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Abstract

The lake whitefish (Coregonus clupeaformis) is a commercially valuable freshwater species with a
broad distribution in North America. Some phylogeographic work has been done on this species,
but little is known about genetic population subdivision among populations of the widely dispersed
Mississippian lineage. We used 3,173 single nucleotide polymorphisms in 508 lake whitefish from
22 different lakes to examine population structure across central Canada and the United States.
Bayesian clustering, ordination, and fixation indices identified population subdivision that largely
reflected geographic distance and hydrological connectivity, with greater differentiation between lakes
that are farther apart. Population subdivision was hierarchical, with greater differentiation between
Canadian provinces and less differentiation based on river basins within provincial boundaries.
Interestingly, isolation by distance alone was not sufficient to account for all of the observed genetic
differentiation among populations. We conclude that important components of lake whitefish genetic
diversity are present at different spatial scales, and that populations within the Mississippian lineage
have differentiated widely across their range.
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Introduction

The lake whitefish (Coregonus clupeaformis) is an important species economically, ecologically, and

culturally throughout northern North America. In Canada, this cold-water species is found from
Yukon to Labrador and makes up the second largest freshwater fishery by landings (

). In the Great Lakes, lake whitefish represent the largest and oldest commercial

fishery, with their near shore spawning enabling high catch rates using gill-nets ( ;

; ). Lake whitefish also serve as an important energy conduit from

benthic to pelagic sources, and function to couple nearshore and offshore habitats ( ;

; ). Further, they are an important component of Indigenous

culture through subsistence fisheries ( ). The lake whitefish is facing serious

pressures across its range through over-fishing, invasive species, and habitat and environmental

changes, which have already resulted in declines in body condition and growth, commercial yields,
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and extirpation in some areas ( ; ; ). Even though
the lake whitefish is one of the most valuable fisheries across its range, very little is known about
genetic population subdivision and diversity outside of the Great Lakes.

Effective management of lake whitefish in North America will benefit from an improved understand-
ing of the evolutionary history and genetic differentiation of the species on multiple spatial scales.
During the Pleistocene glaciation the extreme climate created geographically and temporally isolated
refugia for fish populations ( ). Glaciation resulted in four distinct phylogenetic lineages
of lake whitefish across North America, the Beringian, Nahanni, Mississippian, and Atlantic, which
have been identified using mitochondrial DNA (mtDNA; ;

; ). The largest refugium was created by the ice-free portions of the Mississippi
river drainage, the Mississippian refugium, and fish from this lineage colonized over 5 million km?
from Alberta to Quebec when the glaciers receded ( ). MtDNA analysis provides
broadscale lineage data, but it only represents a small portion of the evolutionary history and genetic
differentiation within a species ( ). Neutral population subdivision has been examined
using traditional markers within small regions, especially within the Great Lakes (

; , ; ). However, very little population genetic work has been
done on lake whitefish within the largest post-glacial lineage group, and never on a broad geographic
scale.

The integration of genomics with morphological, biological, and physiological traits enables the
identification of distinct populations and has vastly improved stock identification and assessment
( ; ; ; ; ).
The preservation of local populations is vital to ensure the maintenance of genetic diversity within a
species ( ; ; ; ). The identifi-
cation of local genetic groups is improved by incorporating regions of the genome influenced by local
adaptation, as neutral structure does not provide the full relationship between groups of individuals
( ; 5 ;

; ). High throughput sequencing enables large-scale genomic analyses of single
nucleotide polymorphisms (SNPs) throughout the genome with different evolutionary histories
( ). These advances can help to provide better insight into the genetic diversity of local
populations and help to prioritize management of stocks on multiple scales.

Here we present the largest broadscale population genomic study yet conducted on lake whitefish
across the central portion of their North American range. We used nextRAD sequencing of thousands
of SNPs to examine levels of genetic diversity and differentiation among lake whitefish populations
over a broad geographic scale within the Mississippian refugium. We hypothesized that on a
broadscale, lake whitefish populations would be subdivided based on hydrological connectivity and
geographic distance. This study provides novel insights into fundamental aspects of population
subdivision and the distribution of genetic diversity in lake whitefish and provides a useful baseline
for understanding relevant scales for management and conservation.

Materials and methods

Sample collection, DNA isolation, and sequencing

Adult lake whitefish were collected from 22 lakes across central Canada from Saskatchewan to
Ontario, and from several sites in the United States from Lakes Michigan and Huron ( ;

). These lakes were opportunistically sampled to encompass substantial environmental variance
in different ecozones and drainages based on location and lake characteristics and to encompass a
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Table 1. Collection data for 508 lake whitefish (Coregonus clupeaformis) samples from 22 lakes across central Canada and the United States.

Site Latitude  Longitude Drainage Sub-drainage Year Total (N)
Great Lakes
Lake Huron LH-ET 43.906 —83.672 Atlantic Ocean Great Lakes 2012 14 Muscle
LH-NI 43.878 —83.435 2012 14 Muscle
LH-NP 45.395 —83.486 2012 14 Muscle
LH-HB 45.502 —84.033 2012 14 Muscle
LH-SB 45.981 —84.497 2012 15 Muscle
LH-ScB 44.355 —-81.617 2012 17 Muscle
LH-DP 41.298 —81.609 2012 9 Muscle
LH-MP 44.258 —81.617 2012 17 Muscle
LH-FI 44.709 —80.312 2012 14 Muscle
Lake Michigan LM-01 43.131 —86.414 Atlantic Ocean Great Lakes 2012 20 Pectoral fin
LM-08 45.628 —86.848 2012 20 Pectoral fin
Lake Superior LS-WB 46.773 —84.607 Atlantic Ocean Great Lakes 2016 19 Pectoral fin
LS-NB 48.869 —87.901 2016 19 Pectoral fin
Winnipeg/Nelson
Burt Lake BL 48.295 —91.556 Hudson Bay Lake Winnipeg 2016 8 Pectoral fin
Jean Lake JL 4853 —91.753 Hudson Bay Lake Winnipeg 2016 18 Pectoral fin
Saganaga Lake SaL 48.25 —90.923 Hudson Bay Lake Winnipeg 2016 19 Pectoral fin
Schistose Lake ScL 49.155 —93.061 Hudson Bay Lake Winnipeg 2016 14 Pectoral fin
Lake Winnipeg LW 53.319 —97.938 Hudson Bay Nelson River 2016 20 Pectoral fin
Setting Lake SeL 55.065 —98.589 Hudson Bay Nelson River 2016 17 Pectoral fin
Churchill
South Indian Lake SIL 57.055 —98.618 Hudson Bay Churchill River 2016 20 Pectoral fin
Granville Lake GL 56.254 —100.6 Hudson Bay Churchill River 2016 20 Pectoral fin
Reindeer Lake RL 57.564 —102.143 Hudson Bay Churchill River 2016 20 Pectoral fin
Mackay Lake McL 55.458 —104.931 Hudson Bay Churchill River 2012 16 Muscle
Nemieben Lake NeL 55.271 —105.503 Hudson Bay Churchill River 2009/10 10 Muscle
Nunn Lake NL 55.234 —104.316 Hudson Bay Churchill River 2011 20 Muscle
Lac La Ronge LR 55.174 —104.448 Hudson Bay Churchill River 2010 20 Pectoral fin
Keeley Lake KL 54.913 —108.113 Hudson Bay Churchill River 2011 6 Muscle
Dore Lake DL 54.756 —-107.272 Hudson Bay Churchill River 2015 20 Muscle
Waterhen Lake WL 54.491 —108.433 Hudson Bay Churchill River 2011 13 Muscle

South Saskatchewan/Qu’appelle

Blackstrap Lake B 51.786 —106.439 Hudson Bay South Saskatchewan River 2015 19 Muscle
Lake Diefenbaker LD 51.098 —106.638 Hudson Bay South Saskatchewan River 2015 16 Adipose fin
Last Mountain Lake LML 50.84 —105.072 Hudson Bay Qu’appelle River 2010 6 Muscle

Note: Sample sites in Lake Huron are East Tawas (ET), North Island (NI), North Point (NP), Himmond Bay (HB), Search Bay (SB), Scougall Bay (ScB), Douglas Point (DP), McRae
Point (MP) and Fishing Islands (FI) and in Lake Superior are Whitefish Bay (WB) and Nipigon Bay (NB).
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Fig. 1. Map of the lakes sampled (a) across central Canada, (b) in Saskatchewan, (c) in Manitoba, and (d) in Ontario. Site abbreviations can be found in Table 1.
Lines within provinces represent different ecozones. The base map shape file is from the Atlas of Canada, provincial boundaries shape file is from GADM and the
ecozone shape file is from the Government of Canada.
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large geographic area occupied by fish derived from a single glacial refugium (Mississipian; ;

; ). Lake whitefish sampled from multiple sites within a
lake were treated as an aggregate in our analyses. Fish were primarily collected through government
agencies, commercial fishermen, and fish processing plants. Either dorsal muscle tissue or a fin clip
was collected and stored in lysis buffer (4.0M urea/0.2M NaCl/0.1M Tris-HCI, pH 8.0/0.5%
n-laurylsarcosine/0.1 M 1,2-cyclo-hexanediamine) for genetic analyses ( ). All animal research
was approved by the University of Regina President’s Committee on Animal Care, following the
guidelines of the Canadian Council on Animal Care. The approved Animal Use Protocol was AUP
11-13 “Population and Conservation Genetics of Freshwater Fish”.

DNA was extracted from 20 mg of tissue following the manufacturers guidelines (Genomic DNA
Isolation Kit, Norgen Biotech Corp., Ontario, Canada), except for extending the proteinase K
digestion to 8-12 hours and the addition of 28 U of RNAse A (Qiagen Inc., Ontario, Canada).
Following isolation, DNA was quantified using a Qubit 2.0 Fluorometer (Life Technologies Inc.,
Ontario, Canada), and the quality was assessed using a 1% agarose gel (E-Gel; Thermo Fisher
Scientific, Canada).

Samples were prepared using an amplification-based reduced representation library preparation
approach to accommodate varying levels of DNA quality and low amounts of input DNA. To
generate the sequencing library, genomic DNA was converted into Nextera-tagmented reductively
amplified DNA sequencing (nextRAD) genotyping-by-sequencing libraries (SNPsaurus, Oregon,
USA), as described by . Briefly, genomic DNA was first digested with the
Nextera reagent (Illumina, Inc., British Columbia, Canada), which randomly fragments the genome
using a transposase. The Nextera reagent also ligates short adapter sequences to the ends of the
fragments. For high-quality (mostly intact, high molecular weight DNA) samples the Nextera reaction
included 20 ng of input DNA; for moderately degraded (sheared; fragments < 5 Kb) samples we used
40 - 60 ng of input DNA to compensate for degradation ( ). Fragmented
DNA was then amplified with a primer matching the adaptor sequence and extending 10 nucleotides
into the genomic DNA with the selective sequence 5'-GTGTAGAGCC-3'. Following hybridization of
the primers, PCR amplification was done with an annealing temperature of 72 °C for 27 cycles. This
allowed for selective hybridization and amplification of fragments that paired with the primer
sequence, as well as the incorporation of individual barcodes. We generated nextRAD sequencing
data from two independent libraries and sequencing runs (Illumina HiSeq 2500 with 150 bp single
end reads; University of Oregon): (i) Lake Huron and (ii) the rest of the lakes in the study. The data
from the first run were used in an extensive examination of the influence of bioinformatics parame-
ters on population differentiation by . The second nextRAD dataset was
generated from two different lanes on the sequencer; we used data from both sets for the analyses
presented here.

Data quality filtering and genotyping parameters

Raw sequence files were first processed using TRIMMOMATIC ( ) to remove
Nextera adaptors. Reads were then visualized using FASTQC ( ) to ensure the removal
of Nextera adaptors and examine read quality. All sequences were then analyzed using STACKS
version 1.48 ( ; ). The process_radtags script was used
to remove any reads with uncalled bases, discard reads with an average quality score below Q10 or
that failed the Illumina chastity filter, and truncate the reads to 150 base pairs. The optimal distance
allowed between stacks (-M in ustacks), the minimum sequencing depth (-m in ustacks) and the
number of mismatches allowed between sample loci (-n in cstacks) were optimized using the r80 rule
as recommended by , and optimized parameters were determined to be M = 3,
m =3, and n = 3. The ustacks script was run using a minimum sequencing depth of 3 (-m),
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a maximum distance of 3 base pairs allowed between stacks (-M), and a maximum distance of 3 base
pairs allowed to align secondary reads (-N). The removal algorithm was also enabled to remove highly
repetitive stacks. Following ustacks, a catalog of consensus loci was generated using the cstacks script
with at least 5 individuals from each lake with reads near the mean of all samples. More individuals
were included from lakes with multiple sample locations ( ). This was done to reduce the com-
plexity of the catalog while still capturing the genetic diversity within each lake. The catalog was
assembled with a mismatch value of 3 between samples (-n) as determined above. Following genera-
tion of the catalog, individual stacks were searched against the catalog using the sstacks script. Finally,
the populations script was run to export SNPs. To avoid bias in downstream population structuring as
shown by , a population map with no specified populations was used to export
data. We analyzed only the first SNP in each locus, and loci had to be present in at least 70% of
individuals to be included in the final dataset. Requiring loci to be present in 70% of individuals is
an effective means of focusing analyses on loci that are widely represented across the entire sampling
region and reduces the influences of missing data ( ; ). Minimum
minor allele frequency was 0.05.

The influence of missing data on the final dataset was examined using the missing_visualization()
function in the grur package in R ( ; ). A principal coordinate analysis
was run to create an isolation by missingness (IBM) plot based on the presence/absence of genotypes
within individuals across sample sites. Further, individuals with more than 70% missing data were
removed from subsequent analyses. Following the analysis of missing data, loci were checked for
conformation to Hardy-Weinberg Equilibrium (HWE; P < 0.01). HWE analysis was done using the
filter_hwe() function in the radiator package, which uses the same function as implemented in
PLINK 1.07 ( ). Loci that did not conform to HWE in 11 or more of the 22 sampled
sites were used to create an exclusion list for analyses requiring HWE as an underlying assumption.

Population differentiation analyses

Following quality control, descriptive statistics were calculated for each population. The nucleotide
diversity (m) was calculated using the pi() function in radiator. Observed heterozygosity (Ho),
expected heterozygosity within populations assuming HWE (Hjs), and the inbreeding coefficient
(Gis) were calculated in GENODIVE ( ). The expected heterozygosity (Hs) within sub-
populations is also known as the gene diversity and includes corrections for sampling bias ( ).
Population diversity and differentiation metrics were calculated based on lake and sub-drainage.

Isolation-by-distance (IBD) was tested using a mantel test in the ade4 R package with 999 replicates
( ). The genetic distance matrix was created using Edwards’ distance to reflect
the distance between populations based on gene frequencies in the adegenet package. The geographi-
cal distance matrix was generated using the Universal Transverse Mercator coordinate system. As the
IBD analysis is statistically flawed ( ), distance-based Moran eigenvector maps
(dbMEMs) were also used to determine if spatial factors are important for partitioning genetic
variance. This analysis is used to control for signals generated by neutral processes, such as those
produced from population structure through IBD ( ; ;

). The Euclidean distances between sample sites were used to compute dbMEMs to decom-

pose the relationships into spatial variables ( ; ). The adespatial
package was used in R to compute the dbMEMs ( ). Significant dbMEMs were
determined using a forward selection procedure ( ).

Three different population structure analyses were performed on the final SNP dataset using:
(i) pairwise fixation indices (Fsr), (ii) maximum likelihood cluster analysis, and (iii) ordination. As
a result of assumptions underlying the analyses, only the loci in HWE were used for both the Fgr
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and maximum likelihood analyses, while all loci were used in the ordination approach. The Fgr
analysis was conducted by first computing a distance matrix for all sites using an analysis of molecular

variance (AMOV A; ), and GENODIVE was then used to compute pairwise Fgr
between sample sites using 5,000 permutations ( ). The maximum likelihood analysis
was performed using the program ADMIXTURE to estimate the ancestry coefficient of each
individual using a maximum likelihood approach ( ; ). The
cross-validation approach was used in ADMIXTURE to determine the number of populations (K)
with the best predictive accuracy ( ; ). Following the maximum
likelihood analysis, the R package pophelper was used to visualize the output ( ). The

ordination analysis was conducted using discriminant analysis of principal components (DAPC) in
the adegenet program using the original population groupings ( ;

). The DAPC plot was generated in each analysis using the optim_a_score() function to deter-
mine the optimal number of principal components to avoid over-fitting the data.

Results
Data quality filtering and genotyping parameters

Following the removal of the Nextera adapters there was a total of 1,911,624,117 reads with an average
of 3,740,947 (SD = 2,191,292) reads per individual. After cleaning and trimming in process_radtags
there were 3,242,831 (SD = 1,984,622) average reads per individual. The STACKS modules were run
to generate a catalog with 3,221,783 markers. This catalog was generated using 124 individuals, each
with average numbers of reads. Following sstacks, there was an average of 77,339 (SD =37,161)
matched loci per individual. Filtering and export in the populations module resulted in a total of
3,173 polymorphic SNP loci identified within the dataset.

Following inspection for missing data using grur, 27 individuals with less than 30% of variable sites
genotyped were removed from the analysis, resulting in 481 individuals. Overall, the
average percentage of missing data was 18.9% (SD = 14.1%). The IBM plot generated showed that
there was no evidence of major biases or clustering of sites based on patterns of missingness for

PCol, explaining 27% of the variance ( ). Some individuals showed
divergence based on missingness in other plots along PCo2 and PCo3, but the amount of variance
represented was negligible (<2%; ). Interestingly, minor deviance
for Lake Huron samples on PCo3 ( ) corresponded to the different

library preparation batches that were used to generate the full dataset. This resulted from a lower aver-
age number of reads generated following process_radtags, with 1,824,308 (SD =788,510) in the Lake
Huron samples compared to 3,728,840 (SD = 2,038,043) average from all other sample sites. The
percentage of missing data in the Lake Huron samples was similar to that of the samples overall
(20.0%, SD =16.0% overall; 15.9%, SD = 5.4% in Lake Huron). Although there were significant
differences in the level of missing data across lakes, Lake Huron was not an outlier and had similar
values to many other lakes in the study (Kruskal-Wallis-fANOVA, df =21, 459, P < 0.001;

)-

Using the filter_hwe() function in grur, 34 markers were identified that did not conform to HWE in at
least 11 of the 22 populations (P < 0.01). These markers were removed from subsequent analyses that
assume HWE, specifically from the Fgr and maximum likelihood analysis.

Population differentiation analyses

Most populations sampled had observed heterozygosities similar to expected values, with an average
observed heterozygosity of 0.266 (SD = 0.044; ). Populations in each sub-drainage had similar
average heterozygosities with values of 0.285 (SD = 0.032) in the Great Lakes, 0.261 (SD =0.036) in
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Table 2. Basic population statistics for the 481 lake whitefish that passed initial quality filters.

Site Code N Ho Hg Gig T
Great Lakes

Lake Huron LH 128 0.321 0.294 —0.092 0.000982
Lake Michigan LM 40 0.272 0.297 0.084 0.000981
Lake Superior LS 33 0.262 0.301 0.13 0.000988
Winnipeg/Nelson

Burt Lake BL 6 0.198 0.175 —-0.132 0.000522
Jean Lake JL 17 0.28 0.257 —0.086 0.000836
Saganaga Lake SaL 18 0.294 0.289 —0.015 0.000936
Schistose Lake ScL 14 0.266 0.278 0.043 0.000887
Lake Winnipeg Lw 20 0.288 0.299 0.036 0.000973
Setting Lake SeL 17 0.241 0.292 0.174 0.000935
Churchill

South Indian Lake SIL 20 0.293 0.302 0.031 0.000984
Granville Lake GL 14 0.218 0.292 0.252 0.000893
Reindeer Lake RL 14 0.236 0.29 0.184 0.000908
McKay Lake McL 15 0.148 0.156 0.049 0.000504
Nemeiben Lake NeL 7 0.238 0.296 0.195 0.000857
Nunn Lake NL 20 0.301 0.302 0.004 0.000985
Lac la Ronge LR 20 0.31 0.306 —0.013 0.00099
Keeley Lake KL 5 0.242 0.28 0.137 0.00079
Dore Lake DL 20 0.276 0.283 0.024 0.000923
Waterhen Lake WL 12 0.265 0.291 0.088 0.000923

South Saskatchewan/Qu’appelle

Blackstrap Lake B 19 0.321 0.279 —0.149 0.000915
Lake Diefenbaker LD 16 0.337 0.285 —0.182 0.00093
Last Mountain Lake LML 6 0.242 0.265 0.085 0.000782

Note: N is the number of individuals successfully genotyped that passed initial thresholds, Ho is the observed heterozygosity, Hg
is the expected heterozygosity under Hardy-Weinberg Equilibrium, Gy is the inbreeding coefficient, & is the nucleotide diversity.

Winnipeg/Nelson, 0.253 (SD =0.048) in Churchill, and 0.300 (SD = 0.051) in South Saskatchewan/
Qu’appelle. Average Gis across populations from all sites was 0.039 (SD =0.117; Table 2). Average
Gis values were negligible from each sub-drainage with values of 0.041 (SD =0.117) in the Great
Lakes, 0.003 (SD =0.108) in Winnipeg/Nelson, 0.095 (SD = 0.092) in Churchill, and -0.082
(SD =0.146) in South Saskatchewan/Qu’appelle (Table 2). The average nucleotide diversity (x) across
all sampled populations was 0.000883 (SD =0.000134; Table 2). The average nucleotide diversity was
similar in the Winnipeg/Nelson, Churchill and South Saskatchewan/Qu’appelle sub-drainages with
values of 0.000848 (SD = 0.000167), 0.000876 (SD = 0.000145), and 0.000876 (SD = 0.000082), respec-
tively, while the Great Lakes had a higher average of 0.000984 (SD = 0.000004), which may be the
result of a larger number of samples from these lakes (Table 2).
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Heatmap representing the pairwise fixation indices (Fst) from GENODIVE across all sample sites. Larger
Fgr values represent larger population differentiation. This analysis was run after removing loci out of Hardy-
Weinberg Equilibrium in 11 populations. Site abbreviations can be found in

IBD was tested across all samples because sites farther apart geographically often have populations
that are more different genetically based on distance. The mantel test including all samples resulted
in an insignificant relationship between geographic and genetic distance with an R value of —0.158
(P =0.939). The dbMEM analysis resulted in 19 significant spatial variables as determined using
forward selection, indicating that spatial factors are important factor for the partitioning of genetic
variance ( ).

Three population differentiation analyses were used to examine subdivision among populations
across the entire sampled range. First, we used GENODIVE to determine pairwise Fgr values between
populations in all lakes ( ). Overall, comparisons among most
lakes sampled from different sub-drainages resulted in significant Fgr values. Within each
sub-drainage, the average Fgr values were 0.011 (SD =0.003), 0.122 (SD =0.077), 0.085
(SD =0.104), and 0.060 (SD = 0.043) among populations in the Great Lakes, Winnipeg/Nelson,
Churchill, and South Saskatchewan/Qu’appelle sub-drainages, respectively ( ;

). Across sub-drainages, Winnipeg/Nelson and South Saskatchewan/Qu’appelle
had the largest average Fgr values of 0.128 (SD = 0.066), followed by 0.114 (SD = 0.010) between
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Great Lakes and South Saskatchewan/Qu’appelle, 0.114 (SD = 0.097) between Winnipeg/Nelson and
Churchill, 0.105 (SD = 0.052) between Great Lakes and Winnipeg/Nelson, 0.098 (SD = 0.062) between
Great Lakes and Churchill, and 0.091 (SD = 0.077) between Churchill and South Saskatchewan/
Qu’appelle ( ; ). Fish in Mackay Lake in Saskatchewan showed the most differentiation
from all other sites, with an average Fgy value of 0.299 (SD =0.051), followed by Burt Lake with an
average Fgr value of 0.232 (SD = 0.063). Some lakes in the Churchill River system (KL, NeL, and
NL; see Table 1 for the list of site abbreviations) resulted in some comparisons that were not signifi-
cant after Bonferroni correction ( ). Also, some comparisons
including BL and LML had Fgr values that were not significant following Bonferroni correction, but
this could be due to sample size as the comparisons still resulted in high Fgr values (

).

We ran DAPC with all sampled populations using 15 principal components as determined using the
optim_a_score() function. Whitefish populations were significantly differentiated at different
spatial scales both within and between provinces. This analysis broadly differentiated populations
from the different lakes by sub-drainage and geographic distance along the first axis, explaining
39.2% of the variation. Specifically, along the first axis the Great Lakes were separated from the rest
of the sites ( ). Lakes in the upper Churchill River (KL, DL and WL), South Saskatchewan
River (B and LD), and Qu’appelle River (LML) were also differentiated along the first axis ( ).
The second axis explained 15.3% of the variation and showed a gradient of variation by distance based
on sub-drainage, with lakes in the Winnipeg and Nelson River sub-drainages differentiating from
lakes in the Churchill River sub-drainage and South Saskatchewan and Qu’appelle sub-drainages
( ). The average assignment proportion of each individual in the broad analysis was high with
a value of 0.892. Differentiation was also detected on sub-drainage scale, running the DAPC using 7
principal components in the Great Lakes, 6 in Lake Winnipeg/Nelson River, 8 in the Churchill
River, and 3 in the South Saskatchewan and Qu’appelle sub-drainages ( ). The first two axes
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Discriminant analysis of principal components analysis of (a) Great Lakes, (b) Lake Winnipeg and Nelson River sub-drainages, (c) Churchill River sub-
drainage, and (d) South Saskatchewan River and Qu’appelle River sub-drainages. The optim.a.score() function was used to determine the optimal number of
principal components was 7, 6, 8, and 3 for the analysis with the Great Lakes, Lake Winnipeg/Nelson River, Churchill and South Saskatchewan/Qu’appelle river
basins, respectively. Site abbreviations can be found in

in the Great Lakes analysis explain 52.3% and 47.7%, respectively, and separated each of the Great
Lakes ( ). The DAPC analysis of the Lake Winnipeg and Nelson River sub-drainages explained
29.7% along the first axis and separated BL and explained 27.5% along the second axis and differenti-
ated JL ( ). The first axis of the Churchill River sub-drainage explained 39.9% and differentiated
upper and lower Churchill River samples, while the second axis explained 37.9% and separated McL
( ). The Qu’appelle River and South Saskatchewan River samples were differentiated along the
first axis of the DAPC analysis, explaining 85.2% and B and LD in the South Saskacthewan River
sub-drainage were separated along the second axis, with 14.8% of the of the variation ( ).
When run independently, each sub-drainage had high assignment proportions with 0.980 in the
Great Lakes, 1.000 in Lake Winnipeg/Nelson River, 0.864 in the Churchill River and 0.902 in South
Saskatchewan/Qu’appelle.
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Fig. 5. ADMIXTURE analysis of all sampled lakes showing K =4, K =5, and K = 6 as determined using cross-validation. Each line represents an individual from
the corresponding sample site. Site abbreviations can be found in Table 1.

The optimal number of clusters (K) was determined using the cross-validation (CV) technique in
ADMIXTURE. The three K values with the lowest CV were retained with K =4 having a CV value
of 0.512, K= 5 with a value of 0.511, and K = 6 with a value of 0.510. Importantly, all three K values
detected a gradient of differentiation both on a broad and sub-drainage scale (Fig. 5). Each K value
had high ancestry coefficients of 0.799 (SD =0.200) for K =4, 0.825 (SD =0.147) for K= 5, and
0.808 (SD =0.150) for K =6 (Fig. 5). Further, within sub-drainages we detected differentiation based
on hydrological connectivity and geographic distance between sampled populations. This differentia-
tion reflected the results of the DAPC analysis with BL, JL, and McL showing differentiation from
other lakes within their sub-drainage (Fig. 5). Within the Churchill sub-drainage there was a distinct
gradient based on connectivity with populations from the upper Churchill River (KL, WL, and DL)
slightly differentiating from those in the lower Churchill River (SIL, GL, RL, NL, NeL, and LR;
Fig. 5). Similar to previous analyses, fish from McL strongly differentiated in all three K
values with average ancestry coefficients of 0.999 (SD = 1.81 x 107°), 0.999 (SD = 1.49 x 107'°), and
0.999 (SD =0.00) for the K =4, K=5, and K = 6 data, respectively (Fig. 4). The Great Lakes popula-
tions sampled were differentiated from those at the other sites in Ontario with average ancestry
coefficients of 0.922 (SD =0.086) in K =4, 0.905 (SD =0.089) in K =5, and 0.894 (SD =0.090) in
K =6 (Fig. 5).

Discussion

Lake whitefish showed broadscale population subdivision within the Mississippian lineage across
central Canada and the United States. This is likely due to the lack of connectivity between distinct
watersheds for thousands of years post-glaciation (Bernatchez and Dodson 1991). Differentiation
based on geographic proximity alone was not supported by IBD analyses, indicating that the subdivi-
sion in populations across the sampled lakes is not just a simple function of IBD. Comparisons by
sub-drainages were conducted to reflect hydrologic connectivity and in general resulted in larger
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Fsr values between river basins than within, even when covering large geographic regions. Large Fgr
values within the Winnipeg/Nelson sub-drainage likely reflect the large geographic distance between
lakes in this river basin, covering two large provinces, which reduces gene flow between populations
and creates differentiation on a genomic level. Overall, we found evidence of structuring based on
hydrological connectivity and watershed, which has not been previously investigated within the
Mississippian lineage. Specifically, we found that hydrological connectivity based on sub-drainage
enabled gene flow and reflected the differentiation observed among populations from the sampled
sites ( ; ; ). The level of differentiation found here was
similar to previous studies examining population differentiation on similar spatial scales in other
species including round whitefish ( ), Atlantic salmon ( ),
Atlantic cod ( ), and the harbor porpoise ( ).

examined round whitefish structure across North America and found similar levels of differentiation
using pairwise Fgr comparisons on the same spatial scales as seen here. Although our fish all origi-
nated from the Mississippian refugium, we show distinct population differentiation across the
sampled range, likely based on hydrological connectivity and corresponding levels of gene flow
between sampled lakes.

Varying levels of differentiation were found within each of the sub-drainages, generally based on
connectivity and distance. Overall, there was only a small gradient of differentiation within the
Great Lakes, with evidence of higher genetic diversity downstream in Lake Huron, indicating that
on a broad level the Great Lakes may be relatively connected. Lake Superior slightly differentiated
from the rest of the Great Lakes. The importance of hydrology and associated connectivity among
waterbodies for the evolution of genetic differences has been shown in previous population studies
( ; ; ). The Great Lakes also showed a large
amount of differentiation from the other sub-drainages, suggesting that despite profound anthropo-
genic influences, this system remains an important location for lake whitefish genetic diversity.

The largest amount of lake whitefish genetic diversity was found in the Churchill sub-drainage, where
multiple clusters were observed in the DAPC analysis. Differentiation was found in the Churchill
sub-drainage between lakes sampled in the upper Churchill River compared to those sampled further
downstream. Due to the dendritic nature of rivers, lakes further downstream, such as LR and NL,
result in higher genetic diversity from gene flow and migration ( ;

). This gradient of genetic diversity and differentiation was clear in the Churchill River, with lakes
upstream, WL, KL and DL, clustering together, and those further downstream, NeL, NL, LR, RL, SIL,
and GL, differentiating as well. Additionally, the lakes found further downstream had higher observed
heterozygosity values than those found upstream, indicating that lakes further downstream have
higher genetic diversity. The differentiation among populations may be a result of both geographic
distance and environmental factors, with lakes found in different ecoregions, which may also be
exposed to different environmental conditions ( ). We also found that NeL, NL, and LR
clustered together in all analyses; this is likely the result of connectivity because both NeL and NL
drain into LR.

In contrast, Lake Diefenbaker and Blackstrap Lake are found in the South Saskatchewan River
drainage, which passes through the highly agricultural regions of the Canadian prairies and collects
80% of the runoff from the Canadian Rockies ( ;

). Both of these lakes are manmade reservoirs that were filled in 1967 with the construction of
the Gardiner Dam and supply drinking, irrigation, and industrial water supplies for some of the
largest urban populations in the province ( ; ;

). Whitefish from these lakes clustered together in the ordination and Bayesian analyses. This
structuring could result from multiple factors including geographic proximity, both lakes are in the
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same sub-drainage and ecoregion, similar environmental conditions, or from founder effects resulting

from stocking events ( ; ; ). Further, fish found
in these reservoirs are likely exposed to different environmental stressors as nutrient flow can be
different as a result of irrigation and agriculture runoff ( ; )s
and toxic substances have been found in the sediment ( ). Similar to the

situation across provinces, it is likely that additional factors beyond simple distance and connectivity
may influence population subdivision within Saskatchewan.

Although Mackay Lake is geographically close to Lac la Ronge, fish from this site were genetically
distinct from those in Lac la Ronge in all three analyses, emphasizing the importance of hydrolog-
ical connectivity. Upon inspection, MacKay Lake is located in a different sub-sub-drainage then
other lakes sampled in the region, likely drastically reducing the connectivity between neighbouring
lakes. Further, previous geological work from found that the composition of rocks
near Mackay Lake varies from those in the Lac la Ronge area, likely resulting from the transition
into the Boreal Shield ecozone. This geological change can drastically influence the productivity and
composition of the lakes. Lake whitefish from Mackay Lake were also observed to have very low lev-
els of heterozygosity, which may suggest a genetic bottleneck at some point since post-glacial colo-
nization ( ; ). Mackay Lake may only be very infrequently
hydrologically connected to other waterbodies in the sub-sub-drainage, supporting the notion that
it is potentially isolated, leading to the population differentiation and low heterozygosity observed
in the dataset.

Limitations and future directions

In this study, we showed evidence for broad population structuring and differentiation across the
Mississippian refugium. Due to our opportunistic sampling in Manitoba and Ontario, we were
unable to sample as broadly as in Saskatchewan. Future studies should aim to examine genetic
structuring within these provinces in more detail. The incorporation of genomic data allows for a
better understanding of population structuring and can improve conservation and management
of important species ( ; ; ;

). Future analyses should also aim to incorporate genomic markers that are under selection to
further investigate population structuring and potentially examine local adaptation. The incorpora-
tion of non-neutral markers provides information on diversity and resilience and allows for better
management and identification of populations that may require priority for conservation (

; ; )- It is important that future studies aim to stra-
tegically incorporate environmental variables that are likely influencing adaptation to fully under-
stand population dynamics, such as gene flow and population structure ( ;

; ). Overall, future studies should include both neutral and
non-neutral markers to best understand population differentiation and determine conservation
units for management.

Conclusions

This study provides a novel perspective on the population structure of lake whitefish on multiple
spatial scales in central Canada and the United States. The data support that geographic proximity
and hydrological connectivity have the strongest influence on genetic population differentiation in
the post-glacial environment. We found hierarchical structure at multiple geographic scales, first
across sub-drainages where geographic distance restricts gene flow. Population subdivision on this
scale was expected based on the period of isolation following glaciation, but the weak correlation in
the IBD analysis indicates that forces beyond simple temporal and spatial isolation are also important.
This finding may be informative for management as the identification of subdivision based on
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ecoregion and sub-drainage may aid in understanding appropriate scales for fisheries management.
Currently, management of lake whitefish in Canada is undertaken by each province. Based on our
findings, this level of management is appropriate to preserve larger patterns in genetic diversity and
population differentiation. However, systems that span multiple political jurisdictions, especially near
provincial boundaries, may require additional consideration for conservation of diversity on a larger
scale. Overall, we found that barriers to gene flow based on hydrological connectivity (genetic drift)
is one of the main factors driving population differentiation in lake whitefish. This study builds on
previous work by , by examining fine-scale differentiation in central Canada and
the United States in the Mississippian lineage. With the current environmental pressures that could
result in changes in hydrologic and environmental conditions, it is important to understand the
adaptability, diversity, and subdivision across the entire range of the lake whitefish.
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