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ABSTRACT
Advances in genomics have facilitated the delineation of fisheries management units, which can be challenging in systems such 
as large lakes, in which high gene flow tends to limit genetic structure. In Great Slave Lake, Lake Whitefish populations have 
supported an important commercial fishery since the mid-1940s. The genetic structure of Lake Whitefish, however, has never 
been assessed, preventing the implementation of population-specific monitoring. Using low-coverage whole-genome resequenc-
ing of 305 samples from 10 sampling locations, we identified eight genetically differentiated populations of Lake Whitefish in 
Great Slave Lake and its main tributary, the Slave River. In the lake, we observed elevated levels of genetic differentiation among 
putative spawning locations in environmentally heterogeneous sections of the Main Basin despite small geographic distances 
among sites. In contrast, we observed weak genetic structure between populations in the comparatively homogeneous East Arm 
despite large geographic distances. Our observations suggest that mechanisms such as spawning site fidelity, adfluvial migratory 
behaviour, or local adaptation might shape population structure in this system. Using genome-wide scans, we found multiple 
genomic regions of elevated differentiation, with some displaying patterns coherent with chromosomal inversions. These results 
highlight the potential role of chromosomal rearrangements in maintaining local adaptation in the face of gene flow in environ-
mentally heterogeneous lakes. Overall, our study provides novel insights into the genetic structure of fish populations in vast, 
recently deglaciated lakes. Furthermore, our results highlight the power of genomic data for population delineation in systems 
with high gene flow. Lastly, our precise assessment of genetic structure will provide a baseline for the genetic monitoring of cul-
turally and socio-economically important Lake Whitefish commercial fisheries in this subarctic Great Lake.

1   |   Introduction

The conservation of intraspecific diversity is of crucial impor-
tance to the long-term persistence of species and their contri-
bution to ecosystems and to people's livelihoods and well-being 
(Des Roches et  al.  2021; Luck et  al.  2003). Advancements in 
population genomics have improved the resolution of popula-
tion structure analyses and the detection of genomic regions 

under selection, allowing for a deeper understanding of how 
genetic variation is maintained and distributed in populations 
(Allendorf et al. 2010). This has benefited wildlife conservation 
as genomics provides crucial information on population con-
nectivity (e.g., Bouchard et al. 2025) and local adaptation (e.g., 
Xuereb et al. 2022) that can be used to define conservation and 
management units (Funk et  al.  2012; Hohenlohe et  al.  2021; 
Forester et al. 2022; Lehnert et al. 2023).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Evolutionary Applications published by John Wiley & Sons Ltd.

https://doi.org/10.1111/eva.70268
https://doi.org/10.1111/eva.70268
https://orcid.org/0009-0002-3986-2399
https://orcid.org/0000-0002-8156-0274
https://orcid.org/0000-0003-2375-561X
https://orcid.org/0000-0002-3353-3730
mailto:philippe.henault.1@ulaval.ca
http://creativecommons.org/licenses/by/4.0/


2 of 21 Evolutionary Applications, 2026

The classification of harvested fish into management units is espe-
cially important to help prevent the negative impact of commercial 
fishing on genetic diversity and natural population subdivisions 
(Allendorf et al. 2008; Laikre and Ryman 1996; Delgado et al. 2025). 
In fisheries, the genetic delineation of management units (i.e., 
stocks) has long been challenging in systems with high gene flow 
(e.g., marine systems; Waples 1998). Recently, genome-wide res-
olution has enabled the delineation of weakly structured popula-
tions, promoting precise monitoring of species using genetic stock 
identification and mixed-stock analysis (Bernatchez et  al.  2017; 
Andersson et  al.  2024). For instance, genome-wide data can be 
used to design SNP panels that target highly differentiated regions 
of the genome that can accurately discriminate weakly struc-
tured populations (Beemelmanns et al. 2025; Bootsma et al. 2020; 
McKinney et al. 2020) and can reveal the presence of large-effect 
loci that can be integrated in conservation measures of evolution-
arily significant units (Schneller et al. 2025; Waples et al. 2020).

In North America, many large lakes support important mixed-
stock commercial fisheries (Brenden et al. 2012), which would 
benefit from genomic monitoring initiatives (Ebener et al. 2021) 
to prevent the overharvesting of populations with lower pro-
ductivity (e.g., Molton et al. 2013) and enhance ecosystem and 
fishery stability through the portfolio effect (DuFour et al. 2015; 
Hilborn et al. 2003; Schindler et al. 2010). At larger temporal and 
spatial scales, genetic population structure in large lakes has 
mostly been affected by post-glacial recolonization (Bernatchez 
and Wilson 1998) and isolation-by-distance (e.g., Euclide, Kuhl, 
et al. 2024). However, at finer scales, local adaptation to hetero-
geneous environments (e.g., Shi et al. 2022), spatial segregation 
during the feeding season (e.g., Dupont et al. 2007; Potvin and 
Bernatchez  2001), philopatry to natal spawning grounds (e.g., 
Wilson et al. 2016) or tributaries (e.g., Homola et al. 2010, 2012) 
and even pelagic larval dispersal patterns (Schraidt et al. 2023) 
have been shown to shape intra-lacustrine genetic structure of 
freshwater fish populations in large lakes.

In vast open systems (e.g., marine systems; Gagnaire et al. 2015), 
the combination of relatively elevated levels of gene flow and pu-
tatively low genetic drift (Nielsen et  al.  2009) can limit genetic 
differentiation to regions of the genome that are involved in local 
adaptation (Kawecki and Ebert 2004) and lead to cryptic popula-
tion structure that is difficult to disentangle using a limited num-
ber of neutral markers (Gagnaire et al. 2015; Waples 1998). In this 
context, high-density genomic data like whole-genome sequenc-
ing can be essential to disentangle complex population struc-
ture (Fuentes-Pardo and Ruzzante 2017; Hohenlohe et al. 2021), 
as genome-wide scans enable the detection of highly localized 
regions of differentiation that might otherwise go unnoticed 
(Benestan 2020; Bernatchez et al. 2017; e.g., Akopyan et al. 2025; 
Bradbury et al. 2013; Cayuela et al. 2020; Nikolic et al. 2023; Shi 
et al. 2023). These regions are often characterized by the tight clus-
tering of loci in small, often low-recombining (Samuk et al. 2017) 
sections of the genome. Their emergence has been attributed either 
to divergence hitchhiking, in which gene flow is reduced in sites 
that are physically linked to genes under strong divergent selection 
(Nosil et al. 2009; Via 2012) or through the clustering of locally 
adapted alleles in structural variants such as chromosomal inver-
sions (Kirkpatrick and Barton 2006; Yeaman 2013), which can clus-
ter neighboring co-adapted alleles and maintain them in the face 
of gene flow by suppressing recombination in heterokaryotypes 

(Berdan et al. 2023; Hoffmann and Rieseberg 2008; Tigano and 
Friesen 2016; Wellenreuther and Bernatchez 2018).

Recently, commercially harvested fish populations from large 
lakes have benefited from a genomic reassessment of population 
structure, which often reveals fine-scale population structure 
that was previously undetected using neutral genetic markers. 
For instance, high-density genomic data enabled the detection of 
putative chromosomal inversions associated with fine-scale dif-
ferentiation of Lake Whitefish (Coregonus clupeaformis) popula-
tions in Lake Michigan (Shi et al. 2022) and Lake Erie (Euclide 
et al. 2022). Similarly, a putative chromosomal inversion seems 
involved in lake-wide local adaptation in Walleye (Sander vit-
reus) from three large Manitoban lakes despite elevated levels of 
gene flow (Thorstensen et al. 2022).

While genetic structure analyses have been conducted for most 
commercially harvested fish species in the Laurentian Great 
Lakes, fewer have been conducted in the northern Great Lakes of 
Canada (but see Bernos et al. 2024; Elmer et al. 2008; Turgeon and 
Bourret 2013; Turgeon et al. 2016; Wiens et al. 2021). For instance, 
in Great Slave Lake, the genetic structure of Lake Whitefish popu-
lations, which have supported the largest commercial fisheries in 
the Western Arctic since the mid-1940s (Department of Fisheries 
and Oceans [DFO]  2015; MacKenzie et  al.  2022; Rawson  1947, 
1949), has never been assessed. In this large subarctic lake 
(28,570 km2), multiple factors could contribute to divergence 
among Lake Whitefish populations. First, in large lakes, Lake 
Whitefish can demonstrate natal spawning site fidelity (Ebener 
et al. 2010, 2021; Ryther et al. 2024; Walker et al. 1993) and spatial 
niche segregation (Beech et al. 2024) that can result in temporally 
stable genetic differentiation (Nathan et al. 2016). In such cases, 
gene flow is expected to be reduced between distant populations, 
leading to isolation-by-distance (Wright 1943). Spawning site fi-
delity could be especially strong in adfluvial populations, which 
spawn in tributaries after feeding in Great Slave Lake during 
the summer and that are believed to occur in the Slave (McLeod 
et al. 1985; Tallman 1996; Tallman et al. 2005; Tripp et al. 1981), 
Little Buffalo (Roberge et  al.  1985) and Yellowknife (Miller 
et  al.  2025) rivers. Finally, the environmental heterogeneity of 
Great Slave Lake could have led to the emergence and mainte-
nance of locally adapted populations. Indeed, inflow from tribu-
taries combined with depth variations shape regional differences 
in limnology in Great Slave Lake, especially between the two main 
basins of the lake. In the Main Basin (fisheries management areas 
IW, IE, II, III, IV and V), important inflow from the Slave River 
influences turbidity, water surface temperature and dissolved 
oxygen levels (Zhu et al. 2017), which have cascading effects on 
the planktonic, benthic and fish communities (Evans 2000; Fee 
et  al.  1985; Rawson  1950, 1951, 1953, 1956; Zhu et  al.  2017). In 
contrast, the Slave River has less influence on the deep waters of 
the East Arm. This region is consequently less productive and ex-
hibits comparatively homogeneous ultraoligotrophic limnological 
characteristics (Evans 2000; Rawson 1950).

In this study, we used low-coverage whole-genome resequencing 
to describe the genetic structure of Lake Whitefish populations in 
Great Slave Lake. We first documented patterns of genetic differen-
tiation among sampling locations to identify genetically differenti-
ated populations. We then investigated regions of elevated genetic 
differentiation using genome-wide scans to detect outlier regions 
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putatively under selection as well as putative structural variants. 
We hypothesized that Great Slave Lake would harbour multiple 
genetically differentiated populations of Lake Whitefish and that 
structural variants could play a role in maintaining genetic differ-
entiation between putatively locally adapted populations.

2   |   Material and Methods

2.1   |   Sampling

Lake Whitefish were collected at 10 sampling sites selected 
across the lake based on the presence of spawning aggregates 
and/or their proximity to major river systems (Figure  1A, 
Table 1). Fin clips from a total of 337 Lake Whitefish were taken 
for genetic analyses at nine putative spawning locations in shal-
low nearshore areas of Great Slave Lake itself, and one spawn-
ing location (Fort Smith) in the Slave River, its main tributary. 

Adult adfluvial Lake Whitefish have been suggested to return to 
Fort Smith each fall to spawn after feeding in Great Slave Lake 
during the summer (McLeod et al. 1985; Tallman 1996; Tallman 
et  al.  2005; Tripp et  al.  1981). Lake Whitefish were collected 
either by local Indigenous partners, local commercial fishers, 
or by DFO biologists using large mesh size (≥ 51 mm) gillnets, 
which should have mostly targeted mature fish. Whitefish in 
Great Slave Lake were all collected between September 18th 
and October 21st in 2019 and 2020. Putative adfluvial whitefish, 
sampled in Fort Smith, were collected in the last week of August 
and the first week of September, when the pre-spawning adults 
begin to appear at the base of the rapids.

2.2   |   DNA Extraction and Sequencing

Genomic DNA was first extracted from fin clips or muscle 
samples preserved in 95% ethanol kept at −20°C, using the 

FIGURE 1    |    Genetic population structure analyses of Lake Whitefish from ten sampling sites in the Great Slave Lake area. Sampling sites: FOS, 
Fort Smith; PDR, Pointe de Roche; BUR, Buffalo River; FOR, Fort Resolution; NOA, North Arm; YEK, Yellowknife; TAR, Taltson River; LUK, 
Łutsël K'é; TAN, Taltheilei Narrows; MCB, McLeod Bay. (A) Map of Great Slave Lake showing the sampling sites in three regions: Main Basin, East 
Arm, and Slave River. The Main Basin is split into three subregions: Western, Central, and Northern Basins. Commercial fishing management areas 
(FMA) are identified by roman numerals (IE, IW, II, III, IV, V, VI). (B) PCA of the first two principal components obtained using PCAngsd on the 
LD-pruned SNP dataset (181,603 SNPs), individuals are colored by sampling sites, while shapes represent regions. (C) PCA of the third and fourth 
principal components obtained using PCAngsd on the LD-pruned SNP dataset (181,603 SNPs), individuals are colored by sampling sites while shapes 
represent regions. (D) Individual admixture proportions at K = 3, K = 4, K = 5, K = 6, K = 7, and K = 8 by sampling site, grouped by region and man-
agement areas.
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NucleoMag Tissue Kit (Macherey-Nagel) with an RNAse A 
(Qiagen) treatment. After extraction, DNA concentrations 
were assessed using the AccuClear Ultra High Sensitivity 
DsDNA Quantitation Kit (Biotium) and normalized to 2 ng/
μL after a first cleaning step using Axygen magnetic beads. 
Nextera libraries for low-coverage whole-genome resequenc-
ing were prepared using 2 ng/μL DNA extracts that were ran-
domly redistributed on four 96-well library plates, following a 
protocol described by Baym et al. (2015) and Therkildsen and 
Palumbi (2017) and modified according to Mérot et al. (2021). 
First, a tagmentation step (Nextera kit, Illumina) was used 
to fragment DNA and add partial adapters. Then, a two-step 
PCR was performed using the KAPA Library Amplification 
Kit (Roche). During the first PCR step, individual barcodes 
were added to the fragments to identify reads. During the 
second PCR step, Illumina adapters (i5-i7) were added to the 
fragments. Finally, Axygen magnetic beads were used for a 
cleanup step to keep only DNA fragments between 400 and 
1000 bp in size. Equimolar amounts of 96 libraries were then 
combined in four separate pools after assessing their concen-
tration using the AccuClear Ultra High Sensitivity dsDNA 
Quantitation Kit (Biotium). The fragment size distribution of 
a random sample of the library pools was assessed using the 
Agilent BioAnalyzer (Agilient) to verify if the mean insert size 
distribution was between 500 and 700 bp.

Samples were sequenced using 150 bp paired-end reads on 
an Illumina Novaseq 6000 S4 at McGill Génome Québec 
Innovation Center, with a target sequencing depth of 2X. 
Raw reads were processed with a pipeline for Whole-Genome 
Sequencing (WGS) sample preparation available at https://​
github.​com/​enorm​andeau/​wgs_​sample_​prepa​ration, inspired 
by Therkildsen and Palumbi (2017). This pipeline used FastP 
v0.20.1 (default settings, Chen et  al.  2018) to trim and filter 
reads for quality, then used BWA-MEM v0.7.17-r1188 (default 
settings, Li and Durbin 2009) to align them to the reference 
genome. In this case, reads were aligned to an older version of 
the currently available reference genome for Lake Whitefish 
(Coregonus clupeaformis) (Assembly ASM1839867v1; 
GCA_018398675.1; 01/21; Mérot et al. 2023). After alignment, 
reads were filtered to keep those with a mapping quality over 
10 using Samtools v1.8 (Danecek et al. 2021), duplicate reads 
were removed using MarkDuplicates (PicardTools v1.119), 
indels were realigned using IndelRealigner from GATK 3.5 
(McKenna et  al.  2010) and overlapping read ends were soft-
clipped using clipOverlap in bamUtil v1.0.15 (Breese and 
Liu 2013).

2.3   |   SNP Calling and Filtering

As our targeted sequencing depth (~2X) was too shallow to ac-
curately genotype SNPs, we used a probabilistic framework for 
this study (Lou et al. 2021). As such, SNP calling and filtering 
were done in ANGSD v.0.931 (Korneliussen et  al.  2014) using 
a pipeline developed by Mérot et al. (2021) (https://​github.​com/​
clair​emerot/​angsd_​pipeline). First, ANGSD v.0.931 was used 
to call the SNPs (−remove_bads 1, −minMapQ 30, −minQ 20, 
−skipTriallelic 1) in our sequencing data and calculate their 
genotype likelihoods (GL, −GL 2) and minor allelic frequency 
(MAF, −doMaf 1). SNPs were kept for analysis only if their MAF 

was over 0.05 and if at least 75% of the samples presented depth 
of coverage of at least 1X. A maximum average depth of 10X was 
also set for the called SNPs.

Then, NGSparalog (Linderoth  2018; https://​github.​com/​tplin​
deroth/​ngsPa​ralog​) was run to filter out SNPs deviating from 
expected patterns of heterozygosity and allelic ratio due to the 
mismapping of sequences on the reference. These deviant SNPs, 
widespread in salmonid genomes, are often the result of resid-
ual tetrasomy or repeated elements and can impact population 
genomics analyses (Dallaire et al. 2023). In brief, we used the 
calcLR script provided in NGSparalog to calculate the likeli-
hood ratio of mismapping reads (minQ = 20) covering each site. 
We then removed sites that were significantly likely to be miss-
mapped using a Benjamini-Hochberg adjusted p value < 0.001. 
To produce a subset of unlinked SNPs for principal component 
(PCA) and admixture analyses, we used ngsLD (Fox et al. 2019) 
to estimate linkage disequilibrium between SNPs, then removed 
highly linked SNPs until no SNP pair within 200 Kb had a r2 
above 0.075. The thresholds used for LD-pruning were deter-
mined by estimating LD-decay.

2.4   |   Sample Filtering

Because some population structure analyses can be highly 
affected by missing data (e.g., NGSadmix; Skotte et al. 2013), 
samples showing high levels of missing data (above 95th per-
centile, i.e., 38% of SNPs missing GL) were removed from 
the dataset. The level of missingness per sample was cal-
culated using a java script (gprobssamplemissing.jar) de-
veloped by Browning  (2013) and available on the Beagle 
utilities webpage:https://​facul​ty.​washi​ngton.​edu/​brown​ing/​
beagle_​utili​ties/​utili​ties.​html. Mean sequencing depth per 
sample was also calculated using mosdepth v.0.3.6 (Pedersen 
and Quinlan  2018). Putatively duplicated individuals were 
also identified and removed from the analysis (Supporting 
Information).

2.5   |   Population Genomics Analyses

2.5.1   |   Population Structure

To visualize population genetic structure, PCAngsd v.1.10 
(Meisner and Albrechtsen 2018) was used to conduct PCA anal-
yses using the 181,603 LD-pruned SNP dataset. The R package 
vegan v.2.6-4 (Oksanen et  al.  2022) was used to generate the 
PCA from the covariance matrix outputted by PCAngsd. We as-
sessed which PC axes were statistically relevant visually using 
a scree-plot.

Using this same set of LD-pruned SNPs, NGSadmix (Skotte 
et al. 2013) was used to estimate the admixture proportions of 
each sample assuming a number of genetic groups ranging from 
K = 2 to 15. Other parameters were set to default (Maximum 
number of EM iterations: -maxiter = 2000, Tolerance for con-
vergence: -tol = 1 × 10−5). For each value of K, the analysis was 
repeated 50 times. We then ran Clumppling v.1.0.2 to align 
multiple replicate solutions of unsupervised clustering analy-
ses (default settings; Liu et al. 2024; https://​github.​com/​PopGe​

https://github.com/enormandeau/wgs_sample_preparation
https://github.com/enormandeau/wgs_sample_preparation
https://github.com/clairemerot/angsd_pipeline
https://github.com/clairemerot/angsd_pipeline
https://github.com/tplinderoth/ngsParalog
https://github.com/tplinderoth/ngsParalog
https://faculty.washington.edu/browning/beagle_utilities/utilities.html
https://faculty.washington.edu/browning/beagle_utilities/utilities.html
https://github.com/PopGenClustering/Clumppling
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nClus​tering/​Clump​pling​) and obtain different modes for each 
K. For visualization purposes, we selected the averaged run 
of the most statistically supported mode for each value of K 
(see mode stats in Table S1). To statistically assess the optimal 
number of genetic clusters, we used StructureSelector (Li and 
Liu 2018), a web-based software that estimates the best K using 
the four Puechmaille estimators (MedMedK, MedMeanK, 
MaxMedK, MaxMeanK; Puechmaille  2016). These estima-
tors were used as they alleviate statistical problems related 
to uneven sample sizes between hierarchical levels of popu-
lation structure (Puechmaille  2016). We used threshold val-
ues of 0.5, 0.6, 0.7, and 0.8 for each estimator, as suggested by 
Puechmaille (2016). The software evalAdmix (Garcia-Erill and 
Albrechtsen 2020) was also used to assess the statistical fit of 
the admixture model at different values of K. For evalAdmix, 
for each K, we used the run that had the highest maximum 
log-likelihood value according to NGSadmix. Individuals who 
had a membership probability of q > 0.99 to a genetic cluster 
different from the dominant genetic clusters of their sampling 
location were assumed to be F0 migrants and were reassigned.

2.5.2   |   Genetic Differentiation

The set of SNPs filtered for deviant SNPs (1,432,187 SNPs) was used 
to calculate pairwise FST values between sampling sites. First, site 
allele frequencies (SAF) were estimated for each sampling loca-
tion using the -dosaf 1 flag in ANGSD. The flags -doMajorMinor 
3 and -sites were used to polarize alleles manually. Then, realSFS 
was used to compute a two-dimensional site frequency spectrum 
(2D-SFS) for each sampling site pair. FST values were calculated 
using the realSFS fst index, print, stats, and stats2 functions. We 
used Hudson's FST (-whichFST 1 flag in realSFS), as it is less sen-
sitive to uneven sampling sizes (Bhatia et al. 2013).

We also calculated pairwise allelic frequency differences 
(AFD) between populations, as this differentiation metric is 
more linear, less sensitive to sample size differences, and has 
been suggested to be more adapted to systems with weak ge-
netic differentiation (Berner 2019). Pairwise allele frequency 
difference (AFD) values were calculated by averaging the ab-
solute difference between minor allele frequencies in popula-
tions, generated using the -doMaf 1 -doMajorMinor 3 flags in 
ANGSD v.0.931.

Isolation-by-distance (IBD; Wright 1943) was evaluated by cor-
relating pairwise linearized-FST (FST/(1 – FST)) and AFD to in-
water distance between sampling sites. The least-cost in-water 
distances between sampling sites were calculated using the 
costDistance function in the R package gdistance v.1.6.4 (van 
Etten 2017) by setting an infinite resistance to land and a resis-
tance of one to water, as described by Shi et al. (2022). Mantel 
tests (Mantel 1967) with 9999 permutations were conducted in 
the vegan v.2.6-4 package (Oksanen et al. 2022) in R to test the 
statistical significance of IBD.

2.5.3   |   Genomic Diversity Estimations

We estimated genomic diversity in populations with Watterson's 
estimator (ΘW), nucleotide diversity (Θπ) and individual 

autosomal heterozygosity. The reference genome used for ge-
nomic diversity measures was previously masked to remove 
deviant SNPs (i.e., those previously filtered using NGSparalog). 
Briefly, the masking step was done by first extracting 300 bp re-
gions centred around deviant SNPs using the GenomicRanges 
package (Lawrence et  al.  2013) in R and by hard-masking 
these regions in the reference genome using bedtools maskfasta 
(Quinlan and Hall 2010).

Individual autosomal heterozygosity was calculated by first com-
puting a per-sample SAF using ANGSD v.0.937 with the -doSaf 5 
and -doMajorMinor 5 arguments to manually set the major allele 
to the reference genome of C. clupeaformis masked for deviant 
SNPs. Then, the resulting individual SAF was used to produce a 
1D-SFS using winsfs (Rasmussen et al. 2022), and the autosomal 
heterozygosity was calculated by dividing the number of hetero-
zygous sites (SAF = 1) by the total number of sites.

For Θ estimations, population SAF and 1D-SFS were generated 
as described for individual heterozygosity. Thetas were then cal-
culated using ANGSD's realsfs saf2theta and thetaStat do_stat 
functions. We estimated per-site Θ in windows of 25Kb (step of 
5Kb) and excluded windows with less than 1000 sites in any pop-
ulation. To minimize biases related to sample size differences, Θ 
estimations were done on a random subsample of 26 individuals 
per site, except for Hay River, which had only 13 individuals.

2.5.4   |   Genome Scan

A genome scan was performed using an extended version of 
FastPCA (Galinsky et al. 2016) implemented in PCangsd (−se-
lection; Meisner et al. 2021). FastPCA is a genome scan method 
based on principal component analysis (PCA) that infers selec-
tion by identifying SNPs that differ significantly from the ex-
pected null distribution of allelic frequencies under genetic drift 
for each relevant PC axis, which should follow a chi-square (1 
d.o.f.) distribution under the null hypothesis of no selection 
(Galinsky et al. 2016). In our case, selection scans using FastPCA 
were done on the first four PC axes, as identified using a scree 
plot. To correct for false-discovery rate, p-values obtained from 
FastPCA were converted to q-values using the qvalue (v. 2.38.0) 
package in R (Storey et al. 2024). SNPs were considered outliers 
if q < 0.01. Candidate regions of elevated genetic differentiation 
were identified by splitting our dataset into non-overlapping 
windows of 1000 SNPs and identifying windows with > 10 
FastPCA outliers. Outlier windows separated by less than 10 
windows were combined into candidate regions.

2.5.5   |   Putative Structural Variant Detection 
and Characterization

To identify potential structural variants, a local PCA approach 
was used to detect large regions displaying distinct genetic 
variation following scripts by Mérot et  al.  (2021) (10_pca_
by_window; https://​github.​com/​clair​emerot/​angsd_​pipeline). 
First, PCAs were done on non-overlapping windows of 100 
SNPS on each chromosome in parallel. The R package lostruct 
(Li and Ralph  2019) was then used to measure the similar-
ity between local PCAs on each chromosome independently 

https://github.com/PopGenClustering/Clumppling
https://github.com/clairemerot/angsd_pipeline
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using Euclidean distances on the first 4PC axes. Using a sim-
ilar approach to Dallaire et  al.  (2025), results from lostruct 
were mapped on 5 MDS axes and outlier windows were deter-
mined as those having MDS values over or under 3 standard 
deviations from the mean. Outlier windows were merged into 
clusters if they were within 20 windows of each other. Only 
clusters containing 10 outlier windows or more were kept for 
the rest of the analyses. Putative inversions were identified 
visually as candidate regions showing three distinct clusters 
in local PCA, a common pattern for inversions (e.g., Huang 
et al. 2020; Lotterhos 2019; Shi et al. 2023). Individuals were 
assigned to a putative genotype by K-means clustering im-
plemented in the ClusterR package (Mouselimis  2024), with 
the group located near the middle of the PC1 axis assigned as 
the “AB” heterogeneous genotype and the most common ho-
mozygous group identified as “AA”. For some putative inver-
sions, K-means could not reassign the group effectively due to 
skewed cluster shapes. For these inversions (e.g., on chromo-
some 1), K-means was used to classify individuals into more 
than three groups, then these groups were visually classified 
into three groups based on their position on PC1. After as-
signing individuals to genotypes in the local PCA of putative 
inversions, we estimated the heterozygosity in all individuals 
to verify if the putative heterogeneous individuals displayed 
elevated SNP heterozygosity (as seen in Huang et  al.  2020). 
This was done with a similar approach described above for 
autosomal heterozygosity, but limiting the analysis to SNPs 
in each candidate region. A Wilcoxon test was used to test 
whether heterozygosity was elevated in this group compared 
to the two other groups. We also calculated the frequency of 
each putative inversion genotype at each sampling location 
and plotted them on a map using the R package mapmixture 
(Jenkins 2024).

We also tested whether LD levels were elevated inside putative 
inversions overlapping with regions of elevated genetic differen-
tiation detected through the genome scan. To do this, we visual-
ized LD patterns in all individuals in a heatmap by computing 
R2 values inside the putative inversion and surrounding regions 
of the same size using ngsLD. To refine inversion boundaries, we 
used a method described in Euclide, Larson, et al. (2024) where 
the starting position of the inversion is defined as the SNP that 
is tightly linked (top 5% of LD in the given chromosome, max_
dist = 200Kb) to the highest number of downstream SNPs in the 
5′ direction and the end position is defined as the SNP that is 
tightly linked to the highest number of upstream SNPs in the 3′ 
direction. We also used a method described in Euclide, Larson, 
et al.  (2024) to assess if LD was more elevated in the putative 
inversions compared to other regions on the same chromosome. 
To do so, we calculated the mean R2 value among SNPs within 
putative inversions to the mean R2 value in 1000 random win-
dows of the same size on the same chromosome. Statistical sig-
nificance was then assessed by calculating a one-tailed p value 
(α = 0.05) with a Z-test.

Finally, we investigated the presence of genes in regions of el-
evated genetic differentiation and putative inversions by first 
reporting the coordinates of the candidate regions on the pub-
lished reference genome of the Lake Whitefish (normal type; 
accession GCA_018398675.1; ASM1839867v1) using DGENIES 
(Cabanettes and Klopp 2018), then computing overlaps between 

these regions and known genes in the ASM1839867v1 assem-
bly using bedtools window with parameter-w 0 (version 2.30.0; 
Quinlan and Hall 2010). For this purpose, a custom annotation 
table was built using a workflow (https://​github.​com/​Flore​ntSyl​
vestre/​GO_​analysis) adapted from the pipeline GAWN v0.3.5 
([https://​github.​com/​enorm​andeau/​gawn]). Briefly, this pipe-
line retrieves GO terms associated with the genes reported in the 
ASM1839867v1 assembly General Feature Format (GFF) file by 
mapping transcripts against the Swissprot 1.2 database (UniProt 
Consortium  2025) using blast 2.12.0 (Camacho et  al.  2009). 
Using this custom annotation table, we then investigated gene 
ontology term enrichment with goatools 1.4.12 (Klopfenstein 
et al. 2018) using the different sets of candidate regions and the 
go-basic database version 1.2 (2025-07-22; https://​relea​se.​geneo​
ntolo​gy.​org/​2025-​07-​22/​ontol​ogy/​go-​basic.​obo). Only enriched 
terms with a corrected p-value (Benjamini and Hochberg 1995) 
under 0.05 were considered significant.

3   |   Results

3.1   |   Sequencing, SNP Calling & Filtering

After low-coverage resequencing of 337 Lake Whitefish from 
10 sampling sites, we obtained a median mean depth of 1.51X 
(0.83–3.3X, Figure  S1) of aligned and filtered sequences per 
sample. A total of 4,627,132 SNPs were kept after filtering for 
minor allele frequency (> 0.05) and maximum depth (< 10X) and 
keeping only SNPs with at least 1X in 75% of individuals. Out of 
those SNPs, 1,432,138 SNPs were considered non-deviant after 
filtering for putative paralogs. After LD-pruning, only 181,603 
SNPs were kept for PCA and admixture analyses. Out of our 337 
samples, 28 had elevated levels of missing data (> 38%) and were 
removed from the dataset. Additionally, four individuals were 
removed as they were potentially duplicates of another individ-
ual, leaving a total of 305 Lake Whitefish for downstream anal-
yses. Sample sizes after filtration for each sampling site varied 
between 18 and 39 fish (Table 1).

3.2   |   Population Structure Analyses

After computing PCAs from the LD-pruned SNP dataset, it was 
determined that only the first four PC axes were statistically sig-
nificant using a scree-plot (Figure S4). From these four PC axes, 
three main patterns emerged. First, on PC1 (1.70% explained; 
Figure 1B), individuals sampled at the BUR (in grey) and FOR 
(in yellow) sites in the Western and Central Basin were clearly 
distinct from individuals from other sampling locations in Great 
Slave Lake. Still on PC1, individuals from other Western (PDR) 
and Northern Basin (NOA, TAR) sites formed relatively distinct 
clusters, while some, like those caught in the East Arm (TAN, 
LUK, MCB), heavily overlapped. On PC2 (1.49%; Figure  1B), 
samples from the FOS site (in turquoise), in the Slave River, dif-
fered from the Great Slave Lake populations. Some individuals 
sampled in FOR and FOS also formed a distinct group located in 
the middle of this axis. On PC3 (1.29%; Figure 1C), samples from 
the PDR site, in the Western Basin, differed from those sampled 
at other locations. On PC4 (0.98%; Figure  1C), samples from 
PDR split into two distinct clusters, suggesting that Whitefish 
from two discrete populations were sampled at that location.

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_018398675.1/
https://github.com/FlorentSylvestre/GO_analysis
https://github.com/FlorentSylvestre/GO_analysis
https://github.com/enormandeau/gawn
https://release.geneontology.org/2025-07-22/ontology/go-basic.obo
https://release.geneontology.org/2025-07-22/ontology/go-basic.obo
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Admixture proportions between K = 2 and K = 8 suggested a hi-
erarchical population genetic structure among sampling sites. 
Beginning at K = 3 (Figure 1D), samples from the FOS site, in the 
Slave River, showed a distinct genetic ancestry from those sam-
pled in Great Slave Lake. From K = 4 to K = 8 (Figure 1D), sam-
pling sites in the two main regions of Great Slave Lake (Main 
Basin and East Arm) split into multiple discrete genetic clusters. 
At K = 4 (Figure 1D), samples from the PDR site (in purple), lo-
cated in the Western Basin (FMA IW) split from those sampled 
at the BUR and FOR sites (in yellow), located in the Southern 
shore of fisheries management areas IE and III, in the Western 
and Central Basin. Then, sampling sites located in the Northern 
Basin (FMAs IV and V) split into multiple distinct genetic clusters, 
with individuals sampled at the NOA (in red), TAR (in green) and 
YEK (in orange) sites splitting from other sampling locations at 
K = 5, K = 6 and K = 7, respectively (Figure 1D). Finally, at K = 8 
(Figure 1D), some individuals from the PDR, BUR and FOR sam-
pling sites form a distinct genetic cluster (in blue). Using differ-
ent thresholds (0.5–0.8), the Puechmaille estimators (MedMedK, 
MedMeanK, MaxMedK, MaxMeanK) found best K values rang-
ing between K = 4 and K = 8 (Table S1.1). According to evalAdmix 
the correlation between residuals indicated insufficient num-
ber of K clusters when K < 7 (Figure  S2). Above K = 8, clusters 
of samples were not clearly associated with geography and were 
less stable across iterations according to Clumppling (Table S1.2, 
Figure S3.2). Therefore, K = 8 (Figure 1D) was chosen as the most 
probable number of genetic clusters. Thus, after the admixture 
analysis, individuals from the TAN, LUK and MCB sampling sites 
were considered part of a single genetic cluster named East Arm 
(in pink, Figure  1D). Similarly, individuals from the BUR and 
FOR sampling sites were considered part of a single genetic clus-
ter named South Shore (in yellow, Figure 1D). Individuals sam-
pled at the PDR, BUR and FOR sites that demonstrated a similar 
distinct ancestry (in blue, Figure 1D) were grouped as a distinct 
genetic cluster named Hay River (HAY). All the other sampling 
sites (FOS, PDR, NOA, YEK and TAR) formed their own distinct 
genetic clusters at K = 8. One individual from the NOA site was 
reassigned to the nearby Yellowknife genetic cluster as it had a 
pure genetic ancestry corresponding to the dominant genetic clus-
ter at the YEK sampling site (Q = 1). At K = 8, putatively admixed 
individuals (Q = < 0.8) were present at all sampling sites, but par-
ticularly prevalent (> 50%) in sites from the Northern Basin (YEK, 
TAR) and East Arm (TAN, LUK, MCB) (Table S1.3).

3.3   |   Genetic Differentiation & 
Isolation-By-Distance

Pairwise genetic differentiation between sampling sites was 
generally low, with pairwise FST values ranging from 0.003 to 
0.048 and pairwise AFD values ranging from 0.073 to 0.133 
(Figure  2A). Genetic differentiation patterns evaluated using 
pairwise FST values were consistent with what was observed in 
the admixture and PCA analyses. The BUR and FOR sampling 
sites, which were grouped as one genetic cluster (South Shore) 
had a pairwise FST of only 0.003. Similarly, the LUK, TAN and 
MCB sampling sites, which were grouped as one genetic cluster 
(East Arm), had pairwise FST values of 0.003–0.004. The FOS 
sampling site, sampled in the Slave River, 280 km upstream from 
the closest sampling site in the lake, was the most genetically 
differentiated (pairwise FST = 0.031–0.048; Figure 2A). Genetic 

differentiation was generally low between sampling sites located 
east of the Slave River, in the Northern Basin and the East Arm 
(NOA, YEK, TAR, TAN, LUK, MCB), with pairwise FST values 
between 0.003 and 0.02. The YEK sampling site, which formed 
a distinct genetic cluster according to the admixture analyses, 
was only weakly differentiated (pairwise FST = 0.008–0.009) 
from sampling sites from the East Arm (TAN, LUK, MCB). 
Individuals from the two distinct genetic clusters sampled at the 
PDR sampling site according to the admixture analysis, Pointe de 
Roche and Hay River, were genetically differentiated from each 
other (pairwise FST = 0.026), and from the nearby sampling lo-
cations of BUR (pairwise FST = 0.031–0.039) and FOR (pairwise 
FST = 0.024–0.033). Surprisingly, the sampling site located at the 
northern extremity of the Northern Basin, NOA, was as genet-
ically differentiated from the nearby YEK sampling site (pair-
wise FST = 0.012, in-water distance = 93.15 km) as it was from 
further sampling sites located in the Central Basin (e.g., FOR; 
pairwise FST = 0.012, in-water distance = 207 km) and East Arm 
(e.g., TAN; pairwise FST = 0.01, in-water distance = 280.32 km).

Genetic differentiation patterns evaluated using pairwise AFD 
values between sampling sites mostly mirrored those using pair-
wise FST. The YEK sampling site had very low pairwise AFD 
values with some East Arm sampling sites (LUK, TAN, MCB; 
0.086–0.092). These low pairwise AFD values were similar to 
those between East Arm sampling sites (0.091–0.097), which 
were considered part of the same genetic cluster according to the 
NGSadmix analysis.

Mantel tests revealed a statistically significant correlation be-
tween genetic and in-water distances among sampling sites, 
consistent with isolation-by-distance (Figure 2C,E). The correla-
tion was stronger when using pairwise AFD (Mantel R = 0.70, 
p value = 8 × 10−4) than when using pairwise linearized FST 
(Mantel R = 0.60, p value = 0.01). However, when excluding the 
Slave River sampling site, the correlation between genetic and 
in-water distances was weaker (Figure 2D,F, pairwise linearized 
FST: Mantel R = 0.24; pairwise AFD: Mantel R = 0.45), and was 
only supported statistically when using AFD (p value = 0.01).

3.4   |   Genomic Diversity Estimations

Individual autosomal heterozygosity varied significantly between 
sampling locations (Table 1; Kruskal–Wallis test p = 7.7 × 10−14). 
Individuals from the sampling locations of TAN and MCB 
demonstrated relatively high and variable levels of autosomal het-
erozygosity compared to the other sampling locations. Similarly, 
TAN and MCB individuals had relatively high mean per-site ΘW 
and per-site Θπ values (Table 1). Individuals from the Hay River 
(HAY) genetic cluster had smaller mean per-site ΘW estimates 
than individuals from other sampling locations. Tajima's D val-
ues in each sampling site were all negative, with smaller mean 
estimates in the TAN and MCB sampling sites and a higher mean 
estimate in the Hay River (HAY) genetic cluster (Table 1).

3.5   |   Genome Scans & Putative Structural Variants

Using a FastPCA selection scan in PCAngsd on the first 
4 PC axes, we found a total of 6550 outlier SNPs (q < 0.01 
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(−log10(q) > 2); 616 outliers on PC1, 198 outliers on PC2, 5732 
outliers on PC3 and 14 outliers on PC4. Only ten SNPs were 
outliers on more than one PC axis (PC1-PC3: 7 SNPs, PC1-PC2: 
3 SNPs). Sixty-three windows of 1000 SNPs contained at least 
10 outliers. These windows were regrouped in thirty candidate 
regions (Figure 3; in orange; A) PC1: 5 regions, (B) PC2: 4 re-
gions, (C) PC3: 21 regions; Table S2). No window contained at 

least 10 outliers on PC4. Only two of these thirty candidate re-
gions, located on chromosomes 24 and 35, contained at least 10 
outliers on multiple PC axes. On PC1, these regions of elevated 
genetic differentiation overlapped with 384 genes (Table S3.1), 
and gene ontology enrichment revealed five enriched biolog-
ical processes, one enriched cellular component and seven 
enriched molecular functions (Table  S4.1). Four enriched 

FIGURE 2    |    Population differentiation and in-water distances patterns between ten sampling sites in Great Slave Lake and Slave River. Sampling 
sites: FOS, Fort Smith; PDR, Pointe de Roche; BUR, Buffalo River; FOR, Fort Resolution; NOA, North Arm; YEK, Yellowknife; TAR, Taltson River; 
LUK, Łutsël K 'é; TAN, Taltheilei Narrows; MCB, McLeod Bay. (A) Heatmap of pairwise FST (upper triangle) and pairwise AFD (lower triangle) val-
ues between ten sampling sites in Great Slave Lake and Slave River calculated on the full set of 1,432,138 SNPs. The Hay River (HAY) genetic cluster, 
composed of individuals sampled at the PDR, BUR & FOR sampling sites was considered as a distinct group in this heatmap. (B) Heatmap of in-water 
distance (in km) between ten sampling sites in Great Slave Lake and Slave River. (C) Isolation-by-distance plot showing the correlation between 
pairwise linearized FST (FST/(1 – FST)) and in-water distance between sampling sites in Great Slave Lake and Slave River. (D) Isolation by distance 
plot showing the correlation between pairwise AFD values and in-water distance between sampling sites in Great Slave Lake and Slave River. (E) 
Isolation-by-distance plot showing the correlation between pairwise linearized FST (FST/(1 – FST)) and in-water distance between sampling sites in 
Great Slave Lake only. (F) Isolation-by-distance plot showing the correlation between pairwise AFD and in-water distance between sampling sites 
in Great Slave Lake only.
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biological processes were related to immune functions, and one 
was related to eye development (Table S4.1). On PC2, regions 
of elevated genetic differentiation overlapped with 216 genes 
(Table S3.2), and gene ontology enrichment revealed eight en-
riched molecular functions, all related to ion transport channel 
activity (Table S4.2). On PC3, regions of elevated genetic differ-
entiation overlapped with 2985 genes (Table S3.3), and gene on-
tology enrichment revealed 24 enriched biological processes, 
10 enriched cellular components and 17 enriched molecular 
functions (Table S4.3). Most enriched biological processes were 
related to metabolic functions and immunity (Table S4.3).

Using a local PCA approach, we detected 62 regions, varying be-
tween 454.5 and 5221.7 Kbp in size, displaying patterns of ge-
netic variation distinct from the genome-wide signal on the first 
5 MDS axes (Figure 3, in light blue; Table S5). These were regions 
that contained more than 10 outlier windows (> 3SD) of 100 SNPs 
distant by less than 20 windows. Out of these 62 regions, 20 were 
identified as putative inversions (Figure 3, in dark blue; Table S5), 
as they showed a three-group pattern of the PC1 axis of a local 
PCA with elevated heterozygosity in the putative “AB” group.

Fourteen MDS outlier regions overlapped with candidate re-
gions found through the FastPCA selection scan. Four of these 
regions of elevated genetic differentiation overlapped with pu-
tative inversions. These putative inversions were located on 
chromosomes 1, 17, 19, and 35 (Figure 4). The frequency of the 
putative genotypes of each inversion varied between sampling 
sites (Figure 4). After investigating LD patterns in these puta-
tive inversions, we inferred that they were in LD blocks, as R2 
was significantly elevated in these regions compared to other 
blocks of the same size on the same chromosome (Table 2). After 
redefining inversion boundaries (Figure 5), the putative inver-
sions located on chromosomes 1, 17, 19, and 35 were 3352.5 Kbp, 
1321.2 Kbp, 785.7 Kbp, and 243.4 Kbp in length, respectively 
(Figure 4; Table 2).

These four putative inversions overlapped with 151 genes 
(Table S3.4), with 67 on chromosome 1, 31 on chromosome 17, 
42 on chromosome 19, and 10 on chromosome 35. Gene ontology 
analyses did not reveal any enriched biological or chemical pro-
cesses associated with these inversions alone.

4   |   Discussion

Using low-coverage whole-genome resequencing, we inferred 
the presence of seven distinct genetic clusters at nine sampling 
locations in Great Slave Lake and one distinct genetic cluster 
in the Slave River. Genetic differentiation between sampling 
sites was consistent with an isolation-by-distance pattern. 
However, genetic structure varied among regions, with rela-
tively higher fine-scale genetic structure among sampling sites 
in environmentally heterogeneous sections of the Main Basin 
and comparatively weaker genetic differentiation despite large 
geographic distances in the environmentally homogeneous 
East Arm. This could suggest that local adaptation might play 
a role in shaping genetic structure in this large subarctic lake. 
Using genome-wide scans, we detected multiple regions of 
elevated genetic differentiation, with some overlapping with 
putative structural variants displaying patterns consistent 
with the presence of chromosomal inversions. These results 
highlight the potential role of chromosomal rearrangements 
in the maintenance of genetic differentiation between puta-
tively locally adapted populations in the face of gene flow in 
environmentally heterogeneous lakes.

4.1   |   Genetic Structure

Genetic differentiation between sampling sites in our sys-
tem followed an isolation-by-distance (IBD) pattern, which 
is expected when gene flow is higher between geographically 

FIGURE 3    |    PCA-based genome-wide scans for putative regions under selection in Great Slave Lake's Lake Whitefish populations. Manhattan 
plots show genome-wide patterns of divergence on PC1 (A), PC2 (B) and PC3 (C). Candidate outlier regions containing windows of 1000 SNPs with 
at least 10 outliers (q value < 0.01, red dashed line) are highlighted in orange. Clusters of over ten MDS outlier windows of 100 SNPs are highlighted 
in light blue. Regions identified visually as putative inversions are highlighted in dark blue. For visualization purposes, small chromosomes (22, 32, 
38) with few SNPs were excluded.
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proximate locations (Wright 1943). This isolation-by-distance 
pattern was stronger between sites when the FOS site, located 
in the Slave River, was considered, which could suggest stron-
ger constraints to dispersal in this river population compared 
to lake populations. This could also be due to the statistical 
properties of the Mantel Test, which can yield different results 
depending on the spatial scale used (Rousset 1997; Castric and 
Bernatchez 2003). In Great Slave Lake, capture-recapture data 
suggest that Lake Whitefish may have relatively small spa-
tial niches and might not often disperse to further locations, 
even if they have the capacity to do so (Keleher  1963). This 
behaviour, combined with putative spawning site fidelity ob-
served in shoal-spawning Lake Whitefish (Ebener et al. 2010, 
2021; Ryther et al. 2024; Walker et al. 1993), could have led to 
reduced rates of long-distance straying, resulting in the ob-
served IBD pattern. Similar IBD patterns have been observed 
in Lake Whitefish from other large lakes (Shi et al. 2022). In 
Lake Michigan, for instance, Lake Whitefish display spatial 
segregation that results in temporally stable genetic structure 
(Nathan et al. 2016).

However, our data suggest that fine-scale genetic structure in 
Great Slave Lake might have been shaped by factors other than 

IBD. For instance, in the productive, shallow and environmen-
tally heterogeneous Western Basin of Great Slave Lake, mul-
tiple genetically distinct populations are maintained despite 
relatively short geographic distances. In this region, which en-
compasses the most heavily exploited fisheries management 
areas (FMAs IW and IE), three genetically distinct popula-
tions, Pointe de Roche, Hay River and South Shore, were iden-
tified at two sampling locations (PDR & BUR) distant by less 
than 60 km. Such genetic structure at small spatial scales can 
be shaped by the interaction of local adaptation and gene flow 
in heterogeneous environments, as effective dispersal can be 
reduced between locations with different selective regimes 
(Dionne et al. 2008; Hendry 2004; Nosil et al. 2005). In hetero-
geneous landscapes, adaptive divergence between populations 
could thus lead to increased spawning site fidelity, due to de-
creased fitness of strays (Hendry et al. 2003). In the Western 
Basin, spawning site fidelity could have been reinforced 
through spawning habitat differences, as Lake Whitefish in 
Great Slave Lake can either spawn in shallow nearshore hab-
itats (Richardson et  al.  2001) or use stream or river mouths 
(e.g., Hay River; Stewart  1999). It could also have been re-
inforced through divergent spawning timing (isolation-by-
time; Hendry and Day 2005), as distinct Whitefish spawning 

FIGURE 4    |    Putative inversions located on chromosomes 1 (A), 17 (B), 19 (C), and 35 (D). Top left: Local PCA of this region that suggests the pres-
ence of a chromosomal inversion, with each group on the PC1 representing a specific genotype. Bottom left: SNP heterozygosity in each of the three 
PC1 clusters, demonstrating that the “middle cluster” is the most heterozygous. The statistical significance of pairwise Wilcoxon tests are indicated 
with stars (****:p value ≤ 0.0001; *: p value ≤ 0.05). Right: Frequency of each genotype of the putative inversion at each sampling site, with the colours 
of the sampling site squares representing the dominant population at these locations. For visualization purposes, the Hay River genetic cluster (in blue) 
was moved to the mouth of Hay River, even though they were sampled at the same sampling site as the Pointe de Roche genetic cluster (in purple).
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aggregations have been observed at different times in FMA 
IW (Scott and Wheaton 1954).

Putative adaptive divergence in the Western Basin was further 
suggested by genome scans, which revealed multiple outlier 
regions on PC1 and PC3. These PC-axes respectively discrimi-
nated the South Shore genetic cluster (BUR and FOR sites) and 
the Hay River and Pointe du Roche genetic clusters (PDR site) 
from the rest of the Great Slave Lake populations. On PC1, 
regions of elevated genetic differentiation, putatively under 
selection, overlapped with 13 genes, mostly γ-crystallin-
like proteins, involved in eye lens development (Slingsby 
et al. 2013). In Great Slave Lake, differences in water clarity 
between regions could drive divergent selection on genes that 
provide better visual capabilities in turbid environments, such 
as those found near the Slave River outflows, which could 
serve as refuges from visual predators, especially for juve-
niles (Fiksen et al. 2002; Utne-Palm 2002; reviewed in Zanghi 
and Ioannou  2025). Genes involved in visual capabilities 
have been thoroughly studied as a key adaptive trait in large 
lakes, notably in deep-water fishes (e.g., Eaton et al. 2020; Van 
Nynatten et  al.  2024). Moreover, γ-crystallin-like proteins 
might have retained some ancestral functions unrelated to 
vision (Weadick and Chang 2009) as they are homologous to 
some metabolic enzymes (e.g., lactate dehydrogenase; Jones 
et al. 1999). In Coregonus clupeaformis, they are expressed in 
muscles and have been hypothesized to be involved in meta-
bolic processes related to swimming, especially in the dwarf 
ecotype that exploits the limnetic environment (Derome and 
Bernatchez 2006; Derome et al. 2006). On PC3, genome scans 
revealed that genetic differentiation was maintained in mul-
tiple outlier regions putatively under selection, with fourteen 
overlapping with low-recombining regions and four displaying 
patterns consistent with the presence of chromosomal inver-
sions. In heterogeneous environments, the interaction of link-
age, divergent selection and gene flow can lead to increasingly 
concentrated genetic architecture (Nosil et al. 2009; Quilodrán 
et al. 2020; Yeaman 2013; Yeaman et al. 2016), with most ge-
netic differentiation being maintained in low-recombining 
regions that are protected from the homogenizing influence 
of gene flow (Akopyan et al. 2025; Samuk et al. 2017; Tigano 
and Friesen 2016). For instance, chromosomal inversions can 
often harbour co-adapted large-effect loci underlying im-
portant phenotypic traits (e.g., alternative migratory tactics; 
Arostegui et al. 2019; environmental adaptations; Matschiner 
et al. 2022; Stenløkk et al. 2022), as reduced levels of recom-
bination between inverted and non-inverted karyotypes shel-
ter locally adapted alleles from gene flow (Kirkpatrick and 
Barton 2006). In the Western Basin, putative inversion allele 
frequencies on chromosomes 17, 19 and 35 varied greatly be-
tween sampling sites, which could further imply their role in 
shaping genetic divergence in this environmentally hetero-
geneous part of the lake. In large lakes, other studies have 
suggested that structural variation might play a role in main-
taining local adaptation and genetic differentiation between 
populations (e.g., Thorstensen et al. 2022). For instance, in the 
Laurentian Great Lakes, a putative inversion on chromosome 
20 was found to be involved in the genetic differentiation of 
Lake Whitefish populations in Lake Michigan (Shi et al. 2022) 
and Lake Erie (Euclide et  al.  2022). However, it is also im-
portant to note that while the local PCA approach used in our T
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analysis hints at the presence of chromosomal inversions, we 
cannot exclude other mechanisms that suppress recombina-
tion (see Ishigohoka et al. 2024). Furthermore, we cannot con-
clude that the regions of elevated genetic differentiation we 

detected arose through selective processes, as drift and other 
neutral processes can lead to similar patterns (e.g., Campagna 
et al. 2015; Dallaire et al. 2025; Quilodrán et al. 2020; Wang 
et al. 2016).

FIGURE 5    |    LD patterns in putative inversions located on chromosomes 1 (A), 17 (B), 19 (C) and 35 (D). Top: Heatmap showing mean R2 values 
between 25 Kbp windows. Bottom: Number of highly linked (> top 5% R2 of chromosome) upstream SNPs (grey points) and downstream SNPs (black 
points), highlighting LD breaks before and after putative inversion boundaries (red lines).
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In other regions of Great Slave Lake, weaker genetic differen-
tiation and elevated admixture suggested weaker barriers to 
gene flow among populations. For instance, populations from 
the Northern Basin were genetically similar to populations from 
both the Western/Central Basin and the East Arm. Indeed, 
Whitefish that spawned at the NOA site in a shallow section of 
the Northern Basin, were only weakly differentiated from in-
dividuals from the BUR and FOR sites, in the Western/Central 
Basin. This could be explained by the environmental similarity 
between the shallow section of the North Arm where the spawn-
ing site is located and some sections of the Main Basin, which 
harbour a similar ichtyofauna (Rawson  1951). Similarly, the 
weak genetic differentiation between the YEK site and the East 
Arm sites (TAN, LUK & MCB) could be, in part, explained by 
the environmental similarity between the deep Yellowknife Bay 
and the East Arm. In the Northern Basin, genetic discreteness 
among populations could also be influenced by their proximity 
to large rivers that potentially harbour adfluvial populations 
of Lake Whitefish. For instance, the Yellowknife River and the 
Taltson River have both been suggested to harbour fall spawn-
ing runs of Lake Whitefish (Baldwin et al. 2017; Bill et al. 1996; 
Miller et al. 2025). In the East Arm, the lack of genetic differ-
entiation between the three relatively distant sampling loca-
tions (LUK, TAN & MCB) might suggest weaker spawning site 
fidelity in this region. Those patterns are consistent with the 
relative environmental homogeneity of the East Arm, which is 
less influenced by inflows from the Slave River (Evans  2000; 
Rawson 1950; Zhu et al. 2017). Lake Whitefish are also gener-
ally less abundant in the cold and deep waters of the East Arm 
(Keleher  1972; e.g., McLeod Bay, Rawson  1951). Northeastern 
populations have even been suggested to be reliant on immigra-
tion to sustain themselves (Kennedy 1953; but see Keleher 1963). 
As such, effective dispersal might be common in this region, re-
sulting in weaker genetic differentiation among sites and more 
frequent admixture with nearby Northern Basin populations 
(NOA, YEK). The relatively elevated autosomal heterozygosity 
and genomic diversity (ΘW) of individuals from the TAN and 
MCB sites could be consistent with frequent gene flow from 
immigrants.

Finally, our results show that Lake Whitefish sampled at the 
FOS site, in the Slave River, the main tributary of the lake, were 
strongly genetically distinct from those sampled in Great Slave 
Lake. This is not surprising, as the Whitefish that spawn in 
the Rapids of the Drowned in Fort Smith have been suggested 
to be adfluvial, with adults migrating to Great Slave Lake 
in the summer to feed and returning to these large rapids to 
spawn during the fall (Baldwin et al. 2017; McLeod et al. 1985; 
Tallman 1996; Tallman et al. 2005; Tripp et al. 1981). However, 
while tagged fish have been shown to migrate to the lake, tag-
ging data (McLeod et al. 1985; Stewart 1999; Tripp et al. 1981) 
and Traditional Ecological Knowledge (Bill et  al.  1996) also 
suggest the presence of resident riverine whitefish in the Slave 
River. If the Fort Smith population is indeed adfluvial, gene 
flow with lake-spawning fish could be reduced by philopatric 
behaviour, which is common in potamodromous migratory fish 
(Northcote  1997). Isolation-by-time (Hendry and Day  2005) 
could also reduce gene flow between putatively adfluvial and 
lake-spawning populations, as migrating pre-spawners such as 
those collected for this study start to appear at the base of the 

rapids in August (Tallman  1996), well before Lake Whitefish 
start spawning in Great Slave Lake (Richardson et  al.  2001). 
Similar elevated genetic differentiation between river-spawning 
and lake-spawning Whitefish was observed in nearby Lake 
Athabasca (Gibelli et al. 2026).

4.2   |   Management Implications & Future Research 
Avenues

In Great Slave Lake, Lake Whitefish populations have been 
managed through annual commercial quotas in six of the seven 
fisheries management areas (FMAs IW, IE, II, III, IV and V), 
with FMA VI being closed to commercial fishing (Department 
of Fisheries and Oceans [DFO] 2015). Our results support that 
these management areas do not accurately reflect the com-
plexity of Lake Whitefish stocks, which are composed of at 
least eight genetically distinct populations. For instance, in the 
Western Basin (FMAs IW, IE), which supports most of the com-
mercial activities, three populations probably overlap during the 
summer, with some contributing more to mixed-stock fisheries 
than others. Akin to what is observed in the Laurentian Great 
Lakes (Ebener et al. 2010, 2021), distinct populations might dif-
fer in their spatial use, with some having larger distributions 
than others. Our results suggest, for instance, that the Pointe 
du Roche population, which was exclusively found at the PDR 
site, might have a relatively small spatial distribution, as no fish 
from this population were caught at the nearby BUR site. Future 
acoustic telemetry work combined with genetic stock identifica-
tion and mixed-stock analysis should shed light on the distribu-
tion of these populations across multiple fisheries management 
areas boundaries in the summer. As such, the eight populations 
delineated in the current study will serve as a baseline for fu-
ture mixed-stock analysis and genetic stock identification of 
commercial landings using a recently developed GT-seq panel 
(Beemelmanns et al.  2025). The potential importance of pota-
modromous populations in this system and their contribution 
to commercial fisheries should also be more thoroughly in-
vestigated. For instance, future work on unsampled adfluvial 
populations that migrate in other rivers, like the Little Buffalo 
River (Roberge et  al.  1985), could reveal genetically distinct 
populations.

During the fall spawning season, closure zones that shelter shal-
low nearshore areas from commercial activities could protect 
certain populations. As such, the South Shore population, which 
spawns at the BUR and FOR sites, is potentially protected from 
commercial harvesting during the spawning season, as those 
sites are located in closure zones. Whitefish from this popula-
tion were also found exclusively at these two sites. Similarly, the 
NOA, TAR, and YEK sites, which each support distinct popula-
tions, are located directly in closure zones. However, FMA IW 
supports at least two spawning populations (Pointe du Roche, 
Hay River) that could be left unprotected, as no closure zones 
protect spawning habitats west of Pointe de Roche (PDR) in 
the fall.

While our study supports the genetic distinctness of some Lake 
Whitefish populations in Great Slave Lake, further investiga-
tion may be necessary to determine whether these populations 
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have distinct phenotypic or life history traits. In Great Slave 
Lake, multiple putative morphotypes of Whitefish have been 
informally described (Kennedy 1953; Scott and Wheaton 1954; 
Rawson 1947), but have not been previously considered distinct 
designatable units (Mee et al. 2015; Rogers 2008). Indeed, since 
Great Slave Lake has only been colonized by the Mississippian 
glacial lineage (Bernatchez and Dodson 1991; Foote et al. 1992; 
Franzin and Clayton 1977), these putative morphotypes differ 
from the traditional benthic and limnetic species pair usually 
associated with secondary contact of different glacial lineages 
(Bernatchez and Dodson 1990). However, ecological niche dif-
ferences could have driven sympatric morphological divergence 
in Lake Whitefish in this large lake, as documented for Lake 
Trout (Zimmerman et al. 2006; Hansen et al. 2016) and ciscoes 
(Muir et al. 2014).

4.3   |   Conclusion

Overall, this study is the first assessment of Lake Whitefish ge-
netic structure in Great Slave Lake, which brings insight into the 
genetic connectivity of populations with important potential im-
plications for the management of commercial stocks in this north-
ern Great Lake. Our results echo those of Shi et al. (2022), which 
found stronger genetic structure among Lake Whitefish popula-
tions inhabiting the environmentally heterogeneous eastern side 
of Lake Michigan compared to the northwestern side. Taken to-
gether, these studies showcase the importance of environmental 
factors in shaping fine-scale genetic structure in large, recently 
deglaciated lakes. Furthermore, our study highlights the utility of 
whole-genome data for delineating shallow genetic structure and 
for studying genetic differentiation in contexts of high gene flow.
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