks. Data were generated using 

three different population maps in the populations module of STACKS, no specified 

populations (NoPops), Lake Huron and Dore Lake samples (LHDL) or sample sites 

(Pops). The box represents the interquartile range of the data, the line in the middle is the 

median, and the lines above and below represent the maximum and minimum, 

respectively.  
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Figure C5. Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across all sample sites with 3 different population maps in the populations module: (1) 

no population differentiation (NoPops; a, b), (2) Dore Lake and Lake Huron designations 

(LHDL; c, d) and (3) sample site designations (Pops; e, f) in both library A (a, c, e) and 

B (b, d, f). The minimum sequencing depth (-m) was set at 3 and minimum percentage of 

individuals required to contain the locus (-r) was 30%. Larger FST values represent larger 

population differentiation. 
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Figure C6. Discriminant analysis of principal components (DAPC) of all sample sites 

with 3 different population maps in the populations module: (1) no population 

differentiation (NoPops; a, b), (2) Dore Lake and Lake Huron designations (LHDL; c, d) 

and (3) sample site designations (Pops; e, f) in both library A (a, c, e) and B (b, d, f). The 

minimum sequencing depth (-m) was set at 3 and minimum percentage of individuals 

required to contain the locus (-r) was 30%. The DAPC analysis was run with 46 principal 

components (N/3) for the analysis. Distinct ellipses indicate population differentiation.   
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a) b)

c) d)

e) f)
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Figure C7. Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across Lake Huron sample sites with 3 different population maps in the populations 

module: (1) no population differentiation (NoPops; a, b), (2) Dore Lake and Lake Huron 

designations (LHDL; c, d) and (3) sample site designations (Pops; e, f) in both library A 

(a, c, e) and B (b, d, f). The minimum sequencing depth (-m) was set at 3 and minimum 

percentage of individuals required to contain the locus (-r) was 30%. Larger FST values 

represent larger population differentiation. 
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Figure C8. Discriminant analysis of principal components (DAPC) of Lake Huron sites 

with 3 different population maps in the populations module: (1) no population 

differentiation (NoPops; a, b), (2) Dore Lake and Lake Huron designations (LHDL; c, d) 

and (3) sample site designations (Pops; e, f) in both library A (a, c, e) and B (b, d, f). The 

minimum sequencing depth (-m) was set at 3 and minimum percentage of individuals 

required to contain the locus (-r) was 30%. The DAPC analysis was run with 46 principal 

components (N/3) for the analysis. Distinct ellipses indicate population differentiation. 

a) b)

c) d)

e) f)
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Figure C9. ADMIXTURE analysis of all sample sites with 3 different population maps 

in the populations module: (1) no population differentiation (NoPops; a, b), (2) Dore 

Lake and Lake Huron designations (LHDL; c, d) and (3) sample site designations (Pops; 

e, f) in both library A (a, c, e) and B (b, d, f). The minimum sequencing depth (-m) was 

set at 3 and minimum percentage of individuals required to contain the locus (-r) was 

30%. K2 was used as it had the lowest cross-validation value post-hoc. Each line 

represents an individual from the corresponding sample site. 
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Figure C10. ADMIXTURE analysis of the Lake Huron sample sites with 3 different population maps in the populations module: (1) 

no population differentiation (NoPops; a, b), (2) Dore Lake and Lake Huron designations (LHDL; c, d) and (3) sample site 

designations (Pops; e, f) in both library A (a, c, e) and B (b, d, f). The minimum sequencing depth (-m) was set at 3 and minimum 

percentage of individuals required to contain the locus (-r) was 30%. K2 was used as it had the lowest cross-validation value post-hoc. 

Each line represents an individual from the corresponding sample site. 

a) b)

c) d)

e) f)
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Figure C11. The number of polymorphic loci (a) and the proportion of loci genotyped (b) 

with increasing minimum numbers of populations required to contain the locus. The box 

represents the interquartile range of the data, the line in the middle is the median, and the 

lines above and below represent the maximum and minimum, respectively.
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Figure C12. Discriminant analysis of principal components (DAPC) plots of lake 

whitefish from Dore Lake (DL) and Lake Huron with a minimum number of populations 

containing the locus of (a) 1, (b) 5 and (c) 10 in library A and (d) 1, (e) 5 and (f) 10 in 

library B. The minimum sequencing depth (-m) was set at 3, the minimum percentage of 

individuals required to contain the locus (-r) was 30% and sample site designations 

(Pops) were used in the population map. Non-overlapping ellipses indicate population 

differentiation.
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Figure C13. ADMIXTURE plots of lake whitefish from Dore Lake (DL) and Lake Huron (LH) using (a) library A (b) B with K = 2. 

Each plot shows increasing numbers of populations required to contain the locus with p1, p5 and p10. The minimum sequencing depth 

(-m) was set at 3, the minimum percentage of individuals required to contain the locus (-r) was 30% and sample site designations 

(Pops) were used in the population map. Each bar represents a single individual with the colour corresponding to the ancestry fraction 

to each group.
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Figure 

C14. The number of polymorphic loci (a) and the proportion of genotyped loci (b) with 

increasing minimum percentage of individuals within a population required to have a 

locus in library A (black) and library B (gray). The box represents the interquartile range 

of the data, the line in the middle is the median, and the lines above and below represent 

the maximum and minimum, respectively.  
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Figure C15. Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across all sample sites increasing the minimum percentage of individuals required to 

contain a locus (r) in the populations module with r10 (a, b), r30 (c, d), r50 (e, f) and r70 

(g, h) in both library A (a, c, e, g) and B (b, d, f, h). The minimum sequencing depth (-m) 

was set at 3 and no sample site designations (NoPops) were used in the population map. 

Larger FST values represent larger population differentiation.
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a) b)

c) d)

e) f)

g) h)
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Figure C16. Heatmap representing the pairwise fixation indices (FST) from GENODIVE 

across Lake Huron sample sites increasing the minimum percentage of individuals 

required to contain a locus (r) in the populations module with r10 (a, b), r30 (c, d), r50 

(e, f) and r70 (g, h) in both library A (a, c, e, g) and B (b, d, f, h). The minimum 

sequencing depth (-m) was set at 3 and no sample site designations (NoPops) were used 

in the population map. Larger FST values represent larger population differentiation. 
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Figure C17. Discriminant analysis of principal components (DAPC) plots of lake 

whitefish from Dore Lake (DL) and Lake Huron increasing the minimum percentage of 

individuals required to contain a locus (r) in the populations module with r10 (a, b), r30 

(c, d), r50 (e, f) and r70 (g, h) in both library A (a, c, e, g) and B (b, d, f, h). The 

minimum sequencing depth (-m) was set at 3 and no sample site designations (NoPops) 

were used in the population map. Non-overlapping ellipses indicate population 

differentiation.  
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a) b)

c) d)

e) f)

g) h)

i) j)
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Figure C18. Discriminant analysis of principal components (DAPC) plots of lake 

whitefish from Lake Huron sample sites increasing the minimum percentage of 

individuals required to contain a locus (r) in the populations module with r10 (a, b), r30 

(c, d), r50 (e, f) and r70 (g, h) in both library A (a, c, e, g) and B (b, d, f, h). The 

minimum sequencing depth (-m) was set at 3 and no sample site designations (NoPops) 

were used in the population map. Non-overlapping ellipses indicate population 

differentiation. 
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Figure C19. ADMIXTURE plots of lake whitefish from Dore Lake (DL) and Lake 

Huron (LH) increasing the minimum percentage of individuals required to contain a 

locus (r) in the populations module with r10 (a, b), r30 (c, d), r50 (e, f) and r70 (g, h) in 

both library A (a, c, e, g) and B (b, d, f, h). K2 was used as it had the lowest cross-

validation value post-hoc. The minimum sequencing depth (-m) was set at 3 and no 

sample site designations (NoPops) were used in the population map. Each bar represents 

a single individual with the colour corresponding to the ancestry fraction to each group.  
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Figure C20. ADMIXTURE plots of lake whitefish from Lake Huron (LH) increasing the 

minimum percentage of individuals required to contain a locus (r) in the populations 

module with r10 (a, b), r30 (c, d), r50 (e, f) and r70 (g, h) in both library A (a, c, e, g) and 

B (b, d, f, h). K2 was used as it had the lowest cross-validation value post-hoc. The 

minimum sequencing depth (-m) was set at 3 and no sample site designations (NoPops) 

were used in the population map. Each bar represents a single individual with the colour 

corresponding to the ancestry fraction to each group. 

a) b)

c) d)

e) f)

g) h)
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Table D1. Significant BLAST hits using the nucleotide (BLASTn) and translated nucleotide (BLASTx) databases. Significant hits 

were hits with E values below 10-5. The predictor indicates which environmental variable was significantly associated with the locus. 

Depth represents maximum depth and lake represents lake type.  

 
Locus ID Predictor Hit E-value 

BLASTn Hits    
26084 Ecozone Salmo salar IgH locus A genomic sequence 9.00E-68 
28940 Ecozone Salmo salar BAC CH214-363E24 (Children's Hospital Oakland Research Institute Atlantic Salmon BAC Library) complete sequence 9.00E-68 

46817 Ecozone Salmo salar IgH locus A genomic sequence 4.00E-66 

82984 Depth Salmo salar IgH locus A genomic sequence 4.00E-66 

83875 Ecozone Salmo salar IgH locus A genomic sequence 4.00E-66 

84910 Ecozone Salmo salar IgH locus A genomic sequence 4.00E-66 

43036 Stocking PREDICTED: Salmo salar cholesterol 25-hydroxylase-like protein (LOC106589227), mRNA 2.00E-64 

62471 Ecozone Salmo salar IgH locus A genomic sequence 2.00E-64 

64543 Ecozone Salmo salar IgH locus A genomic sequence 2.00E-64 

2212 Lake Salmo salar IgH locus A genomic sequence 7.00E-64 

31680 Lake Salmo salar retinoic acid receptor gamma b (Rargb) gene, partial cds; and homeobox protein HoxC13ba (HoxC13ba), homeobox protein 
HoxC12ba (HoxC12ba), homeobox protein HoxC11ba (HoxC11ba), homeobox protein HoxC10ba (HoxC10ba), homeobox protein HoxC9ba 
(HoxC9ba), homeobox protein HoxC8ba (HoxC8ba), homeobox protein HoxC6ba (HoxC6ba), homeobox protein HoxC5ba (HoxC5ba), and 

homeobox protein HoxC4ba (HoxC4ba) genes, complete cds 

7.00E-64 

17502 Ecozone Salmo salar IgH locus A genomic sequence 9.00E-63 

85345 Ecozone Salmo salar IgH locus A genomic sequence 9.00E-63 

205978 Lake Salmo salar IgH locus A genomic sequence 9.00E-63 

10101 Ecozone Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 4.00E-61 

2577 Lake Salmo salar IgH locus A genomic sequence 4.00E-61 

15465 Lake Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 4.00E-61 

74103 Lake Salmo salar IgH locus A genomic sequence 4.00E-61 
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207673 Stocking Salmo salar IgH locus A genomic sequence 2.00E-59 

7532 Ecozone PREDICTED: Oncorhynchus tshawytscha atrial natriuretic peptide receptor 1-like (LOC112264725), mRNA 9.00E-58 

40755 Lake Salmo salar clone BAC 217E24 Foxl2 pseudogene, complete sequence 3.00E-57 

135195 Lake Salmo salar clone BAC CHORI214-424M17, complete sequence 1.00E-56 

73852 Lake Salmo salar clone BAC CHORI214-184H23 aryl hydrocarbon receptor 2 alpha (AhR2a) gene, partial cds; aryl hydrocarbon receptor 1 beta-like 
protein (AhR1b) gene, MHC class I antigen (Sasa-UHA1) gene, Sasa-UHA1*0101 allele, MHC class I antigen (Sasa-UHA2) gene, Sasa-

UHA2*0101 allele, and 1-acylglycerol-3-phosphate O-acyltransferase 3 (AGPAT3) gene, complete cds; and pyroxidal kinase (PDXK) gene, 
partial cds 

2.00E-55 

81899 Ecozone Salmo salar BAC CH214-363E24 (Children's Hospital Oakland Research Institute Atlantic Salmon BAC Library) complete sequence 2.00E-54 

45986 Ecozone PREDICTED: Salmo salar uncharacterized LOC106580916 (LOC106580916), mRNA 7.00E-54 

67607 Ecozone PREDICTED: Salmo salar cyclic nucleotide gated channel alpha 2 (cnga2), transcript variant X5, mRNA 3.00E-53 

83534 Lake Salmo salar IgH locus B genomic sequence 1.00E-52 

85434 Lake PREDICTED: Salmo salar uncharacterized LOC106593246 (LOC106593246), transcript variant X2, mRNA 3.00E-52 

145211 Ecozone Salmo salar clone ssal-rgf-508-101 Transposable element Tc1 transposase putative mRNA, pseudogene cds 3.00E-52 

82451 Lake Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 6.00E-50 

4208 Ecozone PREDICTED: Salmo salar protein Smaug homolog 1-like (LOC106602955), transcript variant X5, mRNA 2.00E-49 

74020 Lake PREDICTED: Oncorhynchus tshawytscha neural cell adhesion molecule 1-like (LOC112265549), transcript variant X9, mRNA 2.00E-49 

58486 Lake PREDICTED: Oncorhynchus mykiss kelch domain-containing protein 8A-like (LOC110528046), mRNA 7.00E-49 

67290 Lake PREDICTED: Oncorhynchus mykiss uncharacterized LOC110531017 (LOC110531017), mRNA 3.00E-48 

179125 Ecozone Salmo salar IgH locus A genomic sequence 1.00E-46 

194965 Ecozone Salmo salar clone BAC S0142M23, complete sequence 1.00E-46 

180063 Stocking Salmo salar clone 272P16 chaperonin gene, complete cds; myosin 1 gene, partial cds; and TCR-gamma locus, partial sequence 2.00E-45 

56664 Lake Salmo salar clone 272P16 chaperonin gene, complete cds; myosin 1 gene, partial cds; and TCR-gamma locus, partial sequence 6.00E-45 

101288 Ecozone PREDICTED: Salvelinus alpinus protein PRRC2B (LOC111961581), transcript variant X6, mRNA 2.00E-44 

49134 Stocking Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 1.00E-42 

81064 Depth Salmo salar physical map contig 483, genomic sequence 3.00E-42 

439 Ecozone Salmo salar clone BAC CHORI214-129P21 genomic sequence 3.00E-42 

63866 Lake Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 3.00E-42 
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67380 Lake Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 3.00E-42 

40133 Ecozone Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 1.00E-41 

83859 Lake Salmo salar BAC CH214-363E24 (Children's Hospital Oakland Research Institute Atlantic Salmon BAC Library) complete sequence 2.00E-40 

995 Lake PREDICTED: Salvelinus alpinus uncharacterized LOC111971204 (LOC111971204), ncRNA 8.00E-39 

29786 Depth Coregonus clupeaformis heat shock cognate 70 kDa protein (HSP70) gene, partial cds 5.00E-36 

21871 Ecozone Salmo salar clone 63I10 growth hormone 2 gene, complete cds; and skeletal muscle sodium channel alpha subunit-like, myosin alkali light 
chain-like, and microtubule-associated protein Tau-like genes, complete sequence 

2.00E-35 

63196 Depth PREDICTED: Salmo salar insulin-like growth factor 1 receptor (LOC106588078), partial mRNA 2.00E-34 

130005 Lake Salmo salar IgH locus A genomic sequence 2.00E-34 

70418 Ecozone PREDICTED: Oncorhynchus mykiss adaptor related protein complex 5 sigma 1 subunit (ap5s1), transcript variant X1, mRNA 8.00E-34 

151718 Ecozone PREDICTED: Oncorhynchus mykiss uncharacterized LOC110491877 (LOC110491877), transcript variant X10, ncRNA 3.00E-33 

61786 Lake Oncorhynchus mykiss BAC 127C24, partial sequence 4.00E-32 

64217 Ecozone PREDICTED: Oncorhynchus mykiss MLLT3, super elongation complex subunit (mllt3), mRNA 1.00E-31 

59113 Ecozone PREDICTED: Oncorhynchus mykiss uncharacterized LOC110503652 (LOC110503652), mRNA 1.00E-31 

15852 Lake Salmo salar clone 63I10 growth hormone 2 gene, complete cds; and skeletal muscle sodium channel alpha subunit-like, myosin alkali light 
chain-like, and microtubule-associated protein Tau-like genes, complete sequence 

5.00E-31 

76770 Lake PREDICTED: Salmo salar transcriptional adapter 2-beta-like (LOC106577491), mRNA 5.00E-31 

52141 Lake Salmo salar BAC S0188I22, partial sequence 2.00E-29 

22210 Stocking PREDICTED: Salvelinus alpinus EMILIN-1 (LOC111963097), partial mRNA 4.00E-27 

21263 Lake Salmo salar IgH locus A genomic sequence 5.00E-26 

6578 Lake PREDICTED: Salvelinus alpinus uncharacterized LOC111961787 (LOC111961787), ncRNA 2.00E-25 

6056 Stocking PREDICTED: Salmo salar nebulette (nebl), mRNA 6.00E-25 

8030 Ecozone PREDICTED: Oncorhynchus tshawytscha cyclic nucleotide binding domain containing 1 (cnbd1), mRNA 6.00E-25 

23854 Ecozone PREDICTED: Salmo salar zinc finger protein 34-like (LOC106609873), transcript variant X2, mRNA 6.00E-25 

140544 Ecozone PREDICTED: Salmo salar splicing factor 3A subunit 2-like (LOC106572745), mRNA 1.00E-22 

3422 Depth PREDICTED: Salmo salar uncharacterized LOC106580401 (LOC106580401), ncRNA 5.00E-21 

50708 Lake Coregonus clupeaformis conserved noncoding element 596-ii and conserved noncoding element 594-ii genomic sequences 5.00E-21 

19217 Ecozone PREDICTED: Oncorhynchus kisutch zinc finger protein 235-like (LOC109894071), mRNA 6.00E-20 
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255567 Lake PREDICTED: Salmo salar chromosome ssa06 open reading frame, human C16orf58 (cssa06h16orf58), transcript variant X2, mRNA 3.00E-18 

79654 Lake PREDICTED: Salvelinus alpinus pituitary homeobox 3-like (LOC111978714), transcript variant X2, mRNA 1.00E-17 

29378 Ecozone PREDICTED: Salmo salar protogenin A-like (LOC106561776), partial mRNA 6.00E-15 

37559 Ecozone Oryzias latipes strain HSOK chromosome 24 8.00E-14 

59230 Lake PREDICTED: Oncorhynchus kisutch sorbin and SH3 domain-containing protein 1-like (LOC109898827), mRNA 8.00E-14 

77420 Ecozone Coregonus laurettae microsatellite Cla009 sequence 1.00E-12 

56547 Stocking Scophthalmus maximus chromosome 12 2.00E-09 

56537 Lake PREDICTED: Salvelinus alpinus sterile alpha motif domain-containing protein 12 (LOC111956057), transcript variant X2, mRNA 4.00E-07 

96862 Lake PREDICTED: Oncorhynchus tshawytscha serine/threonine-protein kinase tousled-like 1-B (LOC112226657), transcript variant X6, mRNA 2.00E-05 

37981 Ecozone PREDICTED: Oncorhynchus mykiss apoptosis regulator Bcl-2-like (LOC110530404), mRNA 6.00E-05 

57869 Lake Salvelinus alpinus conserved noncoding element 549-i and conserved noncoding element 548-i genomic sequences 2.00E-04 

134552 Lake Zebrafish DNA sequence from clone CH73-59C19 in linkage group 16, complete sequence 2.00E-04 

3465 Depth PREDICTED: Aplysia californica transcription factor mef2A-like (LOC101845271), mRNA 8.00E-04 

BLASTx Hits    

7532 Ecozone PREDICTED: atrial natriuretic peptide receptor 1-like [Salmo salar] 7.00E-27 

17502 Ecozone unnamed protein product [Oncorhynchus mykiss] 1.00E-25 

28940 Ecozone unnamed protein product [Oncorhynchus mykiss] 2.00E-25 

43036 Stocking cholesterol 25-hydroxylase-like protein [Salvelinus alpinus] 2.00E-25 

82984 Depth unnamed protein product [Oncorhynchus mykiss] 4.00E-25 

83875 Ecozone unnamed protein product [Oncorhynchus mykiss] 4.00E-25 

207673 Stocking unnamed protein product [Oncorhynchus mykiss] 7.00E-25 

64543 Ecozone unnamed protein product [Oncorhynchus mykiss] 8.00E-25 

31680 Lake unnamed protein product [Oncorhynchus mykiss] 1.00E-24 

62471 Ecozone unnamed protein product [Oncorhynchus mykiss] 2.00E-24 

74103 Lake unnamed protein product [Oncorhynchus mykiss] 5.00E-24 

40755 Lake unnamed protein product [Oncorhynchus mykiss] 6.00E-24 
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46817 Ecozone unnamed protein product [Oncorhynchus mykiss] 1.00E-23 

2212 Lake unnamed protein product [Oncorhynchus mykiss] 2.00E-23 

85434 Lake PREDICTED: uncharacterized protein LOC106593246 isoform X2 [Salmo salar] 3.00E-23 

2577 Lake unnamed protein product [Oncorhynchus mykiss] 8.00E-23 

26084 Ecozone unnamed protein product [Oncorhynchus mykiss] 2.00E-22 

205978 Lake unnamed protein product [Oncorhynchus mykiss] 2.00E-22 

179125 Ecozone unnamed protein product [Oncorhynchus mykiss] 3.00E-22 

63196 Depth PREDICTED: insulin-like growth factor 1 receptor [Esox lucius] 6.00E-22 

10101 Ecozone unnamed protein product [Oncorhynchus mykiss] 8.00E-22 

84910 Ecozone unnamed protein product [Oncorhynchus mykiss] 2.00E-21 

85345 Ecozone unnamed protein product [Oncorhynchus mykiss] 6.00E-21 

15465 Lake unnamed protein product [Oncorhynchus mykiss] 8.00E-21 

15852 Lake unnamed protein product [Oncorhynchus mykiss] 3.00E-20 

59113 Ecozone PREDICTED: uncharacterized protein LOC106574453 [Salmo salar] 1.00E-18 

29351 Lake lamina-associated polypeptide 2, isoforms beta/gamma-like isoform X1 [Oncorhynchus mykiss] 1.00E-18 

81899 Ecozone unnamed protein product [Oncorhynchus mykiss] 3.00E-18 

67290 Lake uncharacterized protein LOC110531017 [Oncorhynchus mykiss] 6.00E-18 

58486 Lake unnamed protein product [Oncorhynchus mykiss] 5.00E-17 

82451 Lake unnamed protein product [Oncorhynchus mykiss] 9.00E-17 

194965 Ecozone unnamed protein product [Oncorhynchus mykiss] 2.00E-16 

56626 Ecozone unnamed protein product [Oncorhynchus mykiss] 5.00E-16 

135195 Lake unnamed protein product [Oncorhynchus mykiss] 2.00E-15 

81064 Depth protein domain of unknown function (DUF1891) [uncultured bacterium] 3.00E-14 

73852 Lake unnamed protein product [Oncorhynchus mykiss] 5.00E-13 

60558 Lake unnamed protein product [Oncorhynchus mykiss] 7.00E-13 

3422 Depth unnamed protein product [Oncorhynchus mykiss] 3.00E-12 
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111693 Lake PREDICTED: uncharacterized protein LOC106582599 [Salmo salar] 3.00E-12 

995 Lake CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase 4-like isoform X1 [Oncorhynchus mykiss] 6.00E-12 

130005 Lake unnamed protein product [Oncorhynchus mykiss] 2.00E-11 

83859 Lake unnamed protein product [Oncorhynchus mykiss] 4.00E-11 

9745 Ecozone hypothetical protein XELAEV_18045204mg [Xenopus laevis] 5.00E-11 

70418 Ecozone unnamed protein product [Oncorhynchus mykiss] 1.00E-09 

76770 Lake PREDICTED: coiled-coil domain-containing protein 96 [Salmo salar] 3.00E-08 

51617 Ecozone calcium-dependent secretion activator 1-like [Oncorhynchus mykiss] 3.00E-08 

140544 Ecozone putative nuclease HARBI1 [Danio rerio] 4.00E-08 

10483 Ecozone PREDICTED: protein LDOC1L-like [Cyprinus carpio] 6.00E-08 

7122 Ecozone conserved Plasmodium protein, unknown function [Plasmodium malariae] 9.00E-08 

60204 Lake PREDICTED: LOW QUALITY PROTEIN: uncharacterized protein LOC105026845 [Esox lucius] 1.00E-07 

49134 Stocking unnamed protein product [Oncorhynchus mykiss] 2.00E-06 

80506 Ecozone PREDICTED: protein sel-1 homolog 3-like [Biomphalaria glabrata] 6.00E-06 

85801 Ecozone hypothetical protein [Catenulispora acidiphila] 6.00E-06 

45986 Ecozone unnamed protein product [Oncorhynchus mykiss] 9.00E-05 

 


