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SUMMARY  
 
This report describes a genomic study conducted on Lake Whitefish samples collected 
from the Athabasca River and Peace-Athabasca Delta region of Alberta, Canada. The 
study utilized GTseq (Genotyping-in-Thousands by DNA sequencing) to determine 
genotypes and to infer genetic relationships among individuals and stocks. The study 
identified two genetic stocks of Lake Whitefish in the region which broadly corresponded 
to one river spawning population and one lake/shoal spawning population. The two 
genetic stocks have a roughly equal contribution to the annual domestic harvest. The 
study highlights the importance of understanding stock movement, presence at specific 
harvest locations, and observed capture patterns in the domestic fishery of Lake Whitefish. 
The results suggest potential for genetic exchange between stocks, underscoring the 
need to consider the impact of migratory patterns on population structure in mixed-stock 
fish studies. 
 
INTRODUCTION 
 
Lake Whitefish is an important species for commercial, recreational and subsistence 
fisheries across northern Canada, including within the Lower Athabasca River and Peace 
Athabasca Delta in Alberta. Here, Lake Whitefish have significant cultural and economic 
importance for the Indigenous communities living in and around Wood Buffalo National 
Park, Alberta (Paul, 2013). As a result, the conservation status/health of Lake Whitefish 
and other food fishes is of primary interest and has been the focus of past scientific 
research within the region (e.g., McCart et al.,1982, Donald and Kooyman 1977). Past 
research studies have included a range of topics of relevance to local management and 
stewardship of fisheries resources, including migration patterns, population dynamics, 
feeding habits, growth, water regime structure, and the effects of environmental variables 
on fish populations. 
 
Identifying stock structure in fishes is an important tool for fisheries stewardship. However, 
Lake whitefish in the Athabasca River and Peace Athabasca Delta region have not been 
studied extensively to determine whether multiple genetic stocks exist in the region. 
Nevertheless, a number of observations suggest that multiple, genetically-differentiated 
stocks may exist. For example, the Mikisew Cree/Athabasca Chipewyan Community 
Based Monitoring (CBM) and Environment and Climate Change Canada conducted 
research on contaminant loadings and isotope levels in Lake Whitefish tissues, revealing 
that Lake Whitefish captured at Jackfish and Lake Claire exhibited two distinct feeding 
behaviors, indicating the possibility of two distinct populations with different life 
histories. McCart et al. (1982) also conducted a study on Lake Whitefish in the Athabasca 
River and Lake Athabasca areas and discovered significant differences in growth rates, 
parasite infestations, and four meristic characteristics, leading them to conclude that the 
Lake Athabasca fishery contains two populations of Lake Whitefish. 
 
GTseq is a genotyping method that utilizes DNA sequencing to determine genotypes and 
infer relationships among individuals, which is particularly beneficial for identifying genetic 
stocks in fisheries and in conservation biology (Campbell et al., 2015, Bootsma et al., 



2020, Hayward et al., 2022). GTseq has been recently widely adopted in the field of 
fisheries and conservation biology due to its precision and high throughput (Meek & 
Larson 2019, Bootsma et al., 2020). 
 
The primary objective of this study is to investigate the genetic structure of Lake Whitefish 
in domestic Peace-Athabasca Delta fisheries, as well as to determine the contribution of 
different genetic stocks to the annual mixed-stock harvest. This information is crucial for 
sustainable management of fish populations and biodiversity conservation, as it can aid 
in the development of management strategies due to anthropogenic stressors. The 
results of this study can provide valuable insights to policymakers and stakeholders 
involved in the management and conservation of Lake Whitefish, contributing to the 
development of informed decisions that prioritize ecological sustainability and long-term 
benefits for the local communities. 
 
  
MATERIALS AND METHODS 

 
Sampling and DNA extraction 

Fish samples were collected from known or suspected fish-accessible locations in the 
Peace-Athabasca Delta by contract labor and local experts, and then subsequently air-
shipped to Concordia University, Montreal, Quebec. In total, 440 adult fish were caught 
across different locations and fin clips were non-lethally collected for DNA extraction. 
These 440 samples comprised 341 samples collected from the main areas of harvesting 
within the region’s annual fishery, as well as 99 samples from two known spawning sites 
for Lake Whitefish (Upper Athabasca River = UAR, n = 49; Isle Lacrosse within Lake 
Athabasca = LA1-Source or LA1S, n = 50). The samples from these spawning sites are 
hereafter referred to as ‘sources’ or ‘references’ below.  Of the total 440 samples collected 
and genotyped, 65 samples were preserved in 95% ethanol and 375 samples were 
preserved in RNAlater (which was replaced with 95% ethanol prior to DNA extraction). A 
small piece of tissue was incubated overnight in an extraction solution containing ddH2O, 
EDTA, NACl, Tris, 10% SDS, Protein Kinase K, and RNase A. Salt and isopropanol were 
used to precipitate a DNA pellet, which was washed twice in 80% ethanol before being 
dried for an hour and mixed with 50 μL elution (AE) buffer. The extracted DNA was then 
quantified using a Qubit® 2.0 Fluorometer (Life Technologies) and normalized to 
approximately 15 ng/μl. 

Library preparation 

A panel of 379 single nucleotide polymorphisms (SNPs) recently developed as part of the 
FISHES project (https://fishes-project.ibis.ulaval.ca/about-fishes/; Bouchard et al., 
unpublished) was used in this study. The extracted DNA was prepared for sequencing 
using the GTseq protocol developed by Campbell et al. (2015). Two polymerase chain 
reactions (PCRs) were performed: the first PCR amplified the targeted SNP loci using 
GT-seq primers, while the second PCR added the barcodes and capture sequences for 
Illumina sequencing. The second PCR products were pooled and underwent size 
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selection with AMPure XP beads (double-sided bead selection 0.5x and 1.2x) before 
being quantified using Qubit (high sensitivity), normalized to 4nM, and pooled up to 1 
library-pool (maximum n=440 samples) for sequencing on a MiSeq v3 platform (paired-
end; 2 x 75 bp) at the Institute of Integrative Biology and Systems (Université Laval). 

Genetic Stock Identification and population structure 

After sequencing, raw reads were demultiplexed and each individual was genotyped at 
379 SNPs using the GT-score pipeline (https://github.com/gjmckinney/Gtscore) 
developed by McKinney et al. (2020). This study focused on Genetic Stock Identification 
(GSI) where individuals of unknown origin captured within a harvest sample (that is 
potentially comprised of multiple stocks) are assigned back to their source/reference 
population based on the genotypic likelihood across SNPs. In addition to performing GSI 
with the rubias R-package (Moran & Anderson 2019), simulations were conducted using 
the leave-one-out method developed by Anderson et al. (2008) to evaluate the confidence 
of assigning individuals within sources/references. Individuals with a posterior mean of 
group membership (PofZ) greater than 0.80 were confidently assigned to a source using 
allele frequencies. The distribution of z-scores was also analyzed to identify individuals in 
the harvest samples that may not belong to the know sources/references (Spies et al., 
2020).  

In addition, we also analyzed allele frequencies using a principal components analysis 
(PCA) using GENODIVE (Meirmans 2020) to visualize genetic structure and patterns of 
population differentiation across the main sampling sites in the PAD region. Marker-
specific diversity indices (e.g., heterozygosity) and pairwise FST values between the main 
sampling locations were also calculated through this software. 

 

RESULTS AND DISCUSSION 

The average genotype rate per sample and per locus was 96% (sd:0.05, 0.13), and the 
average read depth was 61.582 (sd: 55.438). Interestingly, the heterozygosity of Lake 
Whitefish was found to be 0.32 ± 0.03 (Figure 1B), which is higher than that of other 
species using similar GTseq methodology (e.g. walleye, Brook trout, Figure 1 A and C) 
but similar to the heterozygosity of Lake Whitefish populations in Great Slave Lake 
(McLeod Bay and Buffalo river) and in James Bay, Quebec (0.313 ± 0.035) (Bouchard et 
al., unpublished). Given the high heterozygosity, the contaminated-sample filter was 
adjusted to 0.4. If we had followed the default heterozygosity standard of 0.3 for identifying 
contaminated samples, this would have resulted in the removal of 342 samples from the 
dataset (Figure 1D). Furthermore, six SNPs identified as poor-quality 
(Chr01_21819917_1, Chr01_98382222_1, Chr04_29058219_1, Chr14_43001117_1, 
Chr20_19565369_1, Chr26_39527253_1) and 20 SNPs with low genotype rate (<50%) 
were removed, resulting in 353 SNPs being used for downstream analyses. After data 
filtering, 99% of the samples were subjected to genetic stock identification (GSI), 
comprising samples from two references (total n=99: UAR = 49, LA1-Source = 50) and 

https://github/


mixed-stock samples from four areas (n=320: PAD1; 9, AR3; 25, LA1; 269, LA3; 17) as 
well as mixed-stock samples with unknown sampling location (UM, n=18). 
 
The GSI analysis using the rubias package assigned 53% of the mixed-stock samples to 
the river spawning site (Upper Athabasca River = UAR) and 47% to the lake/shoal 
spawning site (LA1-Source) (see Figure 2C). The population simulation averages (PofZ) 
from the rubias analysis exceeded the 0.80 threshold, indicating high confidence in the 
mixed-stock assignments (Figure 2A). Additionally, a z-score was computed for each fish 
with the highest posterior population, allowing us to assess whether an assignment was 
questionable or not by evaluating if it came from a different population than the one it was 
assigned to or any other population in the reference dataset (Figure 2B). Remarkably, 
none of the samples utilized in this study originated from unidentified sources. We 
visualized the results from the mixed-stock analysis using pie-charts (Figure 4). Because 
the exact coordinates for each individual sample were unavailable, they were grouped by 
area (PAD1, AR3, LA1, LA3) for visualization.  
 
Pairwise FST values ranged from 0.000 to 0.021 indicating moderate genetic 
differentiation between the two sources (Upper Athabasca River; UAR and LA1-Source) 
and low genetic differentiation between the mixed-stock sampling areas (Table 1).  
 
We also performed a principal component analysis (PCA) to investigate the genetic 
structure of Lake whitefish source and mixed-stock area samples, including the Upper 
Athabasca River (UAR), Isle Lacrosse area in Lake Athabasca (LA1-Source), PAD1, AR3, 
LA1, LA3, and UM (mixed- stock individuals where the sampling location is unknown). 
The PCA (Figure 3) revealed that PC1 axis had an explanatory power of 3.742%, while 
PC2 and PC3 axes had similar values of 1.355% and 1.295%, respectively. Both PC2 
and PC3 were plotted in Figure 3, and these principal components were used to 
distinguish between different populations based on their genetic profiles. Two genetic 
clusters were largely identified from the PCA analysis. The UAR and LA1-Source 
source/reference samples were distributed in the left and right cluster respectively. 
Individuals caught in PAD1 were mainly distributed on the right cluster whereas the AR3 
group was distributed in the left cluster. Samples from the LA1 group-area were evenly 
distributed in both clusters, while the LA3 group-area was mainly distributed in the right 
cluster. Individuals whose location-of-capture was unknown were also distributed in the 
right cluster.  
 
Despite the significant geographic distance between the two sources/references (UAR 
and LA1-Source) which are also separated by complex water systems, between each 
lake, the analysis indicates that a proportion of samples migrate between the lakes. This 
highlights the potential for genetic exchange between these populations and the 
importance of considering the impact of migratory patterns on population structure in 
studies of mixed-stock fish populations. 
 

 

 



CONCLUSIONS AND FUTURE RECOMMENDATIONS  

The genetic stock structure of Lake Whitefish populations in the Athabasca River and 

Peace-Athabasca Delta regions of Alberta, Canada, was assessed using a panel of 373 

single nucleotide polymorphisms (SNPs). Our analyses indicate two genetic groups, 

corresponding to the river spawning Whitefish in the Upper Athabasca River (UAR) and 

lake/shoal spawning Whitefish at the LA1S site, with moderate levels of pairwise genetic 

differentiation (FST=0.021) between them. The mixed-stock whitefish samples were 

roughly evenly assigned (53% vs 47%) to the UAR and LA1S sources/references. The 

percentage assignment within each of the four mixed-stock harvest areas (PAD1, AR3, 

LA1, LA3) varied and indicated stock movement between regions.  

It is evident that studying the genetic stock structure of the Lake Whitefish population in 
the Athabasca River and Peace-Athabasca Delta region has contributed significantly to 
our understanding of regional Whitefish movements and population structure. However, 
further research is required to fully comprehend the dynamics of this species. 

Firstly, it would be beneficial to increase the number of samples collected, particular from 
additional putative sources/references, to obtain a more comprehensive representation 
of the Lake Whitefish population across the study areas. If other spawning sites for Lake 
Whitefish exist, inclusion of samples from these in the genomic dataset would assist with 
the determining the extent of the spatial scale that each genetically-distinct stock occupies. 
Additionally, future studies should consider incorporating other metadata, such as 
geographic coordinates, to further enhance the resolution and accuracy of genetic stock 
identification. 

Furthermore, the impact of environmental factors, such as water temperature and flow 
regimes, on the genetic structure of the Lake Whitefish population could be investigated. 
Understanding the relationship between genetic structure and environmental variables 
will provide insight into the potential impact of climate change on Lake Whitefish in the 
region and aid in the development of conservation and management strategies. 

Lastly, the potential for genetic exchange between genetic stocks exists in the region. 
Future studies could investigate migration patterns of Lake Whitefish to better understand 
the extent of genetic exchange between stocks and the potential impact on population 
genetic structure. This information would be useful for developing/refining effective 
management and conservation strategies for this species in the face of changing 
environmental conditions. 
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Figure 1. Comparison of heterozygosity distribution among different fish species 
(A) Histogram showing the heterozygosity distribution of walleye, (B) whitefish, and (C) 
brook trout. The x-axis represents the heterozygosity, and the y-axis represents the 
number of read counts. (D) Graph depicting the relationship between heterozygosity (y-
axis) and primer probe reads (x-axis). The red solid line indicates the number of samples 
classified as contaminated based on the heterozygosity threshold of 0.3. The solid blue 
line represents the number of samples identified as contaminated using a heterozygosity 
threshold of 0.4. 
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Figure 2. Assignment accuracy using the leave-one-out approach (A), Graph of the 
z-score (B) and mixed-stock assignments (B)  
The population simulation averages exceeded the PofZ>0.80 threshold, indicating high 
confidence in the mixed-stock assignments (A). The black line represents the normal 
density, while the blue line depicts the distribution of our observed z-scores. Their 
reasonable fit indicates that there are no significant abnormalities overall. The z-score is 
most valuable for individual analysis, as it serves as a rapid tool for identifying anomalous 
individuals. If an individual's z-score to the maximum-a-posteriori population in your 
mixture sample is considerably lower than the z-scores observed in the reference, it may 
suggest that the individual does not fit any of the populations in the reference accurately 
(B).The mixed-stock samples were assigned to the Upper Athabasca River (UAR) at 53% 
and the LA1-Source at 47% (C).   



 
Table 1. Pairwise population differentiation as calculated with GENODIVE 
The table presented in our study demonstrates that increasing levels of genetic 
differentiation are represented by darker shades of yellow. As for the whitefish population, 
our analysis revealed low levels of genetic differentiation (FST values) ranging from 0.000 
to 0.021. Moreover, we did not observe any discernible pattern in the genetic 
differentiation across geographic distances. 

 UAR* LA1S* PAD1 AR3 LA1 LA3 

UAR -           

LA1S 0.020 -         

PAD1 0.014 0.000 -       

AR3 0.000 0.020 0.019 -     

LA1 0.007 0.005 0.000 0.006 -   

LA3 0.000 0.021 0.018 0.000 0.008 - 

*UAR = Upper Athabasca River, LA1S = LA1 source 
  



 

 
 

Figure 3. Principal component analysis (PCA) plot based on allelic frequencies of 

373 SNPs obtained by GT-seq of 437 lake whitefish from two sources (UAR; Upper 

Athabasca River, LA1S) and four mixed-stocks (PAD1, AR3, LA1, LA3, UM; 

unknown mixed-stock samples).  

  



 
Figure 4. Proportion of lake whitefish mixed-stock assigned to 2 source 

populations in Peace-Athabasca Delta. Two source areas were UAR (yellow) and LA1 

(dark blue). Four mixed-stock samples from four areas (red: PAD1, AR3, LA1 and LA3). 

Individual assignments were generated using the R package rubias. 
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