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Non-Technical Summary 

Manitoba Hydro has been investigating the feasibility of developing a hydroelectric 

generating station at the Conawapa site, located approximately 29 km downstream of the 

Limestone Generating Station (GS) on the Nelson River. An Environmental Studies 

Program was developed to provide information that will: 

 assist in applying the principles of sustainable development in designing and planning 

the project; and 

 form the baseline for an environmental impact assessment to meet licensing 

requirements should a decision be made to proceed with the project. 

The program includes terrestrial, wildlife, archaeology, and aquatic components and has 

been developed and conducted with the participation of local First Nations. 

The Conawapa aquatic studies program was developed to provide information on the 

interrelated components of the lower Nelson River aquatic ecosystem. The program 

includes studies of the physical habitat, water quality, detritus, algae, aquatic 

macrophytes, aquatic invertebrates, fish and marine mammals. Individual reports are 

being prepared that focus on specific aquatic components and locations. 

This report presents results of a Lake Sturgeon population genetics study using 

Genotype-by-Sequencing (GBS) to investigate relatedness among groups of fish resident 

in the Churchill, Hayes, Fox, Gods, and Nelson rivers. The primary objectives of the 

study were as follows: 

 Develop a high-resolution genetics toolkit for Lake Sturgeon, which would enable 

population assignment tests, parentage, and parentage/sibship inference analyses; and 

 Test the methods using samples collected from known parents and hatchery reared 

progeny. 

Using the developed genetic markers, the secondary objectives of this study were to: 

 Assess population structure of Lake Sturgeon along the Nelson River, between the 

Jenpeg GS and Hudson Bay (>500 km) i.e., identify populations and determine the 

amount of gene flow via population assignment tests; and 

 Focusing on juveniles (and where possible a single cohort), use sibship inference to 

determine the number of contributing females and the degree of relatedness amongst 
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progeny, and further, determine if siblings of upstream residents exist in downstream 

locations that are separated by rapids or a generating station. 

Previous Lake Sturgeon genetic studies focused on microsatellite markers, which use 

several relatively long repeat sequences of neutral DNA (i.e., segments of the genetic 

code not under positive or balancing selection). However, in Lake Sturgeon, 

microsatellite markers identified to date exhibit a low level of differentiation, which 

means that the quantity of information that each marker provides in relation to population 

structuring and gene flow is low. Single nucleotide polymorphisms (SNPs) provide even 

less information per marker, but they are far easier to identify in a given genome, 

meaning that the relative amount of information that can be obtained via a GBS approach 

far exceeds that which can be obtained by microsatellites in this species.  

Lake Sturgeon tissue samples were collected from adult Lake Sturgeon captured at 

known or suspected spawning sites in the Nelson, Fox, Gods, Hayes, and Churchill 

rivers, as well as from juvenile Lake Sturgeon captured in the various locations. A total 

of 1,178 Lake Sturgeon were sequenced. 

The results revealed genetic differences among many of the putative ’populations‘. Given 

generation time of Lake Sturgeon (~35 years) relative to the timescale of Nelson River 

hydroelectric development (first station built ~50 years ago), it was clear that structured 

populations existed along the Nelson River long before the construction of hydroelectric 

dams; if there was any historical movement of fish past major historical falls/rapids e.g., 

Grand Rapid [Kelsey GS] and Kettle Rapids [Kettle GS], this would not occur. A variety 

of clustering methods were employed to assess population structure, but all were 

consistent in indicating a lack of genetic structure among Weir, Angling and Lower 

Limestone Rapids spawning groups, suggesting one inter-mixed population.  

Based on the inclusion of larval fish produced in the hatchery, sibship analyses were able 

to resolve known control relationships, thereby validating the method. Sibship results for 

the cohort from Sea Falls included in the analysis were consistent with expectations of 

numerous full-sibling relationships; this cohort had previously been generated following 

rearing the eggs of a single female at the Grand Rapids hatchery. Sibship results also 

provide information on the quantity of contemporary gene-flow occurring among 

population within the study area. Specifically, in the context of the secondary objectives, 

results indicated that 2008 cohort juveniles in Stephens Lake and Long Spruce Reservoir 

were likely not spawned in those locations, as each individual sequenced was determined 

to have at least one sibling located further upstream in Gull Lake. Downstream 
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redistribution of larval Lake Sturgeon must have occurred following spawning at an 

upstream location. 

In conclusion, results of the current study dramatically improve the understanding of both 

historical and contemporary Lake Sturgeon population structure. Population units can 

essentially be defined by the presence of contiguous spawn-drift-settle-establish habitat 

sequences, but the distance over which these units occur varies even along the length of 

the Nelson River. The upper reaches of the Nelson River flow through the Boreal Shield 

ecozone where riverine habitats were historically fragmented by repeated rapid/fall-river-

lake sequences, and results showed that populations existed historically in relatively 

small stretches of river, with only one-way (downstream) gene flow occurring. 

Downstream of Kettle Rapids (Kettle GS), the lower Nelson River flows through the 

Hudson Plain ecozone and the nature of habitat changes dramatically, which explains the 

presence of a single inter-mixed population downstream of the Limestone GS, despite 

utilization of multiple spawning locations. 
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JEN: Jenpeg River 
LAN: Landing River 
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STE: Stephens Lake 
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ANG: Angling River 
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LNR: Lower Nelson Rivers (LLI+ANG+WEI) 
FOX: Fox River 
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CHU: Churchill River 
DU: Designable Units 
DU1: Western Hudson Bay  
DU2: Saskatchewan River 
DU3: Nelson River 
DU4: Red-Assiniboine Rivers-Lake Winnipeg 
DU5: Winnipeg River- English River 
DU6: Lake of the Woods-Rainy River 
DU7: Southern Hudson Bay-James Bay 
DU8: Great Lakes-and Upper St. Lawrence 
GS: Generating Station 
 
Genetic: 
GBS: Genotype-by-Sequencing 
NGS: Next-Generation Sequencing 
SNP: Single Nucleotide Polymorphisms 
WGS: Whole Genome Sequencing 
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1.0 INTRODUCTION 

1.1. LAKE STURGEON CONSERVATION STATUS  

The Lake Sturgeon (Acipenser fulvescens) has suffered steep declines since the late 

1800’s, described succinctly by Houston (1987) as a “synergistic product of life history 

factors, exploitation, and environmental change”. Today, across most of its historical 

range in Canada, the Lake Sturgeon is considered endangered by the Committee on the 

Status of Endangered Wildlife in Canada (COSEWIC) (COSEWIC 2006). 

For assessment purposes, the Committee on the Status of Endangered Wildlife in Canada 

status report (COSEWIC 2006) divided Lake Sturgeon in Canada into eight designable 

units (DUs). The DUs include: Western Hudson Bay (DU1 – Churchill River); 

Saskatchewan River (DU2); Nelson River (DU3); Red-Assiniboine Rivers-Lake 

Winnipeg (DU4); Winnipeg River- English River (DU5); Lake of the Woods-Rainy 

River (DU6); Southern Hudson Bay-James Bay (DU7); Great Lakes-and Upper St. 

Lawrence (DU8). 

In this study, genetic samples were collected from three DUs: i) DU1, the Churchill River 

Lake Sturgeon stock, designated as “Endangered”; ii) DU3, the Nelson River stock, 

designated as “Endangered”; iii) DU7, the Southern Hudson Bay and James Bay 

tributaries (Hayes River) stock designated as “Special Concern”. Some areas within these 

DUs sustained commercial fisheries until the mid-1900s after which, dramatic declines in 

landings were observed. Historically, overexploitation was the primary threat; more 

contemporary threats are harvest, poaching, pollution, and dams (Birstein et al. 1997; 

Pikitch et al. 2005). 

1.2. FISH MOVMENTS AMONG NORTHERN RIVERS OF HUDSON BAY 

Recaptures of tagged fish indicate that Lake Sturgeon move among closely situated 

tributaries of Hudson Bay [e.g., Nelson, Hayes, and Gods rivers (Ambrose et al. 2007) 

and possibly Churchill and Seal rivers (Keleher and Kooyman 1958)]. Despite potential 

for inter-river mixing, the extent to which Lake Sturgeon populations are 

demographically connected through effective dispersal is unknown. Effective dispersal is 

the movement of individuals between their natal ground and another site, followed by 

successful reproduction in the latter. Effective dispersal estimation from tagging data 

requires extensive (and logistically intensive) coverage of the target populations over 

several generations. In contrast, genetic methods can quickly provide an estimate of the 

genetic structure of populations and a general understanding of their demographic 

connectivity. Assessing the genetic structure of Lake Sturgeon populations is therefore 
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desirable for understanding potential impacts of a project on the species and for 

developing mitigation strategies. Specifically, issues such as migration routes, spawning 

site fidelity, and subsequent larval drift and dispersal are key requirements when 

considering impacts of hydroelectric development. 

1.3. PREVIOUS LAKE STURGEON GENETIC STUDIES 

Genetic information is valuable for the planning of sound management strategies, 

especially for supportive breeding and restocking associated with recovery strategy 

planning. In fact, ill-informed mixing among different genetic populations can have 

several negative consequences on populations. Specifically, by causing loss of local 

adaptation or by promoting inbreeding or outbreeding depression, it may decrease 

individual fitness and survival, leading to population declines or even crashes (Hindar et 

al. 1991; Waples and Do 1994; Reisenbichler and Rubin 1999; McLean et al. 2004; Ward 

2006). 

The conservation concerns of most sturgeon species has resulted in the application of 

population genetic techniques, from molecular phylogenies (Birstein and DeSalle 1998) 

to microsatellite development (Welsh et al. 2003) and it's concerns for polyploidy 

(Ludwig et al. 2001; Pyatskowit et al. 2001; Rodzen and May 2002), to genetic 

assessment of population structure (Drauch et al. 2011; Ferguson and Duckworth 1997; 

Welsh and May 2006; Welsh et al. 2008; Wozney et al. 2010). 

Previous genetic studies on Lake Sturgeon in Manitoba highlighted genetic 

differentiation at 6 loci (Afug9, Afug68, Afug74, Afug112, Afug122 and Afug160 - see 

Côté et al. 2011). However, more than half of the significant comparisons were between 

watersheds (Nelson/Hayes and Churchill River samples). Within watersheds, along the 

Nelson and Hayes Rivers, less pronounced genetic structure was found. Microsatellite 

analysis showed no genetic structure between pairs of sites downstream of the Kettle GS 

(Lower Limestone/Angling/Weir/Hayes), while most sites upstream of Kettle GS were 

genetically distinct from each other (Côté et al. 2011). 

Using microsatellites, of the 9 candidate populations sampled, only 5 could be grouped in 

genetically distinct populations (LAN, BUR/GRA, GUL, Lower Nelson/Hayes and CHU) 

(Côté et al. 2011). With an average of 4.7 alleles, the 7 microsatellite loci resolution was 

not high enough for assignment test and parentage analysis to be performed. However, 

these markers showed that watersheds and instream historical barriers have shaped the 

genetic structure of Lake Sturgeon populations in Manitoba. 
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1.4. STURGEON CONSERVATION GENETICS  

Historically, most studies in ecological and conservation genetics have relied upon a 

small number of putatively neutral molecular markers (e.g., allozymes, microsatellites, 

AFLPs), covering a very limited subset of the genome (Joop et al. 2009). Many of these 

studies have been limited to narrow regions of the genome, allowing for limited 

inferences but making it difficult to generalize about the organisms and their evolutionary 

history. 

Currently, a suite of 12-14 microsatellites is typically used to examine the genetic 

structure in and between Lake Sturgeon populations (Pyatskowit et al. 2001; McQuown 

et al. 2002; Welsh et al. 2003; Welsh and May 2006). Research conducted to date has 

focused on population genetics to delineate stocks (primarily in Great Lakes populations; 

Welsh et al. 2008)) and define logical management units for conservation (COSEWIC 

2006). However, in large river systems (e.g., the Winnipeg and Nelson rivers), more 

subtle genetic structures may exist, which could be attributed to a number of factors 

including: flow-influenced larval dispersal patterns, year-round riverine residence, 

barriers to upstream movement, historical asymmetric (downstream) gene flow due to 

natural barriers, “learned” spawning site fidelity, and disproportionate contribution of 

individual spawners to subsequent year-classes. The aforementioned hypotheses have yet 

to be formally investigated, but there is certainly evidence of population structuring in 

both the Nelson and Winnipeg rivers that predates hydroelectric development (Cote et al. 

2011; McDougall 2011). 

Using hatchery reared control samples (known parents and progeny) collected from 

Winnipeg River Lake Sturgeon, it was recently determined that 12 microsatellite markers 

were insufficient to accurately resolve sibship (full, partial, unrelated) (McDougall 2011). 

Two of these markers, known to be polymorphic in Great Lakes populations, were 

monomorphic and thus uninformative in the Winnipeg River (McDougall 2011), the 

Nelson/Hayes/Churchill rivers (Côté et al. 2011), and other localities in the Hudson’s Bay 

drainage basin (Welsh and McLeod 2010; Welsh et al. 2008). 

While the genetic resolution provided by these microsatellite markers appears sufficient 

to allow for relatively accurate parentage identification in the Winnipeg River data set 

(McDougall et al. 2014), the utility of parentage identification is less than sibship 

identification (Wang 2004). This is in part because potential parents need to be sampled 

and included in all analyses, which can be difficult or even impossible due to logistic 

reasons, including harvest complications (i.e., parents may no longer be available for 
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capture). Furthermore, the need to analyze a large number of parental samples incurs a 

considerable cost and major logistical constraints.  

Consequently, a toolkit that would allow sufficient genetic resolution to: a) allow for 

identification of fine–scale (subtle) population structuring missed by using the current 

suite of microsatellite markers, b) facilitate accurate population assignment tests, and iii) 

accurately resolve sibship in Lake Sturgeon populations is paramount to resolving 

hypotheses (as listed above) relating to conservation questions in large riverine systems. 

The applications of the toolkit will undoubtedly extend far beyond the questions related 

to historical upstream barriers to movement, downstream passage, individual 

contributions to year-class strength, and rehabilitation stocking programs which we are 

explicitly concerned with herein. 

Recently, Genotyping-by-Sequencing (GBS), a new set of tools that use next-generation 

sequencing technology (NGS), has been shown to offer major advantages for population 

genomics by allowing the researcher to screen for thousands of polymorphisms 

throughout the genome that are subject to the full range of evolutionary histories 

(Catchen et al. 2013). GBS is part of a family of techniques that uses reduced 

representation genotyping. GBS enables the researcher to investigate the entire genome 

of plants and animals by focusing on short sections of the genome highlighted by specific 

restriction-enzyme anchored positions. Depending on genome size and complexity, GBS 

allows the discovery of potentially tens or hundreds of thousands of Single Nucleotide 

Polymorphisms (SNP) spread evenly throughout the genome. GBS approaches have 

gained popularity among population geneticists because the technique works with species 

with little or no previous genomic information. Furthermore, because whole genome 

sequencing (WGS) can become costly for population studies and/or species with large 

and complex genomes, GBS offers a viable solution for many conservation projects by 

allowing only a targeted fraction of the genome (a reduced representation library) to be 

sequenced with NGS (Baird et al. 2008; Davey et al. 2011; Narum et al. 2013).  

GBS enables researchers to improve the precision of demographic inferences by greatly 

increasing the number of neutral markers (Narum et al. 2013). Neutral markers can 

identify significant differentiation among populations based on limited gene flow or drift, 

but genomic regions under selection may indicate adaptive similarity that may have been 

either retained after isolation (Parchman et al. 2013) or evolved in parallel following 

colonization of new habitats (Hohenlohe et al. 2010). To investigate population structure 

and parentage/sibship relationships of Nelson River Lake Sturgeon, GBS was used. 
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In this context, this report presents results of a population genomics study using GBS that 

focused on Lake Sturgeon in the Churchill, Hayes and Nelson rivers in Manitoba with the 

following primary objectives: 

 develop a high-resolution genetics toolkit for Lake Sturgeon. Based on GBS and SNP 

markers, this toolkit would enable population assignment tests, parentage and sibship 

inference analyses, and; 

 test the validity of the method using samples collected from known parents and 

hatchery reared progeny. 

Using the developed SNP markers, the secondary objectives of this study were to:  

 assess population structure of Lake Sturgeon stocks occurring along the Nelson River, 

between the Landing River and Weir River tributaries (~340 km). Populations would 

be identified, levels of contemporary and historical admixture would be quantified, 

and assignment tests would be conducted; and 

 using a single cohort (2008), use sibship inference to determine the number of 

contributing females and the degree of relatedness within the cohort, and further, 

determine if siblings of upstream residents exist in downstream localities that are 

separated by rapids or a generating station. 

It is anticipated that recovery of depressed populations, under pressure from hydroelectric 

development and ongoing subsistence harvest, will depend on stocking. Addressing these 

objectives for Nelson River Lake Sturgeon populations will provide a better 

understanding of the population genetics in depressed populations, context to historical 

structuring patterns, and identify potential genetic impacts of recovery strategies based on 

stocking. 
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2.0 METHODS 

The methodological steps involved in this project are shown in Figure 1 and are detailed 

below. 

2.1 SAMPLING 

Figure 2 and Table 1 provides an overview of the locations where Lake Sturgeon tissue 

samples were collected in relation to the watersheds and existing hydroelectric 

developments. A 1-2 cm2 fragment of pectoral or pelvic fin tissue was removed and 

preserved in 95% biological grade ethanol. Two daily complete ethanol changes were 

done prior to storing samples in sealed vials until processed. All samples analyzed in 

Côté et al. (2011) were chemically and statistically re-analyzed along with additional 

samples collected since 2007. 

Samples were collected from two life stages: 416 adults (>834 mm fork length) and 567 

juveniles (107 to 833 mm FL). In general, adult samples were collected during spring 

spawning periods (2005 - 2012). However, it should be noted that most adults were not in 

spawning condition at the time of capture. Some opportunistic collections also occurred 

outside of the spawning period. Juvenile samples were collected primarily during fall 

(2010 – 2012). In addition, 196 genetic samples were collected from Landing River 

broodstock (a tributary of the Nelson River located upstream of the Kelsey GS) to be 

analyzed as controls (sibship and parentage relationships were known). Tissue samples 

were collected from 4 adults as per above, and a total of ~ 50 larvae from each full-

sibling dyad produced were individually preserved (whole) in ethanol as per above. 

2.2 DNA EXTRACTION AND QUANTIFICATION 

High molecular weight DNA were extracted from fins and larvae using a standard salt-

extraction method (Aljanabi and Martinez 1997) with the additional step of RNase A 

treatment following the manufacturer’s recommended protocols (QIAGEN, Valencia, 

CA, USA). Extracted genomic DNA (gDNA) was quantified using Quant-iT PicoGreen 

dsDNA Assay kits (Life technologies, USA) on a Fluoroskan Ascent FL microplate 

fluorometer and Ascent Software v2.6 (Thermo Labsystems). 
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2.3 GENOTYPE LIBRARY CONSTRUCTION 

To investigate population structure and parentage/sibship relationships of Nelson River 

Lake Sturgeon, a new genetic approach called Genotype-by-Sequencing (GBS) was used. 

GBS is part of a family of techniques that uses reduced representation genotyping. GBS 

enables the researcher to investigate the entire genome of plants and animals by focusing 

on short sections of the genome highlighted by specific restriction-enzyme anchored 

positions. Depending on genome size and complexity, GBS allows the discovery of 

potentially tens or hundreds of thousands of Single Nucleotide Polymorphisms (SNP) 

spread evenly throughout the genome. 

The library construction used in this study followed a modified protocol of Elshire et al. 

(2011). Detailed step-by-step GBS protocol is provided in Appendix 1. Genome 

complexity was reduced with the use of two restriction enzymes (PstI and MspI) that 

digest the genomic DNA into small fragments. The resulting digested DNA is ligated 

with unique barcoded adapters to identify each individual. The fragments are duplicated 

by multiple PCR amplification steps. Individual GBS libraries labeled with unique 

barcodes were multiplex/pooled in equimolar proportions (48 individuals per lane). 

Single-end sequencing of 48-plex library per flowcell channel was performed on next-

generation sequencing technologies (Illumina HiSeq2000, San Diego, USA) at the 

Genome Quebec Innovation Center (McGill University, Montreal, QC, Canada). Samples 

from 1178 individual Lake Sturgeon were sequenced. 

2.4 BIOINFORMATICS PIPELINE FOR SEQUENCE ANALYSIS 

2.4.1 Special concerns for reduced genome de novo assembly 

The workflow, software version and options, used in this study are presented in Table 2 

and 3. We used cutadapt (Martin 2011) to fully remove the adapter from raw sequences 

and STACKS process_radtags to demultiplex the samples and do the quality trimming 

(Catchen et al. 2013). Before performing the de novo assembly of the short reads into 

orthologous loci (ustacks, Table 3), sequence similarity was explored to find the optimum 

clustering threshold (Figure 3) with the ploidy-informed empirical procedure developed 

by Ilut et al. (2014). 

Our preliminary STACKS run analysis showed no difference at the catalog level between 

datasets normalized for the number of individuals and their origins and datasets with all 

the samples. Consequently, after the individual’s de novo assemblies, the catalog 
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construction used all loci identified across all samples (cstacks, Table 3). After, loci from 

each individual are matched against the catalog to determine the allelic state at each locus 

in each individual (sstacks, Table 3). To improve the quality of the de novo assemblies 

produced in STACKS and reduce the risk of generating nonsensical loci with repetitive 

sequences and paralogs, we used the correction module rxstacks (Table 3). After the 

correction module, the catalog and individual matches are processed again with the 

corrected individual’s files. The last module of STACKS (populations, Table 3) is run with 

relaxed filtering parameters, because subsequent filtering is undertaken in STACKR 

(Gosselin and Bernatchez 2015; Table 4). 

2.4.2 Ascertainment bias 

The landscape covered in our study was characterized by heterogeneous geographical 

features (e.g., barriers/rapids and watersheds, see Figure 2) that could introduce 

ascertainment bias in the markers design (see discussion). Therefore, we tested and 

designed several methods of filtering with a priori groupings before choosing the final 

marker panel. The training dataset consisted of the first series of samples that were 

analyzed: 8 sampling sites (GRA, BUR, GUL, LLI, ANG, WEI, HAY, GOD) with 301 

individuals with a minimum of 1 million reads. Four marker panel (whitelists of loci) 

were created with the training dataset: i) the 8 sampling sites, ii) all the samples 

combined into one grouping (1 large population), iii) barrier grouping: the upper Nelson 

River consisted of sites upstream of Keeyask GS (GRA, BUR, GUL) and all the sites 

downstream of Limestone GS (the lower Nelson River combined with the Hayes River; 

LLI, ANG, WEI, HAY, GOD); and iv) watershed grouping (the Nelson and the Hayes 

Rivers). The whitelists of markers obtained after filtering were used with all the 

individuals (adults and cohorts) and sampling sites. 

2.4.3 Ploidy-based filtering 

GBS combined with massive parallel short-read sequencing produce noisy data that 

requires several bioinformatics filtering steps to remove artifacts. We applied several 

conservative filtering steps at the individual and population level. Here is an overview of 

the filtering steps outlined in Table 4: i) remove obvious paralogs (loci with more than 2 

alleles), ii) inspect, correct and/or remove loci with excessive coverage, with poor 

coverage and/or poor genotype likelihood values; iii) individual and populations based 

filtering to remove underrepresented markers; iv) loci with minor allele frequency are 

removed to keep informative markers; v) loci with an excess of heterozygosity and with 
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inbreeding coefficient (based on Hardy-Weinberg equilibrium) overlapping a certain 

threshold range are removed to prevent genotyping errors, paralogs and de novo assembly 

artifacts; and finally vi) loci with outlier numbers of SNP per haplotypes are removed. 

2.4.4 Transposable element 

The Basic Local Alignment Search Tool (BLAST, http://www.ncbi.nlm.nih.gov) was used 

to find sequences similarity between unique reads with high coverage and Tana1 

(GenBank accession number: JX889425–889438). Tana1 is tc1-like transposable element 

newly discovered in sturgeons (Pujolar et al. 2013). 

2.4.5 Map-independent imputations 

Missing values are intrinsic to GBS approaches consequently the pattern of missingness 

was inspected after STACKS and prior to filtering. Systematic patterns of missingness were 

visualized with multidimensional scaling in PLINK (Purcell et al. 2007) identity-by-

missingness analysis (IBM). In the interest of understanding the demographic inference 

impacts of vetting loci based on their level of completeness, varying tolerances for 

missing data (loci present in ≥ 30%, ≥ 50% and ≥ 70% of individuals) were tested (see 

Table 1, for number of individuals blacklisted based on missing genotypes). 

Missing data were imputed with two methods, implemented in the package STACKR 

(Gosselin and Bernatchez, 2015). The first method is the most commonly used technique 

in the software literature, where the most frequent allele of the population replaces the 

missing value. The second method is more sophisticated and uses the random forest 

algorithm (Ishwaran and Kogalur, 2015). We use 100 trees to grow a forest, with 10 

iterations and 100 random splitting (Ishwaran, 2014; Ishwaran and Kogalur, 2015). 

2.5 GENETIC DIVERSITY 

Several classes of summary statistics with different theoretical backgrounds have been 

developed to refine population structure analysis (reviewed in Meirmans and Hedrick 

2011). Fis based on AMOVA least squares measure and Nei’s heterozygosity-based 

analogue, Gis, that describes the degree of deviation from Hardy-Weinberg equilibrium. 

Observed heterozygosity (Ho) and heterozygosity within and across all populations (Hs 

and Ht, respectively) were inspected. These statistics were also explored with correction 

for sampling bias. We also looked at a new proxy that measure the realized proportion of 

the genome that is identical by descent (IBDG), the Fh measure is based on the excess in 
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the observed number of homozygous genotypes within an individual relative to the mean 

number of homozygous genotypes expected under random mating (Keller et al. 2011; 

Kardos et al. 2015). We also report the nucleotide diversity (Pi), the calculations in 

STACKR based on Nei and Li (1979) include the consensus loci in the catalog (the 

sequences with no variation between populations). 

2.6 DIFFERENTIATION STATISTICS 

For distance metrics measures, we explored the use of several parameters and statistics of 

genetic differentiation, differing in their assumptions about the diversity within and 

among populations and the mutation regimes involved during populations differentiation 

(reviewed in Meirmans and Hedrick 2011; Alcala et al. 2014). Some measures tested 

included correction for sampling bias and standardization: i) the Analysis of Molecular 

Variance (AMOVA) (Excoffier et al. 1992, Michalakis and Excoffier 1996) with the 

Infinite Allele Model that uses F-Statistics defined by Weir and Cockerham (1984), ii) 

Nei's Gst, that includes a bias-correction for small sample sizes (Nei, 1978), iii) Jost’s D 

index of population differentiation (Jost 2008), that is independent of the amount of 

within-population diversity (Hs, see also Alcala et al. 2014) and iv) the log-likelihood G-

statistics with a permutation approach, a robust test when sampling is unbalanced 

(Goudet et al. 1996). Correlations between distance metrics were measured with the 

Pearson’s product-moment correlation. Corrections for the multiple tests in the pairwise 

analysis were not applied; instead, we used the AMOVA as an overall test of population 

differentiation. The AMOVA analysis included 2 tests of hierarchical structure: i) 

sampling sites nested in watersheds and ii) sampling sites nested in presence/absence of a 

barrier to migration. The significance was tested with 10 000 permutations. We used 

GENODIVE (Meirmans and van Tienderen 2004) for all the calculations. 

The estimates of genetic diversity and differentiation statistics computed in this study 

were based on anonymous loci (haplotypes with no physical position in the genome or in 

a linkage map) and loci under the full range of selection (balanced, directional and 

neutral). 

2.7 CLUSTERING ANALYSIS 

The K-Means clustering approach implemented in GENODIVE (Meirmans and Van 

Tienderen 2004) was used to find the number of cluster (K) using the Sums of Squares 

from an Analysis of Molecular Variance (Excoffier et al. 1992; Meirmans 2012). In 

GENODIVE, the simulated annealing method that uses a Monte Carlo Markov Chain 
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(MCMC) was used to prevent the clustering from getting stuck in local optima. The 

optimal values of K chosen were based on the Bayesian Information Criterion (BIC). The 

benefit of BIC is that it can be used to determine whether there actually is any population 

structure at all. The simulated annealing approach usually returns better results, provided 

that a suitably large number of steps are used. Consequently, the simulated annealing was 

run with 50,000 steps as a starting point and 400,000 as a stopping rule or before, if no 

changes were observed. Random start tests ranged from 100 to 1000 and method was 

repeated several times. 

2.8 DISCRIMINANT ANALYSIS OF PRINCIPAL COMPONENTS (DAPC) 

For admixture analysis we favored a multivariate analysis that makes no a priori 

assumptions about the underlying population genetic model. We used the Discriminant 

Analysis of Principal Components (DAPC) analysis implemented in the r package 

ADEGENET (Jombart et al. 2010; 2011) to investigate the variance in genetic diversity 

among individuals between our sampling sites. Group memberships of DAPC, were 

tested to see how well the genetic clusters described the data. To secure a space with 

sufficient power for discrimination and avoid apparent perfect discrimination (over-

fitting), the a-score, the proportion of successful reassignment corrected for the number 

of retained PCs, was used to find the optimal number of PCs to retain. The dimension 

reduction steps uses the average and individual group a-scores computed on DAPC with 

randomized groups. To validate the robustness of cluster assignments, the predictive 

capacity of our analysis, stratified cross-validation was employed with a varying numbers 

of PCs to keep the number of discriminant functions fixed. The data was divided in two 

datasets by stratified random sampling (training and validation data sets, 90% and 10% of 

the data, respectively) and at least one member of each group or population in the original 

data was represented in both datasets. The DAPC was constructed with the training 

dataset and validated with the hold-out individuals that enable the selection of an optimal 

number of PCs to retain (100 replicates was used). We selected the number of PCs 

associated with the lowest root mean squared error. The results are presented for each 

potential clusters, based on the phylogenetic tree branching. For the tree distance metric 

we used different parameters and statistics of genetic differentiation measures (see the 

previous section). 
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2.9 POPULATION ASSIGNMENT 

DAPC also provides membership probabilities of each individual, interpreted as 

proximities of individuals to the different clusters, based on the retained discriminant 

functions. In addition, the likelihood approach of Paetkau's (1995), implemented in 

GENODIVE (Meirmans and van Tienderen 2004), was used to assess the population 

membership of individuals (Manel et al. 2005). For each potential source populations, a 

distribution of genotypes was generated by Monte Carlo simulations based on allele 

frequencies. The expected distribution of genotypes for the population is constructed by 

resampling with permutation (n = 10,000). We used the recommended alpha-value values 

of 0.002 (equal to < 1 type I error, sample size * 0.002), as a compromise between power 

to detect migrant and type I errors (Paetkau et al. 2004). The threshold value, used to 

infer population of origin, is pre-defined by the alpha-value and was calculated separately 

for every population. Population assignment tests requires a dataset with no missing 

values, we use the dataset imputed by the random forest algorithm. The power to detect 

population of origins is influenced by the test statistics used (reviewed in Paetkau et al. 

1995; 2004). The likelihood ratio statistic (Lh/Lmax) and the home likelihood statistic 

(Lh), assumes or not that all source populations for putative immigrants were sampled, 

respectively. Both statistics are presented in this report 

Power to detect F0 immigrants was calculated with the package STACKR using the mean 

genotype likelihood ratio distance (DLR) for each pair of populations (see Paetkau et al. 

1995; 2004). This measurement of genetic distance is better at estimating statistical 

power than FST (Paetkau et al. 1997) and is independent of the statistics used (Lh or 

Lh/Lmax). 

The allele frequencies of adults were used for the assignment test of the juveniles 

captured from SFA, JEN, LAN, GRA, BUR, GUL, STE, LOS, and LNR (LNR : LLI, 

ANG and WEI). The juvenile samples were treated as a separate population to perform 

the analysis in GENODIVE. 

2.10 RECONSTRUCTING RELATIONSHIPS 

Relationships of juvenile cohorts with unknown relationship were reconstructed with the 

full-pedigree likelihood approach of COLONY (Jones and Wang 2010, Wang 2013). We 

ran nine groups of juveniles; upstream reach group (SFA-JEN-LAN-GRA-BUR), middle 

reach group (GUL-STE-LOS), and a downstream group LNR, to infer full-sib/half-sib 

pairs and the number of putative parents (sexes are arbitrarily set by COLONY). The two 
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groups of cohorts (upstream and middle) were run to highlight connectivity patterns 

among ‘populations’: upstream-reach group extended from Lake Winnipeg to Split Lake 

(Jenpeg GS - Kelsey GS, see Figure 2) and middle-reach group extentended from Clark 

Lake to Long Spruce Reservoir (Kelsey GS to Long Spruce GS, see Figure 2). 

Cohorts run in groups were analyzed with adults of the same sampling sites, as putative 

parents. Adults with known sexes were used to develop markers with sex-specific alleles 

(~ 800 loci). Correct assignment in 60% of the markers was required for gender 

identification, below this threshold, individuals remained with an unknown gender in 

COLONY. 

Because it is not possible to distinguish paternal and maternal contributions to half-sib 

dyads, Wang clearly stresses that "caution should be exercised in interpreting and using 

the information about paternal and maternal families from a sibship assignment 

analysis" (Wang 2009). However, since the sturgeon mating system is polygynandry 

(reviewed in Bruch and Binkowski 2002), conclusions, regarding sexes attribution in 

COLONY, are more reliable than in a monogamous mating system (see Jones and Wang 

2010, Wang 2013). The technique was validated with the four experimental families (four 

parent crosses, 50 progeny per family) of sturgeon from Landing River broodstock. 

COLONY analysis was run with no priors on sibship, fathers or mothers and the mating 

system inferred for sturgeon was polygynandrous. All subsequent analyses and 

interpretations are based on the full range of probabilities of observing the relationship; 

consequently the numbers provided are conservative estimates. The influence of the 

number of markers on the relationship inferences was explored by using 5 different 

COLONY datasets with 500, 1000, 2000, 3000 and all the markers. 

2.11 DATA VISUALIZATION AND COMPUTER HARDWARE 

Data tidying and visualization were performed with STACKS web-based interface (mysql 

database) and R (R Development Core Team, 2015) packages: dplyr (Wickham 2011; 

2014) and ggplot2 (Wickham 2010). The custom STACKS pipeline used in this study is 

available here (https://github.com/enormandeau). Most of the software was executed with 

an Apple retina MacBook Pro (16 GB memory) or with a Mac Pro (64 GB memory) and 

SSD flash storage disks. Between 2 and 4 TB of external disk storage were necessary to 

complete the analysis. When more computer power was necessary, cloud computing with 

Amazon Elastic Cloud Compute (EC2) was used. The pipeline used in this study 

(Gosselin and Bernatchez, 2015) is available in a tutorial-workflow (http://gbs-cloud-

tutorial.readthedocs.org). 
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3.0 RESULTS 

Overall, a toolkit of 5637 haplotype loci (8848 SNP) was developed for the Sturgeon. 

These markers show great promises for demographic inference, assignment and 

parentage analysis. Below, are the detailed results that led to these numbers. 

3.1 DE NOVO ASSEMBLY AND GENOTYPING 

After adapter trimming, demultiplexing and quality trimming of raw reads, final 

sequences of biological interest were 80 bp long. The overall quality score per reads was 

>30 (Illumina 1.9 encoding) and the mean GC content ranged between 50 - 51%. To 

avoid introducing ascertainment bias and variance in our data set, the distribution of the 

number of reads per individual was evaluated, globally, by sampling site and/or cohorts. 

No sampling sites or cohort bias was observed. The median number of reads per 

individuals for the 416 adult and the 567 juvenile sturgeons is 2 605 220 and 2 845 300, 

respectively. 

Based on figure 3, showing the clusters of similar sequences built for a series of 

similarity thresholds, the de novo genome assemblies were optimized by allowing a 

maximum of 5 differences (in mismatches) between reads within a cluster (-M in ustacks, 

Table 3). This threshold optimizes the clustering of alleles by minimizing over- and 

under-splitting of allele that might have contrasting ancestry. Using an optimal mismatch 

threshold between reads during de novo genome assemblies reduces paralogs and 

artifactual loci (Ilut et al. 2014; Harvey et al. 2015). 

After STACKS pipeline of the training dataset, we recovered a total of 85985 putative loci, 

haplotype markers, corresponding to approximately 160000 Single Nucleotide 

Polymorphisms (SNP). 

3.2 ASCERTAINMENT BIAS, FILTERING AND MISSING DATA 

The identity-by-missingness analysis (IBM) did not reveal a priori bias or pattern of 

correlation between hierarchical grouping considered in this study (lanes/chips, 

sequencing machines, sampling sites, barriers and watersheds). This test is the baseline 

prior to any filtering steps (after STACKS last module) to ensure no batch effects are 

introduced by missing data and later by the filtering pipeline. During this step, 

missingness was tracked by making blacklists of individuals with a maximum of 30%, 

50%, and > 70 % of missing data (Table 1). 
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To avoid creating ascertainment bias, the process of filtering the GBS data was iterative, 

stepwise and required regular inspection of loci statistics distribution before and after 

filtration. No bias in the downstream analysis was observed using the different a priori 

groupings with the training dataset. Consequently, the figures, tables and numbers 

presented below refer to the marker panel developed with the 8 sampling sites as 

grouping (whitelist no.1). The number of markers before and after each filters of the 

training dataset is reported in Table 4. Density distribution and box plots of individual 

and/or sampling sites raw data statistics (mean, median, min, max, diff : min-max) before 

and after filters revealed no particular bias. After each filtering steps, the pipeline was 

carried up to the population assignment. Knowing what to expect enabled the acquisition 

of a general overview of the data to weight the filtering threshold. 

Not all filters have the same power to prune the markers, as highlighted by Table 4. 

Within STACKS and subsequently in STACKR, the genotype likelihood (that incorporate 

coverage information), the individual and population filters remove most of the markers 

(Table 4). For coverage, most of the loss in marker number is at the low end of the 

sequencing depth spectrum, but accurate heterozygosity calls requires depth of coverage 

(we used 7 as the minimum). Legitimate loci are found at high sequencing depth, but the 

maximum coverage threshold value represent a compromise required to exclude unique 

reads with high coverage (putative paralogs and transposable elements). Out of the 382 

unique reads with high coverage (> 100), 84% aligned to Tana1, a newly discovered 

transposable element of 1 595 pb in Lake Sturgeons (Pujolar et al. 2013). The genotype 

likelihood filter guarantees accurate genotyping before using the remaining filters and 

estimating genetic diversity (Table 4). 

Overall the filtering steps reduce the amount of missing data inside each sampling sites 

and cohorts. The number of individuals blacklisted per sampling sites is presented in 

Table 1. These blacklists were tested for potential bias in assignment and demographic 

inference (see below). Using the most frequent allele to impute missing values showed 

bias that was creating impossible migration and connectivity scenarios, whereas the 

random forest algorithm showed more realistic scenarios. Consequently, the figures and 

tables presented in the report with the different context of missing genotypes tested 

shows map-independent imputations with the random forest algorithm. 

3.3 GENETIC DIVERSITY AND DIFFERENTIATION 

The lower polymorphism found in JEN and CHU, is consistent with the lower sample 

number (more monomorphic loci) and not surprisingly this influenced the remaining 
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estimates (Table 5). No other biases were observed. The new proxy that measures the 

realized proportion of the genome that is identical by descent (Fh) was very close to zero 

for all sampling sites. Using different threshold values of heterozygosity and Fis filter, 

range from -0.3 to -1 and from 0.3 to 1, for the lower and upper bracket respectively, did 

not remove many loci, because the genome-wide pattern of Fis, shows that the majority 

of loci within each sampling site are zero or nearly so, indicating a lack of pervasive 

overall structure within each population. However, for several populations, a small 

fraction of loci exhibit values of <-0.3, including some loci >0.3. The strongly negative 

Fis values represent an excess of heterozygosity over that expected by HWE. Loci 

beyond the Fis range threshold were all passing the other statistics used for filtering, 

consequently we decided to keep them in the dataset. 

Pairwise values of estimates of genetic differentiation were mostly statistically significant 

(using 10 000 permutations) and they differ in magnitude substantially among pairwise 

comparisons (Table 6). Only 2 pairwise comparisons (LLI-ANG and LLI-WEI) showed 

p-values higher than 0.0001 (but lower than 0.01, in all tests). Pairwise estimates with 

CHU, the most northern site in this study, and Nelson and Hayes tributaries showed 

elevated values of genetic differentiation (ranging from 0.047 to 0.079). The lowest 

values (Gst = 0.001) was observed between the tributaries of the lower Nelson River, 

downstream of Limestone GS (LLI, ANG and WEI). Overall, the measure of genetic 

differentiation was 0.027, 0.026 and 0. 005 for Gst, Fst and Jost D, respectively. Jost D 

pairwise estimates were consistently lower, the metric is independent of the amount of 

within-population diversity (see Jost 2008; Alcala et al. 2014), but the three distance 

metrics were all highly correlated across pairwise estimates (corr > 0.99; p < 0.0001). 

Contrasting differences between imputed and non-imputed data were particularly 

pronounced with Churchill and Jenpeg estimates, where imputations could double (or 

more) the values. Variance between the two methods is discussed below. Log-likelihood 

G-test did not provide different information from the other three metrics. LLI, ANG and 

WEI, from the lower Nelson River, were combined for the AMOVA that showed, for 

both the barrier and watershed hierarchical analysis, significant differences at the two 

levels: i) sampling sites, ii) sampling sites nested in watersheds and barrier to migration 

(p < 0.001). 

Compromises between the different pairwise estimates are best summarized with a 

UPGMA tree. Trees are also useful to highlight differences between distance metrics. 

Figure 4 show the tree build with Nei’s Gst distance metrics. Branches rearrangements 

were observed between the three different genetic differentiation statistics explored (Fst 

from the AMOVA, Nei's Gst, and Jost's D), but were confined to the least differentiated 
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sites (the lower Nelson GOD and HAY clusters). Using imputation did not change the 

highly distinct position of CHU from the Nelson and Hayes Watersheds. Clustered 

together with small branches are the sampling sites located downstream on the Nelson 

River (ANG, LLI and WEI). Whereas tributaries upstream of Limestone GS are separated 

by relatively longer branches among themselves and from other sites (Figure 4). Hayes 

tributaries are interesting, as HAY and GOD cluster together and far from FOX (Figure 

4). 

3.4 CLUSTERING ANALYSIS 

With the K-Means clustering approach implemented in GENODIVE, the lowest value of 

Bayesian Information Criterion suggested a K = 10. The results were the same during 

testing of the simulated annealing using a wide range of steps and random start. 

3.5 DISCRIMINANT ANALYSIS OF PRINCIPAL COMPONENTS (DAPC) 

The DAPC was conducted with different values of K (from 2 to 12). The first two 

differentiated clusters are the Churchill River and the Nelson and Hayes watersheds 

combined Figure 5). At K = 3, Jenpeg, the most meridional sampling sites in our study 

shows some distinctiveness. The Hayes watershed shows a unique signature at K = 4, 

with the Fox River (FOX). From K = 5 and onward, differentiation is building upstream 

of Keeyask GS and inside Hayes Watershed, to a lesser degree (Figure 5). Downstream 

of Limestone GS, for all values of K, the lower Nelson tributaries are very similar. For 

sampling sites showing admixed origin, assignment analysis will reveal if the admixture 

proportion is unique enough to create a population signature. 

The number of principal components (PC) was optimized for each value of K with the 

alpha-score to avoid perfect discrimination (over-fitting). Between 7 and 15 PC were 

used to explain the distribution of K in Figure 5. Membership of individuals was also 

visualized by using for K = 12 the individual’s coordinates into the dimension of 4 pairs 

of combinations of principal components (PC 1 to 4, Figure 6). PC 1 and 2 shows the 

clear division between the upper and lower Nelson, the Hayes and Churchill Watersheds 

(Figure 6). 

3.6 POPULATION ASSIGNMENT 

The reassignment analysis using the home likelihood (Lh) and likelihood ratio (Lh/Lmax) 

statistics shows an overall discrimination power of 77% and 85%, respectively (Figure 7). 
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When HAY and GOD are combined and JEN and CHU removed, several sampling sites 

showed reassignment > 90 % (LAN, GUL, LNR, HAY). When all potential sources of 

populations are sampled, likelihood ratio statistics did not increase power. The home 

likelihood statistic is the preferred method to use when not all source populations have 

been sampled. However the detection power for migrant site origin is usually reduced 

(see below). 

The genotype likelihood ratio distance (Dlr) showed high power to detect migrants, with 

little impact of the imputation scope on the mean value across sampling sites (Dlr ~ 7.7, 

7.9 and 9.5, for dataset of individuals missing a maximum of 30%, 50% and 70% 

genotypes, respectively). Combining LLI, ANG and WEI increased the Dlr to 7.8 for the 

dataset with a maximum of 30% missing values. The greatest power was found between 

JEN and CHU with a Dlr ~67, this number provides almost no chance (> 1 billion times 

more likely) of mis-assigning individuals between the 2 sampling sites. With sampling 

sites showing re-assignment in the 80%-90% range (e.g. BUR-GRA, Gst = 0.016 and Dlr 

= 3), the assignment plot shows the discrimination power between the two sites (Figure 

8). The lowest Dlr, close to 0, was found between the lower Nelson River cluster (LLI-

ANG-WEI, Gst ~ 0.001-0.002), providing no power inside that cluster to reassign 

individuals to their population of origin (Figure 8). 

3.7 RELATIONSHIP RECONSTRUCTION 

Relationship reconstruction using the full-likelihood implementation in COLONY 

performed better than assignment analysis to reveal the fine-scale structure of juveniles, 

with and between cohorts. Table 7 presents the number of offspring that could be used in 

each case, the number and proportion of offspring with half-sib and full-sib relationships, 

the estimated number of mothers and fathers, and the number of mating pairs. In 

interpreting these results, one must keep in mind that the number of parents discovered 

will depend on the number of available offspring available for analysis. As can be seen in 

Table 7, these numbers varied considerably among sites. The first numbers interpreted 

are the reported numbers of putative mothers and fathers. As mentioned in the methods, 

sexes were assigned arbitrarily by COLONY so it is really the total number of putative 

parents and number of mating pairs that matters. When considering only the parents with 

probabilities > 0.75, the total number of parents varied from 13 for SFA up to 271 for 

GUL-STE-LOS (Table 7). Those values would represent the minimal number of putative 

parents that produced the progeny analyzed. The total number of putative parents 

increases substantially when considering the full range of probabilities. Those values 

would represent the highest potential number of parents involved in reproduction. 
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Increase was particularly important for GUL because the probability of correctly 

identifying contributing parents was lower than for most other sites. Combining GUL, 

STE and LOS and using a very long run, so that estimates converge, the probability with 

> 0.75 increased substantially increasing at the same time the number of putative parents 

(Table 7). 

Another way the data were examined was to use the estimate of n50 values, which 

estimates the number of putative adults that contributed 50% of all offspring assigned 

(Table 8). This shows that generally, relatively few parents were responsible for 

producing 50% of the progeny at each location (Table 8). For example, the analysis 

indicates that for SFA cohort, that was stocked, 2 adults contributed to 50% of the 

offspring assigned (Table 8). Naturally reproducing cohorts varied considerably, ranging 

from 13 (BUR) to 92 (STE) all were considerably higher than SFA. These results reflect 

the fact that the reproductive contribution of individual parents was disproportionate 

(Figure 9); most contributing parents had very few offspring assigned to them, while a 

few putative parents were linked to a high proportion of the juveniles included in analysis 

(Figure 9). 

It should be reiterated that the number of parents discovered will partly depend on the 

sampling strategy and the number of offspring analyzed. In order to explore the influence 

of the number of sampled offspring on the discovery of parents, 999 resampling bootstrap 

iterations were used. The likelihood of discovering more parents with a greater number of 

offspring showed a similar trend for 5 sampling locations (Figure 10). The simulations 

indicated that for STE and GUL (Figure 10) the data are close to reaching the asymptotic 

number of parents, while more data are required for BUR and LNR. However, this must 

be interpreted cautiously, these slopes suggest that GUL and STE may reach a plateau at 

about 150 reproductive adults, LNR would be above that, possibly >200, while BUR 

would plateau at lower values, likely between 100 and 150. 

Sibship inference for hatchery reared controls (known relationship and parents) make the 

most complex and dense cluster of this study, since full- and half-sibs relationships 

between families are found for each progeny (Figure 11). The sequential numbering of 

the full and half sibling samples produce characteristic triangles for full-siblings (above 

the diagonal) and half siblings (below the diagonal). Sibship inference of cohorts with 

COLONY revealed comparable half-sib relationship structure among the different 

sampling sites with proportions of half-sibs generally above 90%, except for LAN-JEN, 

GRA and LNR. However, LNR samples represent multiple cohorts and therefore further 

data would be required to validate any initial conclusions. Full-sib relationship analysis 
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revealed a wider range of inference, with 5% to 79% of individuals having the same two 

parents (Table 7) the significance of these values relative to each other depends on the 

numbers of samples. When the full range of probabilities of observing the relationship is 

taken into account, most individuals are interconnected through one of their two parents 

forming family clusters that vary in complexity and numbers (figures not shown). Indeed, 

the tendency for horizontal and/or vertical patterning for high probability siblings and 

half-siblings in the heat maps (figures 12-14), indicate that Lake Sturgeon are not only 

siblings and half-siblings, but that they are captured together in the field years after being 

spawned. GUL-STE-LOS was one complex and large family cluster with several small 

substructures of independent clusters (figure not shown). The mating clusters in all 

sites/cohort revealed by the relationship reconstruction in COLONY is consistent with 

the reproductive behavior of Lake Sturgeon, even though sexes are arbitrarily set by 

COLONY. 

Relationship reconstruction also provides an estimate of the ideal (Wright-Fisher) or 

effective number of breeders (Nb) in a population that will result in the same amount of 

genetic drift as in the actual population being considered (Table 9). Nb can be used to 

predict the genetic changes in a cohort, accounting for factors such as unequal sex ratio 

and the variable contribution of parents. Because it is impossible to distinguish paternal 

and maternal sibship in the analysis conducted, caution should be exercised in 

interpreting and using the information about paternal and maternal families from a 

sibship assignment analysis. The average inbreeding coefficient of the cohort is expected 

to increase at a rate of 1/(2Nb), compared with that of the parents who produced the 

cohort. Cohorts from the different populations show a range of Nb values, which is 

expected as the samples represent different sample sizes, large single cohorts, and 

multiple cohorts. The SFA population has an Nb of 4, reflecting a single cohort of stocked 

Lake Sturgeon (Table 9). The upper Nelson River JEN-LAN populations have an Nb of 

187 reflecting a ‘moderate’ population of adults (Table 9). The GRA population has a 

moderate Nb of 162, which reflects the level of admixture among LAN-GRA-BUR and a 

mixed cohort of juveniles (Table 9). The BUR population and GUL-STE-LOS group 

have Nb values of 59 and 91 respectively and reflect well the smaller adult populations in 

these areas (Table 9). The LNR population has the highest Nb value at 312, which reflect 

both the sample size of multiple cohorts and it is also the largest population in the study 

area. Perhaps more importantly, the LNR cohort was produced in an area where 

population assignment/differentiation analyses suggest extensive mixing among multiple 

spawning sites. 
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4.0 DISCUSSION 

This report presents results of a population genetic study that focused on Lake Sturgeon 

(Acipenser fulvescens) in the Churchill, Hayes and Nelson Rivers in Manitoba using 

GBS, a molecular technique that looks for polymorphisms (e.g., SNP) throughout the 

genome. The study objectives were: 

 to develop SNP markers that would improve population differentiation to allow 

assignment tests to be performed; 

 to reconstruct sibship of the strong 2008 cohort to determine the origin of Stephens 

Lake juveniles; and 

 to provide the baseline genetic data to help in the planning of recovery strategies that 

may involve stocking. 

4.1 DEMOGRAPHIC INFERENCE AND POPULATION ASSIGNMENT OF 
GENOMIC DATA 

Genotyping-by-Sequencing, a technique that samples the entire genome for geneomic 

polymorphims using a reduced representation library, allowed us to develop and screen 

thousands of markers. Because of the noisy nature and quantity of GBS data, numerous 

filtering steps were required to obtain quality markers, which would enable us to conduct 

assignment and population structure analyses and relationship reconstruction. Having a 

high quality marker panel was also mandatory because Lake Sturgeon are functional 

tetraploid fish, with a large genome (>5 pg) and 2n = 262 chromosomes (Blacklidge and 

Bidwell 1993; Fontana et al. 2004; Pyatskowit et al. 2001; Welsh and May 2006). 

Genome duplication can complicate population genetic studies because many of the 

genetic analyses assume disomic segregation of the alleles. Consequently, the filters 

applied also helped to screen out tandem-duplicated paralogous regions and homeologous 

duplicate chromosomal regions (Hohenlohe et al. 2013; Seeb et al. 2011). Using a 

random forest approach instead of the traditional most frequent alleles (or software 

default) for missing data imputation provided more reliable demographic estimates. The 

random forest algorithm is a promising method in genome-wide studies and was 

highlighted recently in several studies in ecology and evolution, epidemiology and GBS 

(Rutkoski et al. 2013; Huang et al. 2014; Jarquín et al. 2014; Penone et al. 2014; Shah et 

al. 2014). 
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In a previous genetic study using the same populations, five distinct populations were 

identified: Landing, Kelsey/Burntwood, Birthday/Gull, Lower Nelson/Hayes, and 

Churchill (Côté et al. 2011). However, performing assignment tests with the 

microsatellite loci was not possible due to the low discrimination power of available 

markers coupled with weak population differentiation typical of Lake Sturgeon (see Côté 

et al. 2011). The marker panel comprising over 5,000 loci (8,000 SNP) developed in this 

study enabled fine-scale discrimination of genetic/demographic patterns. Five putative 

populations (JEN, LAN, GRA, BUR, GUL) were revealed downstream of Jenpeg GS, 

upstream of Kettle GS (Figure 16). Until more samples are analyzed for JEN, its 

uniqueness remains somewhat ambiguous. The sampling sites on the lower Nelson River 

(LLI, ANG, WEI) form the sixth population that, based on the current study, can now be 

discriminated from Churchill and Hayes watersheds (Figure 16). Hayes River tributaries 

have somewhat conflicting levels of differentiation; FOX status is clearly differentiated, 

but HAY and GOD were considered a single population by DAPC (Figure 5) and 

assignment analysis (Figure 7) due to high levels of admixture with reduced 

discrimination power. The Churchill River (CHU) formed the 9th population. 

To our knowledge, there is no empirical data or experiments showing the weakness or 

strength of next-generation sequencing and assignment analysis using known migrants or 

individuals with known mixed ancestries. The inference of migrant origin is thought to be 

real time, F0 immigrants (Paetkau et al. 2004). However, the high resolution provided by 

GBS could enable the detection of effective dispersal through past ancestry of F1+ 

offspring (see also Gagnaire et al. 2015), resulting from mating between fish with 

different population origins. Sampling different genome ancestries would increases the 

noise of the inference. This deeper sampling of genomic region, could also explain the 

small discrepancy between the assignment (Figure 7) and DAPC (Figure 5) results. 

Furthermore, the Dlr metric used to give an overall power to detect migrants in this study 

has not been cited with genome-wide data sets. In order to have sufficient power to detect 

migrants there must be strong differentiation, even with thousands of loci, but for 

differentiation to develop among populations migrants need to be rare. Typically, you 

would need to sample hundreds of individuals to find a single migrant (Meirmans, 2014), 

however, it is clear from this study that immigrants can be detected with reduced sample 

sizes. 

Overall, clustering analysis, admixture, and population assignment analyses were 

congruent in defining the same population units. Moreover, we could define in detail the 

direction of individual straying among the different populations. The marker panel had an 
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average individual assignment accuracy of 85%, providing an unprecedented tool for 

delineating management units and recovery strategies for Lake Sturgeon. In general, 

analyses showed that effective dispersal ranged from low (GUL) to moderate (LAN-

GRA-BUR) to extensive (GUL-STE-LOS and LLI-ANG-WEI and HAY-GOD). The 

different levels of admixture illustrated in Figure 5, represent the genetic makeup from 

historical to contemporary admixture. Simulations would be required to understand just 

how far back in time, the demographic history is revealed by the different analysis. 

However, it is evident that until more studies are conducted, the 9 population units should 

be considered in the context of any future management and conservation plan, the 

assumption being that preservation of genetic integrity and trajectory is desirable. The 

method will also be applicable to other riverine and dendritic systems where population 

structure may be missed using lower resolution genetic techniques (e.g., the current suite 

of microsatellites). 

4.2 RELATIONSHIP RECONSTRUCTION AND POTENTIAL DRIVERS OF 
RECRUITMENT PATTERNS 

Relationship reconstruction, simulation of discovery of the number of parents, and 

contribution of parents provided estimates of families, sibship/parentage, and number of 

spawners. With the exception of SFA (stocked), results from remaining sites suggest that 

the number of adults that produced the cohorts analyzed varied depending on specific 

river reach. These numbers are based on several assumptions, the most critical are i) 

individuals are sampled at random (with respect to kinship) from a single cohort of the 

population and ii) parentage includes the full range of probability of observing the 

relationship, the numbers therefore should be used as a relative measure and interpreted 

with caution. Parentage accuracy is influenced by the complexity and density of the 

family cluster. With complex and dense half-sib clusters (e.g., GUL-STE-LOS), the 

resulting number of breeding adults vary more compared with simple clusters (e.g., BUR 

and GRA). Complex and dense clusters indicate a highly polygamous mating system 

generated these cohorts. Consequently, if a sample of individuals was taken at random 

(with respect to kinship), sampling effort was controlled, and sampling year and sites are 

indeed representative, then previous observations of Lake Sturgeon mating system can 

offer several pointers for interpreting the observed family patterns. 

During mating season, both sexes may spawn in numerous locations, depending on 

availability and proximity of habitat (Bruch and Binkowski 2002; LaHaye et al. 1992). 

However, it has often been suggested that Lake Sturgeon will move upstream as far as 
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passable, typically spawning in swift water below dams and rapids that provide oxygen to 

developing embryos. Female sturgeon will spawn in short and repetitive bouts (few 

seconds) during which several males will mate with a single female by producing a cloud 

of sperm. Male reproductive tactics to maximize their reproductive success are numerous 

and include defending spawning grounds, locating a female and pounding the female's 

abdomen with their tails and caudal peduncles while ejaculating (Bruch and Binkowski 

2002). Authors have suggested that swarm formation and mating behaviors in sturgeon 

maximize the genetic diversity of the offspring (Bruch and Binkowski 2002). 

The complex and dense relationship clusters observed (e.g., GUL-STE-LOS) could be the 

result of spawning swarms where males and females are spawning simultaneously. The 

operational sex ratio (OSR), and the number, quality, and distance between available 

spawning habitats will be important factors driving the complexity of the relationship 

observed in the juvenile cohorts. These factors are all potential drivers of recruitment 

patterns in Lake Sturgeon. Additionally, the high contribution of just a few parents (the 

n50 estimates) as estimated in this study could result in pulses of cohorts over the years 

which may act in conjunction with, or in opposition to, natural environmental factors. 

Certainly, erratic recruitment patterns of Lake Sturgeon in Boreal Shield rivers appear to 

be the contemporary normal (McDougall et al. 2014). Life history traits (frequency, size, 

and condition dependent), that alternately attenuate and exacerbate recruitment patterns, 

particularly in depressed populations, likely include: female and male sexual dimorphism 

(age at maturity, longevity and size), female and male reproductive intervals (3-6 years 

and 2-3 years, respectively) and lastly, polygynandry. Having a polygynandrous mating 

system that generates multiple paternities has many advantages and disadvantages for 

long-lived and endangered species like Lake Sturgeon, the most important being that it 

will slow down the manifestation of inbreeding compared to a monogamous mating 

system. Furthermore, it is unlikely that exploited Lake Sturgeon populations would ever 

manifest decreased genetic diversity prior to being extirpated, due to the life history traits 

above. Conversely, with mating swarms it is easy to think that mating and reproductive 

success is random in Lake Sturgeon, but the last three decades of parentage analysis in 

the wild has revealed very different scenarios (reviewed in Parker and Birkhead 2013). 

Polyandry and multiple paternity generates patterns of variance in male and female 

reproductive success, such as the observed reproductive contribution of both sexes in our 

data (Table 7), and is expected to reduce the effective population size (Karl 2008). 

Consequently, probabilities and confidence intervals of estimates are necessary 

uncertainties associated with the number of spawners estimated herein. 
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4.3 LAKE STURGEON BIOLOGY AND BIOGEOGRAPHY 

Suppositions regarding Lake Sturgeon ecology have given rise to questionable 

conclusions about the species demographic and biogeographic patterns, as well as the 

impediments to population recovery. SNP marker development has afforded the level of 

genetic resolution necessary to conduct population assignment tests, yielding a significant 

contribution to the biological understanding Lake Sturgeon populations, and ultimately 

providing strong evidence of the role of spatial habitat in determining biogeographic 

patterns and phylogeographic processes.  

The first supposition refuted by the current study stems from Auer’s (1996) paper, which 

stresses the importance of migration to sturgeons. Migration distance of anadromous 

sturgeon species was correlated with mean body size, yielding the conclusion that Lake 

Sturgeon populations (which are potamodromous) would require barrier free sections of 

lake/river habitat, at least 250 - 300 km and perhaps 750 – 1000 km in length (see Figure 

2 Auer 1996). Broadly accepted by the scientific community, sweeping generalizations 

have followed; for example: “Lake Sturgeon undergo extensive migrations for spawning, 

and large open distances (250 to 1000 km) are needed to support self-sustaining 

populations (Auer 1996)” (DFO January 2014). 

Caution must be taken when reading Auer’s paper (1996) that lacked the integration of 

genetics and the role of habitat (driven by geomorphology and hydrology) in potential 

delineation of populations in larger riverine systems outside of the Great Lakes area. In 

recent years, two studies have revealed evidence of historically structured populations in 

both the Nelson (Côté et al. 2011) and Winnipeg rivers (McDougall 2011). The results of 

the current study provide strong evidence for a complex and historically structured meta-

population and more specifically, no evidence of migrations spanning the entire length of 

the river. 

The second supposition (related to the first) is that Lake Sturgeon populations in the 

Nelson River have been fragmented by hydroelectric development, described in a DFO 

report as follows: “The construction of hydroelectric dams, beginning in 1960, 

fragmented the distribution of Lake Sturgeon and isolated the species into a series of 

reservoirs, particularly between Kettle and Limestone generating stations… (DFO 

2014)” with the implicit assumption that restricted gene flow has also resulted. In fact, 

the results from genetic studies on the Nelson River (Côté et al. 2011; present study) 

suggest populations were naturally restricted to one-way gene flow by geomorphic 

control points at Kelsey GS (Grand Rapid 6.1 m drop [Denis and Challies 1916]) and 

Kettle Rapids (23.8 m drop [Denis and Challies 1916]). Furthermore, there is no 
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documented evidence that Lake Sturgeon were abundant year-round in the Nelson River 

between Kettle Rapids and Long Spruce Rapids, a reach that dropped ~52 m over 32 km 

(Denis and Challies 1916), as the river transitioned from the Boreal Shield ecozone to 

Hudson Plain ecozone (Figure 15); it seems unlikely that a self-sustaining Lake Sturgeon 

population could have existed in this reach. The results of the current study provide 

unprecedented discriminatory power for Lake Sturgeon and do not reveal the presence of 

any transitional genotypes, indicating gene flow between Gull Lake and the lower Nelson 

River is a one way trip in the downstream direction. Furthermore, the results of the 

current study indicate that there has been minimal upstream to downstream gene flow 

between the Gull Lake and Lower Nelson populations historically (adult data) and 

contemporarily (adult and juvenile data). When one considers the historic gradient profile 

of the Nelson River from Gull Rapids through Long Spruce Rapids (Denis and Challies 

1916), it is likely that the impoundment of the Nelson River post-Kettle GS (i.e., the 

creation of Stephens Lake) has increased the population level habitat suitability 

downstream of Gull Rapids, and allowed development of a Lake Sturgeon stock, which is 

notably comprised of the Gull Lake genotype. 

The most parsimonious explanation for structuring in Lake Sturgeon populations 

occurring in large riverine and dendritic systems (and likely elsewhere) is that it is 

controlled by the spawn-drift-settle-establish habitat sequence, ultimately resulting in 

spatial isolation of populations. Essentially, Lake Sturgeon spawn, eggs hatch, and larvae 

disperse downstream with the distance dictated by water velocity gradients. In Great 

Lakes tributaries, this might mean distances exceeding 40 km (Auer and Baker 2002), but 

in stepped gradient Boreal Shield systems, where falls/rapids transition quickly into 

natural lakes (or man-made reservoirs), the distances may be less. Juveniles show a 

tendency to resist downstream redistribution, residing in discrete sections of river (Barth 

et al. 2011; McDougall et al. 2013). When maturity is reached, adults move back to 

spawning locations (falls, rapids, or tributaries). The cycle continues, albeit at a very slow 

pace due to the life history characteristics of the species (late age of maturity, infrequent 

spawning intervals, etc.), ultimately giving rise to structured and locally adapted 

populations. 

The spawn-drift-settle-establish rationale is evident in GUL-STE-LOS sibship analysis 

results for the 2008 cohort which indicated that 2008 cohort juveniles in STE and LOS 

were likely not spawned in those locations, as each individual sequenced was determined 

to have at least one sibling located further upstream in GUL (Figure 13). Downstream 

redistribution of larval Lake Sturgeon must have occurred following spawning at an 

upstream location. Conversely, in the moderate-gradient Hudson Plain habitat of the 
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lower Nelson River, where larvae generated at multiple spawning sites seem to only 

establish in the a couple areas (i.e., Nelson River mainstem downstream of Angling River 

or the estuary), low levels of genetic differentiation among adults captured at the Lower 

Limestone Rapids, Angling River, and Weir River spawning sites were observed. Indeed, 

the differences among adults captured at each of these spawning sites are so small that 

their biological significance is questionable; for all intents and purposes, the results of 

various clustering analyses described herein considered Lake Sturgeon from the lower 

Nelson River to be a single population. Field samples were ordered in Figures 12 and 13 

from left to right, producing horizontal and vertical patterning when siblings are in 

sequence, providing evidence that siblings are captured in the field together. Combine 

this with the fact that adults captured in spawning grounds are often recaptured together 

several years later, supports the hypothesis that Lake Sturgeon may spend their lives in 

closely related ‘groups’ with inbreeding mitigated by a combination of asynchronous 

mating behavior and longevity. 

4.4 MANAGEMENT CONSIDERATIONS 

The results of this study support the previous conclusions on population genetic structure 

(Coté et al. 2011) and have implications for conservation and recovery planning. The 

following should be considered with regards to recovery and mitigation strategies: 

 Management Units should be delineated based on spawn-drift-settle-establish habitat 

sequences. The length of unrestricted reaches varies naturally, and is dependent on 

instream habitat specific to individual locations; and 

 Strategies that involve stocking should give priority to maintaining genetic integrity 

and trajectory patterns, as the neutral markers and markers under selection indicate 

the differences are both real and adaptive. 

Nine 'groups' exist for consideration (Figure 16) in developing stocking programs that 

would maintain the ‘status quo’ for northern Manitoba Lake Sturgeon populations: 

 Jenpeg - presumably maintained by natal philopatry (i.e., fidelity and/or retention) 

with contemporary exchange with Landing River area; 

 Landing River - presumably maintained by natal philopatry (i.e., fidelity and/or 

retention) with one-way transfer to populations downstream of Kelsey GS; 

 Kelsey/Grass River - presumably maintained by natal philopatry exhibiting 

immigration from Landing River area and contemporary exchange with Burntwood, 
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and limited exchange with Gull Lake, despite the absence of barriers with evidence of 

rare transfer to populations downstream of Kettle GS; 

 Burntwood River - presumably maintained by natal philopatry exhibiting 

contemporary exchange with Kelsey/Grass and little historical exchange with Gull 

Lake, despite absence of barriers with no evidence of transfer to populations 

downstream of Kettle GS;  

 Gull/Stephens Lakes - presumably maintained by natal philopatry exhibiting little 

historical exchange with Kelsey/Burntwood despite absence of true barriers, limited 

historical downstream exchange with lower Nelson River, and limited contemporary 

transfer to populations downstream of Limestone GS. The contemporary transfer 

from GUL-STE-LOS provides some evidence that LOS juveniles are immigrants 

from upstream;  

 Lower Nelson River - high mobility, natal philopatry appears to be more plastic with 

extensive exchange among lower Nelson River groups;  

 Lower Hayes/Gods rivers - high mobility, natal philopatry possibly more plastic with 

extensive exchange between lower Hayes and Gods groups facilitated through larval 

drift stage;  

 Fox river - high mobility, natal philopatry possibly more plastic with limited 

contemporary exchange with Hayes and Gods group; and 

 Lower Churchill River - isolated by historical biogeographic pattern of watershed 

isolation starting 7500 years ago during the formation of the Tyrrell Sea (300 

generations ago). 

From a population genetic structure perspective, results from the current study provide 

strong evidence that hydroelectric development on the Nelson River has not fragmented a 

previously panmictic population, as the population structure revealed using GBS methods 

cannot be attributed to contemporary processes. Upstream gene flow appears to have 

been historically restricted at Kelsey GS and Kettle GS. Samples analyzed from the Long 

Spruce Reservoir (as well as Stephens Lake) are consistent with the Gull Lake genetic 

signature indicating contemporary gene flow from GUL to LOS, a pattern that is not 

evident when looking at historical structure i.e., GUL and LNR adult genetics indicate 

upstream to downstream gene flow was very rare. In addition, it also appears that the vast 

majority of Lake Sturgeon that previously utilized the now backwatered Nelson River 

mainstem (i.e., Long Spruce and Limestone reservoirs) likely were displaced downstream 

into the lower Nelson River following impoundment.  
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Figure 1. Flow chart of methodological steps involved in this study.
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Figure 2. Map of Manitoba of sampling locations 

Map and flow chart of Manitoba sampling locations showing the hierarchical structure of the 
potential populations in relation to the generating stations. 
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Figure 3. Clustering mismatch threshold series. 

This is the -M parameter in the ustacks module of STACKS. The divergence is based on the 
sturgeons 80 pb reads. The Y-axis represents the percentage of total clusters at a given mismatch 
value and the X-axis represents the maximum differences (in mismatches) allowed between 
reads within a cluster. Single haplotype clusters (putative homozygous loci) are represented by a 
solid blue line and diamonds, two-haplotype clusters (putative heterozygous loci) are represented 
by a solid green line and squares, and three or more haplotype clusters (combined alleles from 2 
or more paralogous loci) are represented by a solid red line and triangle. 
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Figure 4. Distances between sampling sites using an UPGMA tree. 

Nei’s Gst distance estimates visualized with a UPGMA tree that highlight splits between all 
sturgeons sampling sites in Manitoba. The measure includes a bias-correction for sampling a 
limited number of samples and populations (Meirmans & Hedrick, 2011). Only sites with adults 
were used for the pairwise distances. Bootstrap percentage values are below nodes (10 000 
replicates). Dataset was imputed with individuals missing less than 50% genotypes. 
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Figure 5. Discriminant Analysis of Principal Components (DAPC) 

The DAPC figure shows the clustering of sampling sites for different K values. Dataset was 
imputed with individuals missing less than 30% genotypes. At K = 2, Churchill become a 
distinct cluster from the remaining Watersheds. At K = 3, Jenpeg, shows some distinctiveness. 
The Hayes watershed shows a unique signature at K = 4, with the Fox River (FOX). The 
different admixture proportions of the upper Nelson tributaries are revealed at K = 5 and after. 
For all values of K, downstream of the Limestone GS, there is no distinct population along the 
Nelson tributaries. 
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Figure 6. Scatter plot of Discriminant Analysis of Principal Components (DAPC) 

The DAPC figure shows the clustering of sampling sites for a K = 12 with different combination of 
principal components (1 to 4). Circles represent the individuals’ coordinate and colors represent the 12 
sampling sites. Dataset was imputed with individuals missing less than 30% genotypes. 
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Figure 7. Assignment probabilities 

Assignment probabilities of individuals based on home likelihood (Lh, left panel) and likelihood ratio 
(Lh/Lmax, right panel). Population discrimination power in black and number of individuals assigned 
in grey. Number of migrants is in blue and when current and inferred populations are identical or 
different, green or red are used, respectively. The overall discrimination power ranged from 77 to 85% 
with Lh and Lh/Lmax, respectively. When JEN and CHU are removed (sample size < 15) and HAY 
and GOD combined, the overall discrimination power > 90%. This assignment test used filtered and 
imputed data. 
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Figure 8. Assignment plot of BUR-GUL and ANG-WEI. 

Assignment plot for two pairs of sampling sites: BUR-GUL (left) and ANG-WEI (right) where the power to identify F0 immigrants is related 
to the mean genotype likelihood distance ratio (Dlr). DLR is the distance of individuals from the diagonal center line. Also shown on the 
figure, the Gst values. 
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Figure 9. Reproductive success of putative parents 

Histogram showing the number of adults (fathers and/or mothers) having one or more offspring. 
Results are by sampling site and sex. Sexes are arbitrarily set by COLONY and cannot be combined for 
this figure. Most mothers and/or fathers had one offspring in the sample while few have more than two 
offspring. 
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Figure 10. Simulations of discovery of the putative number of parents 

Simulations of discovery of the number of unique parents influenced by the number of sampled 
offspring. Each point represent the mean bootstrap (n=999) on number of sampled offspring for 5 
cohorts.  
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Figure 11. Network graph (left) and heat map (right) for reared progeny with known parents 

Relationship network of two families (family 1: 151-200; family 2: 101-150) of offspring that share the same mother but different fathers 
(full-sibs within a family, half-sibs between families). Probability of relationship inferred by COLONY is divided in three groups and 
represented by color (blue: >= 0.75; gray: 0.20 to 0.75 and red: <= 0.20). Offspring relationship (full- and half-sib, diamond and triangle 
shape, above and below diagonal, respectively) and probability of relationship inferred by COLONY.  
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Figure 12. Heat map for pairwise relationships for upper Nelson River sites 

Probability of relationship inferred by COLONY (blue: >= 0.75; gray: 0.20 to 0.75 and red: <= 0.20). Full-sibling pairwise relationships are 
shown above the diagonal while half-sibling pairwise relationships are below diagonal. Cohorts from different sampling sites are separated 
by solid black line. LAN site as 2 cohorts separated by a dash line. Large shaded gray squares highlight pairwise relationships from the same 
sample sites, while pairwise relationships observed outside gray shaded squares represent between sample sites i.e., gene flow.  



Conawapa Project 
 
 
 

50 

Draft Report # 15-05
  

 

Figure 13. Heat map for pairwise relationships for GUL-STE-LOS. 

Probability of relationship inferred by COLONY (blue: >= 0.75; gray: 0.20 to 0.75 and red: <= 0.20). Full-sibling pairwise relationships are 
shown above the diagonal while half-sibling pairwise relationships are below diagonal. Cohorts from different sampling sites are separated 
by solid black line. GUL sampling site as 2 cohorts separated by a dash line. Large shaded gray squares highlight pairwise relationships from 
the same sample sites, while pairwise relationships observed outside gray shaded squares represent between sample sites i.e., gene flow.
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Figure 14. Heat map for pairwise relationships for LNR. 

Probability of relationship inferred by COLONY (blue: >= 0.75; gray: 0.20 to 0.75 and red: <= 0.20). 
Full-sibling pairwise relationships are shown above the diagonal while half-sibling pairwise 
relationships are below diagonal.  
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Figure 15. Nelson River between Kettle GS and Long Spruce GS predevelopment 

Nelson River mainstem as it transitions from Boreal Shield ecozone into Hudson Plain ecozone. Genetic data suggests this reach represented 
a historical barrier to gene flow. 
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Figure 16. Clustering of sampling sites for K = 9 

Clustering of sampling sites for K = 9 using Discriminant Analysis of Principal Components (DAPC; 
top), and a flow chart of Manitoba sampling locations showing the hierarchical structure of the Lake 
Sturgeon populations in relation to the generating stations for K = 9. The upper Nelson River (Boreal 
Shield) between Jenpeg GS and Keeyask GS, shows significant structure. The lower Nelson River 
(Hudson Plain) downstream of the Limestone GS, no structure exists among the spawning sites. Similar 
structure exists in the Hayes watershed Fox River (Boreal Shield) shows a different population 
signature than the Gods and Hayes (Hudson Plain) which show no structure. 
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Table 1. Sampling sites summary. 

Number of individuals per sampling sites and groups (adults, juveniles/cohorts and larvae) with number 
of individuals blacklisted based on three categories of missing genotypes used after filtering (30%, 
50% and 70%). 
 

Sites Groups N 

Missing genotypes 

30% 50% 70% 

SFA JUVENILES 46 2 2 2 

JEN 
ADULTS 
JUVENILES 

10 
13 

0 
0 

0 
0 

0 
0 

LAN 
ADULTS 
JUVENILES 
LARVAE 

46 
62 
196 

0 
0 
2 

0 
0 
2 

0 
0 
2 

GRA 
ADULTS 
JUVENILES 

48 
72 

2 
2 

1 
0 

1 
0 

BUR 
ADULTS 
JUVENILES 

48 
43 

4 
1 

2 
1 

1 
1 

GUL 
ADULTS 
JUVENILES 

48 
219 

0 
4 

0 
3 

0 
1 

STE JUVENILES 100 4 4 4 

LOS JUVENILES 10 1 0 0 

LLI ADULTS 23 1 0 0 

ANG ADULTS 46 0 0 0 

WEI ADULTS 48 1 1 1 

LNR JUVENILES 72 0 0 0 

FOX ADULTS 19 1 1 1 

HAY ADULTS 30 2 2 1 

GOD ADULTS 33 2 2 2 

CHU ADULTS 17 9 8 4 

TOTAL 1179 38 29 21 
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Table 2. GBS bioinformatics pipeline. 

Description of the different steps in the bioinformatics GBS pipeline with software used, version 
number and references. 
 

Steps Description Software, version and reference 

1 Raw reads are inspected for overall quality and presence of adapters FASTQC v.0.11.31 
FQGREP

2 

2 Adapters are removed from raw reads CUTADAPT v.1.9  
(Martin, 2011) 

3 
Reads are cleaned and demultiplexed by barcodes 
(STACKS process_radtags)  

STACKS v.1.30  
(Catchen et al., 2013) 

4 
Reads are inspected for overall quality FASTQC v.0.11.31 

FQGREP
2 

5 
Data from each individual are grouped into loci, and polymorphic 
nucleotide sites are identified  
(STACKS ustacks for de novo). 

STACKS v.1.30  
(Catchen et al., 2013) 

6 Loci are grouped together across individuals and a catalog of loci is 
written (STACKS cstacks). 

STACKS v.1.30  
(Catchen et al., 2013) 

7 Loci from each individual are matched against the catalog to determine 
the allelic state at each locus in each individual (STACKS sstacks). 

STACKS v.1.30  
(Catchen et al., 2013) 

8 
Genotype and haplotype calls in individual samples are corrected based 
on population-wide data (STACKS rxstacks). 

STACKS v.1.30  
(Catchen et al., 2013) 

9 Allelic states are converted into a set of de novo stack formation (STACKS 
populations). 

STACKS v.1.34  
(Catchen et al., 2013) 

10 SNP visualization, filtering, Dlr and figures STACKR v.0.1.33 

11 F-Statistics and population assignment analysis GENODIVE v.2.0b27 (Meirmans & 
van Tienderen 2004) 

12 Tree visualization GGTREE v.1.074 

13 Principal Component Analysis, admixture and assignment analysis ADEGENET v.2.0.0 
(Jombart et al. 2011) 

14 Parentage analysis 
COLONY v.2.0.5.9 (Jones & Wang 
2010, Wang 2013) 

1 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

2 https://github.com/indraniel/fqgrep 

3 https://github.com/thierrygosselin/stackr 

4 https://github.com/GuangchuangYu/ggtree  
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Table 3. GBS bioinformatics settings. 

Bioinformatics steps, options and values used in the GBS pipeline. 
 

Steps 
Options 

Value

adapter removal 
CCGAGATCGGAAGAGCG (a) 
error tolerance (e) 
reads shorter than N bases are discarded 

 
0.2 
80 

process_radtags 

Clean data by removing any read with an uncalled base (c) 
Discard reads with low quality scores (q) 
Truncate final read length to this value (t) 
Set the size of the sliding window as a fraction of the read length (w) 
Score limit within the sliding window drops below this value (s) 

yes 
yes 
80 

0.15 
10 

ustacks 

Minimum depth of coverage required to create a stack (m) 
Maximum nucleotides distance allowed between stacks (M) 
Maximum distance secondary reads to primary stacks (N) 
Disable calling haplotypes from secondary reads (H) 
Enable the removal algorithm (r) 
Enable the Deleveraging algorithm (d) 
Maximum locus stacks 
Bounded model with an alpha 
Lower and upper bound epsilon 

4 
5 
7 

yes 
yes 
yes 
3 

0.05 
0-0.15 

cstacks Number of mismatches (n) 1 

sstacks default  

rxstacks 

Log likelihood filtering 
Minimum log likelihood threshold 
Prune haplotypes 
Filter confounded loci 
Confounded threshold 
Bounded model with an alpha 
Lower and upper bound epsilon 

yes 
-10 
yes 
yes 
0.75 
0.1 

0-0.1 

populations 
Minimum percentage of individuals/population (r) 
Minimum number of populations (p) 
Specify a minimum stack depth required for individuals at a locus (m) 

0.50 
6 
7 
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Table 4. Filters statistics. 

The number of markers (SNP and loci) discarded and kept after each filter, including the minor allele 
frequency (MAF), observed heterozygosity (Het) and inbreeding coefficient (Fis). Values of filters 
threshold are shown in numbers or percentages (%). (Loci = 85985; SNP = 163070). 
 

Steps Filter 
Number of markers 

blacklisted 
Number of markers after 

filter 

SNP LOCI SNP LOCI 

1 Consensus sequences - 18574 - 85985 

2 
Paralogs  
(loci > 2 alleles) 

- 4309 140566 62758 

3 

Genotype likelihood & max coverage 
read.depth.threshold = 7 
allele.depth.threshold = 7 
allele.imbalance.threshold = 0.15 
read.depth.max.threshold = 100 
gl.mean.threshold = 20 
gl.min.threshold = 5 
gl.diff.threshold = 100 
gl.pop.threshold = 50% 

105613 44613 34953 18145 

4 
Individuals 
ind.threshold = 65% 

4912 2237 30041 15908 

5 
Populations 
pop.threshold = 8 

0 0 30041 15908 

6 

MAF 
local.maf.threshold = 0.02 
global.maf.threshold = 0.1 
maf.pop.threshold = 1 pop 

11466 5026 18575 10882 

7 

Het 
het.threshold = 0.5 
het.diff.threshold = 0.5 
het.pop.threshold = 5 pop 

8984 4913 9591 5969 

8 

Fis 
fis.min.threshold = -0.3 
fis.max.threshold = 0.3 
fis.diff.threshold = 0.5 
fis.pop.threshold = 5 pop 

637 318 8954 5651 

9 
SNP number per haplotypes 
max.snp.number = 6 
pop.threshold = 100% 

106 14 8848 5637 
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Table 5. Genetic diversity summary statistics. 

These statistics for adult samples in each potential population (Sites) include the number of individuals 
genotyped in at least 70% of the locus (N), the total number of loci in the catalog (Loci), the proportion 
of mono- (Mono), polymorphic (Poly) and consensus loci (Con). The genetic diversity measure are 
presented for the raw and imputed dataset (in bold), the average observed heterozygosity (Ho), the 
heterozygosity within population (Hs), Nei’s heterozygosity-based Gis, analogue to Wright’s inbreeding 
coefficient (F

IS
). The nucleotide diversity (Pi) presented here consider the consensus loci in the catalog. 

 

Sites N Loci Mono/Poly/Con Ho Hs Gis Pi 

JEN 10 22591 2062 / 3573 / 16956 
0.1751 
0.1715 

0.1726 
0.1663 

-0.0142 
-0.0312 

0.0012 

LAN 46 23554 881 / 4754 / 17919 
0.1867 
0.1831 

0.1797 
0.1755 

-0.0393 
-0.0433 

0.0013 

GRA 47 22490 700 / 4936 / 16854 
0.1890 
0.1809 

0.1831 
0.1757 

-0.0324 
-0.0293 

0.0013 

BUR 47 19147 815 / 4821 / 13511 
0.1773 
0.1655

0.1767 
0.1660 

-0.0039 
-0.0028 

0.0013 

GUL 48 21369 731 / 4905 / 15733 
0.1821 
0.1748

0.1790 
0.1722 

-0.0174 
-0.0149 

0.0013 

LLI 23 23390 1057 / 4579 / 17754 
0.1948 
0.1894

0.1850 
0.1797 

-0.0528 
-0.0540 

0.0013 

ANG 46 22398 727 / 4909 / 16762 
0.1944 
0.1892

0.1844 
0.1796 

-0.0542 
-0.0536 

0.0013 

WEI 47 24301 808 / 4828 / 18665 
0.2073 
0.2033

0.1894 
0.1857 

-0.0948 
-0.0949 

0.0014 

FOX 18 21232 1463 / 4171 / 15598 
0.1754 
0.1697 

0.1767 
0.1697 

0.0076 
0.0000 

0.0013 

HAY 29 22040 904 / 4732 / 16404 
0.1975 
0.1911 

0.1878 
0.1817 

-0.0517 
-0.0517 

0.0014 

GOD 31 22659 774 / 4862 / 17023 
0.2064 
0.2003 

0.1950 
0.1891 

-0.0587 
-0.0593 

0.0015 

CHU 13 11359 2225 / 3409 / 5725 
0.1373 
0.1068 

0.1648 
0.1295 

0.1668 
0.1752 

0.0012 

ALL 405 25408 0 / 5636 / 19772 
0.1853 
0.1771 

0.1811 
0.1726 

-0.0230 
-0.0262 

0.0014 
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Table 6. Genetic differentiation. 

Genetic differentiation of lake sturgeon highlighted using pairwise estimates of Nei’s Gst with a correction for a bias that stems from 
sampling a limited number of populations and Jost D, above and below diagonal, respectively. P-values of all the comparisons were highly 
significant at p<0.0001, except for LLI-ANG and LLI-WEI (p = 0.0030 and p = 0.0130, respectively). Grey cells indicate comparison 
between watersheds. Bold indicate presence of barrier. Example: ANG-BUR: significant Gst of 0.020 in presence of barrier in the same 
watershed; ANG-HAY: significant Gst of 0.014, in the absence of a barrier and in a different watershed. The significance was tested with 
10,000 permutations. 
 

Gst JEN LAN GRA BUR GUL LLI ANG WEI FOX HAY GOD CHU 

JEN — 0.020 0.027 0.037 0.034 0.039 0.039 0.041 0.043 0.036 0.039 0.079

LAN 0.004 — 0.011 0.022 0.019 0.023 0.024 0.025 0.028 0.022 0.025 0.062

GRA 0.005 0.002 — 0.006 0.007 0.014 0.013 0.015 0.026 0.012 0.014 0.048

BUR 0.006 0.004 0.001 — 0.016 0.021 0.020 0.023 0.033 0.019 0.022 0.054

GUL 0.006 0.003 0.001 0.003 — 0.015 0.014 0.017 0.028 0.014 0.016 0.051

LLI 0.007 0.004 0.003 0.004 0.003 — 0.001 0.002 0.031 0.013 0.015 0.053 

ANG 0.007 0.004 0.002 0.004 0.003 0.000 — 0.002 0.030 0.014 0.017 0.052 

WEI 0.007 0.005 0.003 0.004 0.003 0.000 0.000 — 0.032 0.014 0.017 0.055 

FOX 0.008 0.005 0.005 0.006 0.005 0.006 0.005 0.006 — 0.014 0.022 0.064 

HAY 0.007 0.004 0.002 0.004 0.003 0.002 0.003 0.003 0.003 — 0.005 0.047 

GOD 0.007 0.005 0.003 0.004 0.003 0.003 0.003 0.003 0.004 0.001 — 0.050 

CHU 0.014 0.011 0.008 0.009 0.009 0.010 0.009 0.010 0.011 0.008 0.009 — 
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Table 7. Relationship analysis summary. 

Summary of COLONY relationship analysis with cohorts and cohort groups, offspring used in the 
analysis (N), the resulting numbers and percentage, in parenthesis, of offspring with half-sib and/or 
full-sib relationship. The number of unique candidate mothers and fathers when full range of 
probabilities is used and probability > 0.75, in parenthesis. Number of mating pairs based on full 
probabilities with the mean probability ± SE and range is given (some fathers and mothers are found in 
more than one pair, explaining the large numbers in last column). Sexes are arbitrarily set by 
COLONY. 
 

Cohorts N 
HS 

n (%) 
FS 

n (%) 
Mother 
n (0.75) 

Father 
n (0.75) 

Mating pairs 
n:mean prob ± SE 

[min-max] 

SFA 44 3 (7) 31 (70) 14 (14) 14 (14) 13: 1.00 ± 0.00 [1-1] 

LAN-JEN 76 46 (61) 60 (79) 58 (58) 61 (61) 75:0.97 ± 0.01 [0.76-1] 

GRA 29 18 (62) 0 (0) 23 (23) 25 (25) 29: 0.98 ± 0.01 [0.85-1] 

BUR 40 37 (93) 6 (15) 24 (21) 26 (22) 37: 0.94 ± 0.02 [0.74-1] 

SFA-JEN-LAN-
GRA-BUR 

190 115 (61) 41 (22) 100 (100) 125 (125) 156: 1.00 ± 0.00 [1-1] 

GUL 194 194 (100) 53 (27) 51 (6) 89 (10) 166: 0.15 ± 0.02 [0.07-1] 

STE 92 83 (90) 16 (17) 56 (19) 36 (17) 81: 0.49 ± 0.04 [0.21-1] 

GUL-STE-LOS 318 300 (94) 68 (21) 73 (70) 154 (152) 271: 0.86 ± 0.01 [0.21-1] 

LNR 38 30 (79) 2 (5) 34 (27) 33 (25) 38: 0.86 ± 0.03 [0.50-1] 
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Table 8. Reproductive contribution. 

Number (n50) and percentage of the total number of putative adults (father/mother) based on full probability estimates that contributed to 
50% of offspring present in the relationship analysis. Sexes are arbitrarily set by COLONY. 
 

Cohorts 
Offspring Father Mother Parents 

tot n50 tot n50 (%) tot n50 (%) tot n50 (%) 

SFA 44 29 14 1 (7) 14 1 (7) 28 2 (7) 

LAN-JEN 76 38 61 23 (37) 58 20 (34) 119 43 (36) 

GRA 29 20 25 11 (44) 23 9 (39) 48 20 (42) 

BUR 40 14.5 26 6 (23) 24 7 (29) 50 13 (26) 

GUL 194 97 89 23 (26) 51 9 (18) 140 32 (23) 

STE 92 46 36 7 (19) 56 16 (29) 92 23 (25) 

GUL-STE-LOS 318 159 154 33 (21) 73 10 (14) 227 43 (19) 

LNR 38 19 33 14 (42) 34 15 (44) 67 29 (43) 
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Table 9. Effective number breeder (Nb). 

The number of breeders in the population (Nb) estimated by COLONY is given under scenario of random and non-random mating for five 
sturgeon cohorts/rivers. The 95% confidence intervals are obtained from bootstrapping. 
 

Cohorts 
Random mating Non-random mating 

Alpha Nb CI95(L) CI95(H) Alpha Nb CI95(L) CI95(H) 

SFA 0.00 4 2 12 -0.02 5 2 20 

LAN-JEN 0.00 187 134 263 0.00 187 137 273 

GRA 0.00 162 94 416 -0.03 146 92 293 

BUR 0.00 59 40 95 0.08 56 35 91 

GUL 0.00 82 61 113 -0.07 93 69 125 

STE 0.00 67 47 97 -0.06 74 54 100 

GUL-STE-LOS 0.00 91 69 121 0.00 91 68 123 

LNR 0.00 312 176 963 -0.05 237 154 420 
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APPENDIX 1: GLOSSARY 

Glossary of terms found in this report and associated readings. 

Admixture 

A composite gene pool in which at least some individuals (F1, F2, Fx and/or backcross) can trace 

ancestry to more than one population.  

Alignment 

Arrangement of sequence based on similarity. 

Assembly 

Gathering together sequences into their correct chromosomal positions. 

Assignment analysis 

Statistical methods that use genetic information to ascertain population membership of 
individuals or groups of individuals. 

Barcode 

A molecular barcode is an individual-specific nucleotide of known sequence varying length 
inserted adjacent to the genomic sequence read and used for tracking an individual sample in 
multiplexed next-generation sequencing libraries. 

Bayesian statistics 

Statistical framework in which the parameters of the models are treated as random variables, 
allowing expression of the probability of parameters, given the data; this is called the posterior. 
The posterior probability is obtained by Bayes’ rule, and it is proportional to the likelihood times 
the prior. 

Cloud computing 

The use of computing resources distributed in a network (typically the Internet) to store, manage 
and analyze data, rather than doing so on a local server or personal computer. 

Cluster 

Two or more reads varying by a small number of mismatches between them that are grouped or 
"stacks" with clustering software based on sequence similarity. 

Clustering 

Method for decomposing a mixture into its component parts (e.g., gene pools or populations) in 
the absence of information to characterize the units a priori. 

Conservation genomics 

Defined broadly as the use of new genomic techniques to solve problems in conservation 
biology.  
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CPU 

Central processing unit within a computer. Multicore computer processing units (Multicore 
CPUs). Single computing processors with two or more independent computing units (called 
cores). Running multiple instructions on multiple cores at the same time can increase the overall 
speed of programs. 

de novo assembly 

Process of aligning and merging together individual sequence reads to form long contiguous 
sequences (contig) in the absence of a reference sequence to compare with (i.e., with no prior 
information). 

Depth of coverage (read or sequencing depth) 

Total number of a genomic unit (base, reads, etc.) represented. 

Discriminant function 

A linear combination of variables that maximizes the contrast among different groups of interest. 
Unknowns (e.g. individuals) are classified into one of the groups (e.g., populations) based on 
their score on the discriminant function. An AT is a type of discriminant function. 

Frequentist methods 

Statistical methods that test hypotheses about an event based on the expected frequency of that 
event happening over a large number of trials (frequency distribution). If no such information is 
available (e.g., from a theoretical frequency distribution), randomization techniques are used to 
generate an empirical frequency distribution. 

FIS 

Wright’s inbreeding coefficient measuring the level of correlation between two genes drawn 
from an individual relative to two genes drawn from the population. Also defined as the 
probability that two alleles in an individual are both descended from a single allele in an 
ancestor. 

FST 

A measure of populations subdivision that indicates the proportion of genetic diversity found 
between populations (S : for subpopulation) relative to the amount within populations (T : for 
total). 

Haplotype 

A DNA sequence with a number of closely linked loci on a chromosome that is inherited through 
generations as a single unit without being changed by crossing-over or other recombination 
mechanisms. In STACKS an haplotype represents the configuration of SNPs in a short-read locus. 

Homeologs 

A special case of paralogy resulting from polyploidy 
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Homolog 

A member of a chromosome pair in diploid organisms or a gene that has the same origin and 
function in two or more species. 

Library 

Collection of DNA fragments 

Likelihood 

The probability of obtaining the observed data under a certain model or hypothesis. The 
assignment index can be viewed as the likelihood of an individual occurring in the population in 
which it was sampled. An ML approach finds or approximates the parameter values that 
maximize the likelihood. 

Linkage 

The proximity of two or more markers on a chromosome; the closer the markers, the lower the 
probability that they will be separated during DNA repair or replication processes (binary fission 
in prokaryotes, mitosis or meiosis in eukaryotes), and hence the greater the probability that they 
will be inherited together. 

Linkage disequilibrium 

The non-random association of alleles at different gene loci. A standard index of linkage 
disequilibrium, D, is defined as the difference between observed and expected frequencies of a 
two-locus gamete. If the two loci are independent, the expected frequency of a gamete is the 
product of the frequencies of the two alleles. 

Markers (also genetic markers) 

In STACKS, haplotypes and define alleles in each locus are called genetic markers. A genetic 
marker (locus or loci [plural]) is a segment of an organism’s DNA that usually varies in its 
composition (i.e., its nucleotide sequence) and thus presents different variants or alleles. An 
individual carries two copies of each marker, which are either identical (same allele) or different. 
These two copies together form its genotype for that marker. Two individuals differ from each 
other with respect to their genotype if they have either only one or no alleles in common. 

Marker-assisted selection 

The use of genetic markers to predict and increase the response to selection by favouring 
reproduction of individuals with a certain allele or genotype. The marker is closely linked to a 
quantitative trait locus. 

Markov Chain Monte Carlo (MCMC) 

A simulation technique to generate samples from a probability distribution of interest. MCMC 
can estimate complex multi-variate distributions that cannot be generated by standard simulation 
methods. It has also been used to approximate likelihood surfaces in the context of ML methods. 
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Minor allele frequency 

The frequency of the less frequent allele at a biallelic genetic locus. 

Missingness 

Is a term for missing data. Imputation models require that data have a specific distribution to 
their missing values, also known as their missingness pattern.   

Mixture 

Proportion of individuals from different source populations that contribute to a genetic mixture 
or admixture. 

Ne and Nb 

The effective population size (Ne) of a population is the size of the ideal (Wright-Fisher) 
population (N) that will result in the same amount of genetic drift as in the actual population 
being considered. For sturgeon, because of overlapping generations, COLONY Ne is actually Nb, 
the effective number of breeders. 

Next generation sequencing (NGS) 

Highly parallel DNA sequencing where hundreds of thousands or millions of reads (sequences) 
are produced in one run. 

Operational Sex Ratio (OSR) 

The ratio of receptive males to receptive females at one time and site. 

Orthologs 

Homologous genes related by speciation. 

Paralogues 

Homologous genes related by duplication. 

Parentage analysis 

A classification method for determining the parents of an individual or group of individuals. 

Pipelines 

Semi-autonomous script to automate analyses. 

Principle component analysis (PCA) 

A tool for transforming a set of observations with correlated variables into a set of linearly 
independent variables called principle components, making sure that the first principle 
component accounts for the largest variability of the data. 
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Polyploidy  

The heritable condition of possessing more than two complete sets of chromosomes. 
Allopolyploidy arise from fusion of nuclei from different species, whereas autopolyploidy arise 
when the different sets of chromosomes are derived from the same species. 

 

RAD site 

A site cut by a restriction enzyme (RE) 

RAD-tags 

Restriction-site Associated DNA tags is a method for typing large numbers of SNPs on the 
Illumina Genome Analyser. Fragments are cut by a restriction enzyme and sequenced, those 
fragments are over-represented in the sequence reads, and so genotypes at polymorphic sites can 
be reliably called. This approach differs from other SNP typing methods in that SNPs do not 
need to be discovered beforehand and because SNP identification and estimates of allele 
frequencies are obtained simultaneously, saving time and money. 

Random forest 

A statistical technique that are used to control for over-fitting bias in decision trees. In general an 
ensemble learning method for classification, regression, and other tasks, that operate by building 
many decision trees during a training period and outputting a mode of the classes (classification) 
or a mean prediction (regression) of the individual trees. 

Read 

A genomic unit consisting of an individual short piece of DNA sequence output from an Next-
Generation Sequence (NGS) platform 

Restriction enzyme 

A protein that recognizes and cuts specific short nucleotide sequences. 

RRL 

Reduced representation library; a DNA library created from only a certain fraction of the genome 

Scaffolds 

A genomic unit composed of assembled contigs with gaps in between. 

Single-nucleotide polymorphisms (SNPs) 

Sites in the DNA in which there is variation that occur when a single nucleotide (A, T, C, or G) 
sequence is altered. 

Whitelist 

A method used for screening out data that fit a priori criteria acceptable for analysis. 

 


