
Contents lists available at ScienceDirect

Fisheries Research

journal homepage: www.elsevier.com/locate/fishres

Detecting fine-scale population structure in the age of genomics: a case
study of lake sturgeon in the Great Lakes

J.M. Whitakera,*, L.E. Priceb, J.C. Boasec, L. Bernatchezd, A.B. Welshb

a Department of Biological Sciences, Nicholls State University, 906 East 1st Street, P.O. Box 2021, Thibodaux, LA, 70301, United States
b School of Natural Resources, West Virginia University, PO Box 6125, Morgantown, WV, 26506-6125, United States
cU.S. Fish and Wildlife Service - Alpena Fish and Wildlife Conservation Office, 480W. Fletcher Street, Alpena, MI, 49707, United States
d Institut de Biologie Intégrative des Systèmes (IBIS), Université Laval, Québec, QC, G1Y 2T8, Canada

A R T I C L E I N F O

Handled by J Viñas

Keywords:
single nucleotide polymorphisms
microsatellites
lake sturgeon
fine-scale structure

A B S T R A C T

Great Lakes-wide population structure analyses using neutral markers have provided an understanding of broad-
scale genetic structure of lake sturgeon. To assess the fine-scale genetic structure of lake sturgeon populations in
two different rivers, we combined both microsatellites and genome-wide SNP markers. The St. Clair-Detroit
River System (SCDRS) is entirely freshwater with no known impediments to sturgeon movement. In contrast, the
St. Lawrence River (SLR) outlets into the Atlantic Ocean and is fragmented by hydroelectric dams. Both mi-
crosatellites and SNPs provided evidence of differentiation between the rivers. When applied to fine-scale
structure, microsatellites failed to detect population structure using a Bayesian approach for within either river
and FST values using microsatellites identified only a low level of differentiation between the upper and lower St.
Clair River. Using the full set of SNPs for each comparison yielded similar results to the microsatellite results.
Discriminant analysis of principal components using both markers partitioned the samples into spatially struc-
tured clusters. The SNP datasets filtered for high FST values had greater success for detecting fine-scale popu-
lation structure and had the highest accuracy for reassignment to prior populations. This reduced SNP dataset
may represent a more meaningful set of loci that can be used to estimate lake sturgeon fine-scale population
structure, which is complicated by their long-generation times.

1. Introduction

Microsatellites have been the most widely used genetic marker for
population structure (Morin et al., 2004; Narum et al., 2008; Väli et al.,
2010) and when compared to single nucleotide polymorphisms (SNPs),
effectiveness of the markers to delineate structure varies. SNPs increase
the power of statistical analyses due to the high number of loci iden-
tified; however, in some cases, microsatellites have proven more ef-
fective at differentiating fine-scale structure, most likely due to higher
allelic diversity (Hess et al., 2011; Narum et al., 2008; Vignal et al.,
2002). Alternatively, SNPs are often valuable for differentiating be-
tween populations on a broader scale (e.g. Beacham et al., 2020; Davey
et al., 2011). More importantly, SNPs provide the further advantage of
identifying adaptive divergence, which has been found in Nujiang
catfish Creteuchiloglanis macropterus (Kang et al., 2017), the Pacific
leaping blenny Alticus amoldorum (Morgans et al., 2014), striped marlin
Kajikia audax (Mamoozadeh et al., 2019), and rainbow trout Oncor-
hynchus mykiss (Van Doornik et al., 2013).

In addition to connectivity and differentiation, including adaptive
markers into genetic monitoring may enable the management of the
evolutionary potential of populations and alter the way that manage-
ment units are delineated (Allendorf et al., 2010; Bernatchez et al.,
2017; Funk et al., 2012; McMahon et al., 2014). Adaptive markers
provide insight into genetic variation that affects fitness and may serve
as a proxy for local adaptation (Allendorf et al., 2010; Bernatchez,
2016; Funk et al., 2012). Stocking based on the evolutionary potential
of organisms could provide the diversity necessary to be resilient in
changing or stochastic environments.

Lake sturgeon (Acipenser fulvescens) are a good case study for a fine-
scale analysis of population structure using both microsatellites and
SNPs because populations across their distribution have declined
drastically and despite stocking efforts, many populations have yet to
return to historic numbers (Auer, 1996). Great Lakes-wide population
structure analyses using neutral markers showed that lake sturgeon are
genetically diverse throughout their range and most spawning popu-
lations are genetically distinct (DeHaan et al., 2006; Welsh et al., 2008).
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Analysis of 22 Great Lakes spawning populations, using eight micro-
satellite loci, resulted in the designation of six genetic stocking units,
some of which encompass multiple rivers (Welsh et al., 2010). How-
ever, analyses on a finer geographic scale have generated mixed results.
Within-river population structure has been identified in lake sturgeon
in the Winnipeg and Ottawa Rivers (McDougall et al., 2017; Wozney
et al., 2011), but fine-scale analysis of lake sturgeon in the Namakan
River revealed the presence of only a single population (Welsh and
McLeod, 2010). If cryptic population structure exists within a river, but
is not being managed properly, a fine-scale analysis of genetic structure
may provide a better understanding of why populations are not re-
covering to historic numbers.

Two rivers, the St. Clair-Detroit River system (SCDRS) and the St.
Lawrence River (SLR), were chosen for this study because lake sturgeon
are currently managed as single populations in both rivers, but have the
potential for unrecognized genetic structure. The SCDRS consists of the
Detroit River and the St. Clair River connecting Lake Huron to Lake
Erie. Welsh et al. (2008) determined that the SCDRS, which has no
dams, appears to contain one panmictic population based on micro-
satellite data. However, the aim of the Welsh et al. (2008) study was not
to identify fine-scale structure, which was reflected in the sampling
scheme. In contrast to genetic data, movement data of lake sturgeon in
the St. Clair-Detroit River System suggest that there may be multiple
populations (Kessel et al., 2018; Thomas and Haas, 2002). Lake stur-
geon exhibit site fidelity (Auer, 1999: Barth et al., 2011; Gunderman
and Elliott, 2004), which can result in high degrees of population
structure. It is reasonable to hypothesize that there are multiple po-
pulations within the SCDRS that are associated with the five known
spawning locations in the St. Clair and Detroit Rivers. Although genetic
analyses have been performed on the SCDRS (Welsh et al., 2008), a
refined analysis using SNPs may reveal fine-scale structure and be
beneficial to the long-term management of lake sturgeon.

The SCDRS is managed as a single population due to the lack of
impediments. Fishing for lake sturgeon in the SCDRS is currently lim-
ited to recreational fishing in Michigan waters only with a restricted
season and limited recreational harvest. Due to the size and stability of
the SCDRS lake sturgeon population, stocking is not a priority (Hayes
and Caroffino, 2012).

In contrast to the SCDRS, the SLR has been modified by dam con-
struction, including the Beauharnois–Les Cèdres (Beauharnois, QC,
Canada) and Moses-Saunders Power Dams (Cornwall, ON, Canada). The
Moses-Saunders dam was constructed in 1958 and Beauharnois-Les
Cèdres construction took place from 1912-1961. Lake sturgeon may be
trapped between the Moses-Saunders dam and the Beauharnois-Les
Cèdres, causing fragmentation from fish downstream of the
Beauharnois-Les Cèdres (Mailhot et al., 2011). Additionally, the SLR
extends from Lake Ontario to the Gulf of St. Lawrence, eventually
connecting with the Atlantic Ocean, with an established fluvial to salt
and a no tide to pronounced tide gradients (Caron et al., 2002) that may
contribute to population structure. The fluvial estuary extends from
Lake Ontario to Orleans Island, where a brackish estuary begins (Hatin
et al., 2002).

Despite fragmentation, the Ontario Ministry of Natural Resources
and Forestry includes the entire Canadian SLR as one designatable unit
(Unit 8) but divides that unit into three management units (Pratt,
2008). The New York State Department of Environmental Conservation
manages the SLR as two management units: the upper SLR (from Cape
Vincent to the Moses-Saunders Dam) and lower SLR (Lake St. Francis,
Akwesasne, Grasse, Raquette, St. Regis, Salmon rivers), but has iden-
tified a research goal to better understand population structure in the
lower unit (Holst, 2018). According to the 2018 Lake Sturgeon Re-
covery Plan (Holst, 2018), stocking has occurred most recently in 2013-
2015 in the middle SLR (15,750 individuals over three years) and Lake
St. Francis (10,500 individuals over three years) and recommendations
suggest using genetically similar fish (Welsh et al., 2010). A closely
monitored commercial fishery exists on parts of the SLR (Mailhot et al.,

2011), with commercial fishing taking place in the lower part of the
river system, mainly in Lake St-Louis, Lake St-Pierre, and the upper
estuary (Mailhot et al., 2011).

Determining the level of genetic structure in these rivers could alter
management strategies, including delineation of management units,
stocking programs and fishing regulations. Smaller populations are at a
greater risk of extinction (Gilpin and Soulé, 1986) due to the potential
for inbreeding, and the deterioration of genetic diversity and evolu-
tionary potential (Allendorf and Leary, 1986; Amos and Balmford,
2001). Stocking, which is valuable for introducing and maintaining
genetic diversity, relies upon accurate assessment of population frag-
mentation and connectivity. If multiple populations exist within a river,
maintaining that diversity may be important for developing sustainable
stocking and fishing strategies. The main goals of this study are to
identify and compare fine-scale population structure of lake sturgeon
populations using both microsatellites and SNPs within two Great Lakes
river systems that vary in terms of their potential for genetic structure.

2. Methods

2.1. Study sites

The SCDRS consists of two major lakes and a corridor connecting
them, with no damns or impediments to movement (Fig. 1). The cor-
ridor is made up of the St. Clair River, Lake St. Clair and the Detroit
River. The St. Clair River, which is 64 kilometers long, connects Lake
Huron and Lake St. Clair (Boase et al., 2011). Depths in the river range
from 8-24 meters, and velocities vary (Edsall et al., 1988), with the
highest velocity occurring around the International Blue Water Bridge.
The Detroit River, which is 51 kilometers long, connects Lake St. Clair
with Lake Erie (Caswell et al., 2004). The SCDRS may have contained as
many as 15 spawning sites at one time (Goodyear et al., 1982), but
spawning habitat has been removed or degraded due to dredging for the
shipping channel (Manny et al., 2007; Read and Manny, 2006). The
SCDRS now consists of a few historic spawning sites and recently cre-
ated artificial reefs built to support increased spawning of native fish
(Read and Manny, 2006; Roseman et al., 2011).

The SLR (Fig. 1) connects Lake Ontario to the Atlantic Ocean, out-
putting to the Gulf of St. Lawrence (Mailhot et al., 2011). Lake St.
Francis, Lake St. Louis, and Lake St. Pierre are contained within the SLR
system. This river flows over 1,500 km, is comprised of two saline es-
tuaries and a freshwater estuary, and flows at an average of 12,600 m3/
sec at Quebec City (Mailhot et al., 2011). The SLR main channel was
dredged for shipping access and is typically between 10-15m deep
(Basu et al., 2000; Hudon et al., 1996). Other modifications to the SLR
include dam construction, channeling, and flow regulation (Mailhot
et al., 2011). The Beauharnois–Les Cèdres (Beauharnois, QC, Canada)
and Moses-Saunders Power Dams (Cornwall, ON, Canada) occur within
this study area.

2.2. Sampling

In the SCDRS, lake sturgeon were captured in the upper St. Clair
River (n=56), the lower St. Clair River (n=44), and the Detroit River
(n= 22) during the spawning season (May-June) from 2011 to 2015 as
part of population surveys conducted by the Michigan Department of
Natural Resources in the lower St. Clair, and by the U.S. Fish and
Wildlife Service in the upper St. Clair and Detroit rivers. Sturgeon
collections were supplemented with fish captured by commercial
fishers in southern Lake Huron, approximately 15 km NNE of the Blue
Water Bridge. Most lake sturgeon were captured using baited set lines
deployed from a research vessel in the afternoon and retrieved the
following morning (Thomas and Haas, 2002). Sturgeon supplied by
commercial fishers were collected as by-catch in trapnets.

In the SLR, samples (n=30) were collected from the Quebec City
lake sturgeon area (mouths of the Chaudière River and Montmorency
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River) by the Ministry of Natural Resources and Wildlife in Quebec.
Lake sturgeon were captured using stretch mesh gill nets of 20.5, 23,
and 25.5 cm. Samples were also collected from Lake St. Francis
(N= 28) and an Akwesasne sampling site (N=22) (Table 1). For mi-
crosatellite genotyping, these data were combined with previously
analyzed samples from below Moses-Saunders Dam (N=54) (Welsh
et al., 2008).

2.3. Microsatellite Genotyping

DNA was extracted from fin clips collected from the SCDRS

(n= 122) and SLR (n=133) using the Gentra Puregene Tissue Kit
(©Qiagen, Germantown, MD, USA) according to manufacturer’s pro-
tocol and extracts were quantified on the Nanodrop spectrophotometer
(©Thermoscientific, Wilmington, DE, USA). Extracted DNA was ana-
lyzed at 12 disomic microsatellite loci: AfuG9, AfuG56, AfuG63,
AfuG74, AfuG112, AfuG160, AfuG195, AfuG204, Afu68, Afu68b,
Spl120, Aox27 (Welsh and May, 2006). PCR amplification was done
using the Qiagen Multiplex PCR Kit® (Germantown, MD, USA). Four
primer mixes were prepared. Primer mix 1 (AfuG 56, Spl120 and AfuG
195), primer mix 2 (AfuG204, AfuG74, and AfuG9), and primer mix 3
(AfuG160, Aox27 and AfuG112) contained 2μM final concentration of
each primer. Primer mix 4 included Afu68 and AfuG68b primers (final
concentration of 1μM) and AfuG63 primers (final concentration of 2
μM). The Mulitplex PCR Master Mix (final concentration of 1X) was
used in a total reaction volume of 10 μl, with 20 ng of extracted DNA.
The PCR conditions were performed as in Whitaker et al. (2018). PCR
products were then visualized on a Beckman Coulter GeXP Genetic
Analysis System.

2.4. Single Nucleotide Polymorphism Genotyping

Subsets of each population were used for SNP genotyping. In the
SLR, samples from the population below the Moses-Saunders dam
(n= 24) and the estuary near Quebec City (n=26) were used for
genotyping-by-sequencing based on the protocol of Poland et al.
(2012). In the SCDRS, samples from the Detroit River (n= 23) and St.
Clair River (n= 19) were used. Extracted DNA was digested with two
restriction enzymes (PstI and MspI); adaptors and individual barcodes

Fig. 1. This map provides the location of both study sites: the St. Clair Detroit River System (SCDRS) and the St. Lawrence River (SLR), including enlarged regions
detailing the lake sturgeon sampling locations (black dots). The two black bars represent the hydroelectric dams located on the SLR.

Table 1
Lake sturgeon sampling locations and year for samples used for genotyping. The
samples identified as Quebec City were taken from the Chaudiere River and
Montmorency River in the St. Lawrence estuary.

Sample Size

Location Year Microsatellites SNPs

St. Lawrence River
Moses Saunders Dam 1994 53 24
Lake St. Francis 2006 28 -
Akwesasne 2012 22 -
Quebec City 2012 30 26
St. Clair-Detroit River System
Upper St. Clair River 2012 57 5
Lower St. Clair River 2012 43 19
Detroit River 2012 22 23
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were then ligated onto the cut ends. Samples were pooled, fragments
between 250 and 450 bp were selected using a Pippin Prep (Sage Sci-
ence), and PCR amplification was conducted on the resulting fragments.
Quality and quantity were assessed using an Agilent 2100 BioAnalyzer
and the library was sequenced on an Illumina HiSeq 2500 generating
single-end 100bp reads. If< 1 million reads/individual were obtained,
additional runs were conducted after normalization to correct for un-
derrepresented individuals.

SNP identification was conducted using the pipeline STACKS v2.1
(Catchen et al., 2013). Sequences were cleaned, low-quality reads were
discarded, and individuals were separated by barcodes using pro-
cess_radtags. Sequences were aligned and stacks were created using a
minimum depth (-m) of 3 and an allowable distance between stacks of 5
(-M) in ustacks. A catalog was created, allowing a distance of 5 between
catalog loci (-n) in cstacks and individual stacks were aligned to the
catalog using sstacks. SNPs were initially identified using gstacks and
population comparisons were done separately for the two systems and
between the two systems using populations. To achieve a balance be-
tween amount of missing data and the number of identified SNPs,
various percentages of individuals required to have the loci in each
population (-r) were tested (70%, 75%, 80%, 85%, 90%). The percen-
tage with the greatest gain in number of SNPs and minimal increase in
missing data was 75%. This level was used for the remainder of the
analyses, along with the requirement that the loci had to be present in
all populations. Individuals with 70% missing data or more were dis-
carded. Lake sturgeon are polyploid, making paralogs a serious con-
cern. Paralogs were identified based on the method of McKinney et al.
(2017), as implemented in paralog-finder (Ortiz, 2018). Paralogs were
blacklisted and removed from a second populations run.

To increase the power of detecting fine-scale population structure
and improving assignment accuracy, a second dataset was created
containing SNPs with significant FST values (p < 0.05) between the
compared populations. This resulted in 1,436 SNPs with FST values
ranging between 0.03 – 0.19 (average: 0.06) for the STL-SCDRS com-
parison; 603 SNPs ranging between 0.09 – 0.35 (average: 0.13) for the
SCDRS, and 1,415 SNPs ranging between 0.04 – 0.21 (average: 0.13) for
the SLR.

2.5. Population Clustering and Genetic Differentiation

2.5.1. Microsatellites
Hardy-Weinberg equilibrium (HWE) was tested for each locus and

population using the software GENEPOP 4.2 (Raymond and Rousset,
1995), which utilizes an exact probability test estimated by Markov
chain algorithms. The following parameters were used: 10,000 burn-in,
100 batches, 1,000 iterations, and α < 0.05. Significance of the HWE
tests was determined after performing a sequential Bonferroni correc-
tion (Rice, 1989). Linkage disequilibrium was tested for pairs of loci
using probability tests, via GENEPOP 4.2 (Raymond and Rousset,
1995). A burn-in length of 10,000 was used for 100 batches and 1,000
iterations.

A Bayesian approach was implemented to determine the most likely
number of populations in each river, using the software STRUCTURE
2.3.4 (Pritchard et al., 2000), which estimates the likelihood of popu-
lation clusters based on Hardy-Weinberg equilibrium (HWE) and
linkage disequilibrium. A burn-in length of 1,000,000 and 1,000,000
MCMC steps were used for 10 iterations under the admixture model for
K=1 to K=5. It was assumed that the allele frequencies were cor-
related. Since samples were taken during spawning season, the sam-
pling location was used as prior knowledge.

A Discriminant Analysis of Principal Components (DAPC) was per-
formed using the adegenet package in R (cran mirror: USA PA1) to
identify variation in genotypes between population locations (Jombart,
2008). The DAPC uses Principal Component Analysis prior to the Dis-
criminant Analysis (Jombart et al., 2010). For the SCDRS, there were
three locations (upper St. Clair, lower St. Clair, and Detroit rivers) used

in the analysis; therefore, two DAPC axes were retained. Twenty-five
PCs were retained, as 25 had the lowest root mean squared error (10%)
and had a decreased likelihood of overfitting the data. For the SLR, four
DAPC axes were retained, as there were five sampling locations, and 35
PCs were retained. Cross-validation was used to assess the validity of
discriminant function and principal component retention. An estimate
of the number of clusters was determined by choosing the lowest BIC
score.

Microsatellite genotypes were used to determine genetic differ-
entiation between the sampling locations for each system. The FST value
between the sampling sites was calculated using the program FSTAT
2.9.3.2 (Goudet, 1995), which implements the method outlined in Weir
and Cockerham (1984), to determine if sampling sites within the rivers
were genetically distinct. FST values range from 0 to 1 and larger
numbers correspond to increased genetic differentiation.

2.5.2. Single Nucleotide Polymorphisms
Hardy-Weinberg equilibrium and linkage disequilibrium were

tested for and filtered out using the dartR Package in R (Gruber et al.,
2018). Population genetic structure was estimated from the final full set
of SNPs for each river (SCDRS, n= 51,747; SLR, n= 30,034). DAPC
was performed as described above using the adegenet package in R (cran
mirror: USA PA1, Jombart, 2008). FastStructure (Raj et al., 2014) was
used to evaluate the potential number of populations. The default
parameters were used in fastStructure, with a simple prior and testing
K=1 through 5, to determine the model complexity that maximizes
the marginal likelihood. To determine genetic differentiation between
the sampling locations for each system, FST values were calculated using
the function gl.fst.pop in the program dartR, with significance assessed
through bootstrapping.

Two methods were used to identify sites that may be under selec-
tion. Using BayeScan 2.1 (Foll and Gaggiotti, 2008), sites that may be
under selection were identified by analyzing patterns of differentiation
in allelic frequencies that diverged from neutral expectations. Prior
odds for the neutral model were set to 10:1. The program was run with
20 pilot runs at a length of 5,000 for 5,000 iterations. The burn-in (after
the pilot runs) was 50,000 iterations, and the thinning interval was set
to 10. FIS values ranged from 0 to 1 and α < 0.05 was considered to be
significant. If the alpha value was positive, the selection was considered
to be diversifying, whereas if the alpha was negative, then the selection
was considered to be balancing or purifying. Model choice was per-
formed using Bayes Factors, which were calculated for the individual
restriction sites. Default parameters and a 5% trim fraction were used to
run OutFLANK, through the R package, dartR (Gruber et al., 2018).
Prior to outlier detection, SNP datasets were filtered to remove loci with
minor allele frequency less than 0.1 (Whitlock and Lotterhos, 2015).
Outliers identified through these analyses and putatively neutral loci
were analyzed separately for population structure using the methods
described above. Private alleles were identified using default para-
meters of the private_alleles function in the R package radiator (Gosselin
et al., 2020).

2.5.3. Population Assignment
For both microsatellites and SNPs, population assignment was per-

formed using the assignPOP package in R (Chen et al., 2018). Monte
Carlo cross-validation was performed using the assign.MC and accur-
acy.MC functions to subset samples (proportions: 0.5, 0.7, 0.9) and
assign them to populations, using 0.1, 0.25, 0.5, 1% of the loci, per-
formed for 100 iterations.

3. Results

3.1. Microsatellites

3.1.1. St. Clair Detroit River System
No loci showed evidence of linkage disequilibrium in the samples
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from the SCDRS. After a sequential Bonferroni correction, two popu-
lations were out of HWE at multiple loci. The upper St. Clair river was
out of HWE at Afu68 (P=0.000), Afu68B (P=0.000), AfuG160
(P=0.000), and Spl120 (P=0.003). The lower St. Clair river was out
of HWE at Afu68 (P=0.001), Aox27 (P=0.004), and AfuG56
(P=0.014). The upper St. Clair (P=0.000) and the lower St. Clair
(P=0.0001) also exhibited a significant heterozygote deficiency. Loci
that are consistently out of HWE are often discarded from subsequent
analyses. Only Afu68 was out for both rivers. Removing Afu68 did not
affect the STRUCTURE analyses; therefore, all loci were retained be-
cause discarding loci might cause subpopulation structure to be over-
looked (Dharmarajan et al., 2013).

Bayesian analysis, implemented by the program STRUCTURE, re-
vealed that the most likely number of populations in the SCDRS is one
(K=1) (Fig. 2). The upper St. Clair River is significantly differentiated
from the lower St. Clair, albeit a low level of differentiation
(FST=0.014) (Table 2). None of the other FST values were significant,
suggesting that neither the upper, nor lower St. Clair River, is geneti-
cally differentiated from the Detroit River. The DAPC partitioned
samples into three spatially structured clusters (Fig. 2). Using cross
validation, the lowest BIC value was used to choose K= 2.

Population assignment using MC cross-validation in the assignPOP
package resulted in moderate assignment success, with 79% of the fish

from the Detroit and lower St. Clair rivers assigning to the upper St.
Clair River. Assignment for upper St. Clair River individuals to the
upper St. Clair populations was 83%.

3.1.2. St. Lawrence River
After sequential Bonferroni correction, no loci were deemed to be

out of HWE and there was no evidence of linkage disequilibrium.
Bayesian analysis, implemented by the program STRUCTURE, showed
that the most likely number of populations in the St. Lawrence River
(SLR) was one (K=1) (Fig. 3). This was the most consistent estimate
with the highest likelihood of occurrence.

According to the pairwise FST values, the highest level of differ-
entiation was detected between Quebec City and Lake St. Francis
(FST=0.016, P=0.01, Table 2b). Such FST values suggest that stur-
geon from both sites belong to genetically distinct populations con-
nected by a relatively high amount of gene flow. The DAPC partitioned
samples into three spatially structured clusters (Fig. 3). As with the
SCDRS, the sampling locations were used as a priori information. The
95% genotpyic intertia ellipses associated with the Moses Suanders
Dam, Lake St. Francis, and Quebec City do not overlap; however, there
is overlap between the ellipses associated with the Moses Saunders Dam
and the Akwesasne sampling sites. Using cross validation, the lowest
BIC value was used to choose K= 2.

Population assignment using MCMC in the assignPOP package re-
sulted in assignment (96-97%) of all samples to the population asso-
ciated with Quebec City.

3.1.3. St. Lawrence River and St. Clair Detroit River System
When including samples from both rivers, STRUCTURE Harvester

showed that the most likely number of populations with the lowest
amount of variance was two (K= 2). FST values for the SCDRS and the
STL showed statistically significant differentiation (FST=0.051,
P < 0.0014). DAPC partitioned samples into three spatially structured
clusters with high overlap between inertia ellipses between most clus-
ters. Using cross validation, the lowest BIC value was used to choose
K=7. Assignment accuracy using microsatellites for both systems
ranged from 0-62%, with the greatest assignment accuracy of fish to the
Lake St. Francis sampling location (33-62%) and the upper St. Clair
River (34-54%).

3.2. Single Nucleotide Polymorphisms

3.2.1. St Clair-Detroit River System
For the SCDRS, 51,747 SNPs were retained after quality filtering

and used for population genomic analyses. No loci were deemed to be
out of Hardy-Weinberg or under linkage disequilibrium. When Bayesian
analysis, implemented by the program fastStructure, was performed on
the entire set of loci, the most likely number of populations in the
SCDRS was one (K=1). The FST values also suggested that there was no
differentiation between these populations (Table 2a). Comparison of
the two rivers using SNPs showed differentiation between the SCDRS
and the SLR (FST=0.010, P < 0.0001). Similar to the microsatellite
analyses, the DAPC on the whole SNP dataset partitioned samples into
spatially structured clusters (Fig. 4a). Using cross validation, the lowest
BIC value was used to choose K= 2. Assignment accuracy estimated
using the assignPOP package on the full set of SNPs ranged from 35-
65% with the greatest accuracy (65%) of assignment to the upper St.
Clair River.

When analyzing the full dataset, no outlier loci were identified using
BayeScan, but 303 loci were identified as outliers using OutFLANK.
Results from Bayesian analysis using both fastStructure and STRUCT-
URE on the outlier dataset alone indicated that the most likely number
of populations was still one. The DAPC (Fig. 4) provided similar results
to those generated using the whole dataset. None of the FST values for
the comparison of the populations using only outlier loci were sig-
nificant.

Fig. 2. Population structure analysis using microsatellite genotyped samples
from the St. Clair-Detroit River system using A) a clustering analysis, performed
using a Bayesian approach implemented in the software program STRUCTURE;
and B) a Discriminant Analysis of Principal Components (DAPC), providing a
visualization of the location of the individuals and clusters along the first two
axes of the DAPC. Geographic sampling sites were used as priors for genetic
clusters, and ellipses are 95% inertia ellipses with 1 = Upper St. Clair River, 2
= Lower St. Clair River, and 3 = the Detroit River.
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When the high FST SNP dataset was used, greater population
structure was detected, along with higher assignment accuracy. Using
fastSTRUCTURE and by choosing the lowest BIC value, cross-validation

in the DAPC resulted in two clusters (K= 2) (Fig. 5). Assignment ac-
curacy was improved with 98% accuracy in assignment of fish to the St.
Clair River and 88% accuracy in assignment of fish to the Detroit River.
There were 63 private alleles identified for the Detroit River and 128 for
the St. Clair River. No outliers were identified in the reduced SNP da-
taset.

Table 2
The FST values for microsatellites (presented below the diagonal) and SNPs (presented above the diagonal line) were generated using the method outlined in Weir and
Cockerham (1984) for lake sturgeon in (a) the St. Clair-Detroit River System and (b) the St. Lawrence River. The bolded FST values are statistically significant
(α=0.05); corresponding p-values are in parentheses. Significant P-values are bolded.

(a)
Detroit Lower St. Clair Upper St. Clair

Detroit −0.0025 (0.79) 0.017 (0.10)
Lower St. Clair 0.006 (0.88) −0.0001 (0.55)
Upper St. Clair 0.008 (0.55) 0.014 (0.02)

(b)
Moses Saunders Akwesasne Lake St. Francis Quebec City

Moses Saunders 0.002 (P < 0.0001)
Akwesasne 0.0093 (0.15)
Lake St. Francis 0.0025 (0.17) 0.0143 (0.02)
Quebec City 0.0036 (0.08) 0.0256 (0.13) 0.0164 (0.01)

Fig. 3. Population structure analysis using microsatellite genotyped samples
from the St. Lawrence River using A) a clustering analysis, performed using a
Bayesian approach implemented in the software program STRUCTURE; and B)
a Discriminant Analysis of Principal Components (DAPC), providing a visuali-
zation of the location of the individuals and clusters along the first two axes of
the DAPC. Geographic sampling sites were used as priors for genetic clusters,
and ellipses are 95% inertia ellipses with 1 = Moses Saunders Dam, 2 =
Akwesasne, 3 = Lake St. Francis, and 4 = Quebec City.

Fig. 4. Discriminant Analysis of Principal Components (DAPC), using A) outlier
SNP genotypes and B) neutral SNP genotypes from the St. Clair Detroit River
System, providing a visualization of the location of the individuals and clusters
along the first two axes of the DAPC. Geographic sampling sites were used as
priors for genetic clusters, and ellipses are 95% inertia ellipses with
Red=Upper St. Clair River, Yellow=Lower St. Clair River, and Blue= the
Detroit River.
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3.2.2. St. Lawrence River
For the SLR, 30,034 SNPs were retained after quality filtering and

used for population genomic analyses. No loci were deemed to be out of
Hardy-Weinberg equilibrium or under linkage disequilibrium. Bayesian
analysis, implemented by the program fastStructure, showed that the
most likely number of populations in the SLR was one (K=1). The FST
value for the comparison of the two sampling locations was 0.002
(P < 0.0001), suggesting that there is weak, albeit significant, popu-
lation structure accompanied by pronounced gene flow between the
two sampled populations. The DAPC partitioned samples into spatially
structured clusters (Fig. 6). Using cross-validation, two population
clusters (K=2) was chosen based on the lowest BIC value. Assignment
accuracy using the assignPOP package to analyze the full set of SNPs
ranged from 29-71% with the greatest accuracy (71%) of assignment to
the sampling location below the Moses-Saunders dam. No outlier loci
were identified using either BayeScan or OutFLANK.

As with the SCDRS, the SNP dataset that included only high FST
values (n=1415 SNPs) showed greater evidence of population struc-
ture. Using fastSTRUCTURE and by choosing the lowest BIC value,
cross-validation in the DAPC resulted in K=2 (Fig. 6). Assignment
accuracy was improved with 97% accuracy in assignment of fish to the
Quebec sampling location and 88% accuracy in assignment of fish to
the population below the Moses-Saunders dam. There were 206 private
alleles identified for the population sampled below the Moses-Saunders
dam and 172 identified in Quebec. No outliers were identified in the
reduced SNP dataset.

3.2.3. St. Lawrence River and St. Clair Detroit River System
For the comparison between the two rivers, 23,741 SNPs were re-

tained after quality filtering. No loci were deemed to be out of Hardy-
Weinberg equilibrium or under linkage disequilibrium. Using Bayesian
inference implemented in the program fastSTRUCTURE, the most likely
number of populations was one (K=1). The FST value for the compar-
ison of the two rivers was 0.011 (P < 0.0001). By choosing the lowest
BIC value, cross-validation in the DAPC resulted in K=2. Using
assignPOP to perform population assignment, the full SNP dataset had
an assignment accuracy of 76% for the SLR and 77% for the SCDRS

The dataset filtered for high FST values, resulting in a total of 1,415
SNPs, performed similarly for the DAPC with K=2. However, using
Bayesian inference, the most likely number of populations was two
(K=2) and the FST value was 0.091 (P < 0.0001). Additionally, the
dataset filtered for high FST values for the STL and SCDRS had a greater
assignment accuracy of 91% and 93%, respectively. No outliers were
identified.

4. Discussion

Marker choice is an important factor in designing genetic studies to
delineate populations for management. In this case study, micro-
satellites and the full SNP dataset performed similarly in the detection
of fine-scale population structure in lake sturgeon. However, when fil-
tered for high FST values, the SNP dataset performed better at detecting
population structure and had improved assignment accuracy. Improved

Fig. 5. Discriminant Analysis of Principal Components (DAPC) using SNP genotypes filtered for high FST values from St. Clair-Detroit River System samples was
performed using the adegenet package in R to identify variation in SNP genotypes among population locations (Jombart, 2008).

Fig. 6. Discriminant Analysis of Principal Components (DAPC) using SNP genotypes filtered for high FST values from St. Lawrence River samples was performed using
the adegenet package in R to identify variation in SNP genotypes among population locations (Jombart, 2008).
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genetic assignment provides more accurate metrics that are valuable for
conservation and management, including spatial distribution, mi-
gratory patterns, stock-specific exploitation, inbreeding, and parentage
(e.g. Allendorf et al., 2010; André et al., 2016). For example, SNPs
provided refined estimates of relatedness in Acipenser sturio, despite
extremely low genetic diversity (Roques et al., 2019). For lake sturgeon
specifically, accurate assignment is important for evaluating stocking
and reintroduction programs, as well as estimating straying rates and
potential impacts to neighboring populations (e.g. outbreeding de-
pression). Additionally, reliable estimates of interspecific hybridization,
which occurs fairly commonly in sturgeon (e.g. Tranah et al., 2004;
Zhang et al., 2013), could be achieved. Further, due to the long dis-
tances that sturgeon are capable of traveling (Auer, 1996), the effi-
ciency of assignment using SNPs could prove highly valuable to identify
non-spawning movement patterns that are not yet well understood.
SNPs have been used in sturgeon conservation to differentiate between
species (e.g. Eichelberger et al., 2014; Ogden et al., 2013) and to dif-
ferentiate between geographically distant populations (Rastorguev
et al., 2013), but to date, there are no published studies of fine-scale
genetic structure detected in sturgeon using SNPs.

Adaptive differences are considered especially informative for de-
lineating conservation units, specifically evolutionarily significant units
(Fraser and Bernatchez, 2001; Funk et al., 2012). Adaptive markers
may be useful in fisheries research by providing a better understanding
of anthropogenic pressures, such as climate- and fishing-induced
changes to populations, and for conserving the adaptive potential of a
species that may encounter unforeseen or unpredictable changes. Fur-
ther, adaptive divergence may be especially important for the SCDRS
and SLR both of which host populations that are large enough that
selection may be a strong driving force for differentiation more so than
drift, which is more of a concern in smaller populations (André et al.,
2011; O’Malley et al., 2007; Perrier et al., 2017; Westgaard and
Fevolden, 2007). For instance, Atlantic cod (Gadus morhua), a well-
studied fishery, shows differentiation along temperature clines with
outlier SNPs, a pattern that was overlooked using neutral markers
(Bradbury et al. 2010). Loci under selection were identified for the
SCDRS, but without a reference genome, it is challenging to determine
whether these loci play an important role in adaptive differentiation.
Considering the lack of physical barriers in the SCDRS, differentiation
between these rivers could be due to known differences in migratory
behaviors (Kessel et al., 2018; Whitaker et al., 2018). It should be noted
that there are pitfalls associated with the use of adaptive loci, such as
the assumption of the future benefit or consequence of such loci, and
often the function of adaptive loci is unknown in non-model organisms.
Inheritance, recombination, gene interactions and expression can all
affect the relationship of the genotype to the phenotype in studies of
natural populations. Direct knowledge of the genotype to phenotype
relationship eases the translation of genomics into management appli-
cations. Future research should focus on examining environmental
factors that could potentially contribute to local adaptation despite
gene flow in lake sturgeon of the SCDRS.

No loci were determined to be under selection for the SLR. The ease
of identification of an adaptive signal can be confounded by, for in-
stance, demography, gene interactions, and expression regulation
(Pardo-Diaz et al., 2015; Schoville et al., 2012). Reduced populations,
or a reduction in the effective population size, may also affect the
ability to detect loci under selection (Jensen and Bachtrog, 2011; Poh
et al., 2014). Further, loci with a small effect on phenotypic variation
are especially difficult to detect (Brieuc et al., 2018). As more genomic
data become available for non-model organisms, alternative ap-
proaches, such as genome-wide association studies and a search for
candidate pathways, may provide more useful information on adaptive
evolution (Pardo-diaz et al., 2015). Alternatively, a landscape genomics
approach, where a relationship between genomics and environmental
variables is used to identify an adaptive signal, has proven useful in
non-model species (e.g. Bourret et al., 2013; Grummer et al., 2019),

including in the St. Lawrence system (e.g. Leclerc et al., 2008;
Ouellet‐Cauchon et al., 2014).

Collectively, the analyses performed in this study suggest that there
is evidence of fine-scale population differentiation. While the Bayesian
analysis using microsatellites and the full SNP dataset failed to detect
structure, the DAPC did show evidence of spatially separated popula-
tions and FST values corroborated some population differentiation.
Further, significant population structure was evident in the analyses of
the SNP dataset filtered for high FST values. These SNPs may be more
meaningful when detecting population structure in lake sturgeon.

The long generation time of lake sturgeon should be considered
when interpreting the results. Identifying high levels of differentiation
and fragmentation may require long time periods when the species
exhibits late maturation and spawning periodicity (Gibbs, 2001;
O’Grady et al., 2008; Wozney et al., 2011). STRUCTURE is known to
produce unreliable clustering under some scenarios (Kalinowski, 2011;
Waples and Gaggiotti, 2006). Specifically, STRUCTURE may not per-
form as well when the sampled populations have low to moderate ge-
netic differentiation (0.005-0.136) or they have high gene flow, re-
sulting in the failure to detect the correct number of populations
(Waples and Gaggiotti, 2006). This may be the case with both the
SCDRS and SLR, resulting in an underestimation of populations using
STRUCTURE. In addition, FST values can be biased by demographic
changes, such as decreased population sizes, resulting in under-
estimation of differentiation (Pearse and Crandall, 2004). Therefore,
the low levels of genetic differentiation detected may increase over
time, making genetic monitoring of these populations important for
their long-term sustainability.

The heterozygote deficiency detected in the microsatellite geno-
types from the upper and lower populations of the St. Clair River may
be due to sampling multiple subpopulations that are perceived as one
(i.e. a Wahlund effect; Tracey et al., 1975). The findings of slight dif-
ferentiation in the SCDRS using both microsatellites and outlier SNPs
support the hypothesis that multiple subpopulations could have been
sampled. Historically, the SCDRS has had as many as 15 spawning sites,
so it is reasonable to suppose that all possible populations or sub-
populations were not independently sampled. Additionally, as many as
14 distinct movement patterns have been identified in the SCDRS
(Kessel et al., 2018), which may also be contributing to the slight dif-
ferentiation of the upper St. Clair River.

Once isolated by dams, populations may experience the loss of di-
versity from genetic drift, creating differentiation between the popu-
lations. Genetic differentiation of upstream populations from other
populations has been seen in brown trout (Salmo trutta, Heggenes and
Røed, 2006; Horreo et al., 2011), Roanoke logperch Percina rex (Roberts
et al., 2013), and greenside darter Etheostoma blennioides (Beneteau
et al., 2009). While construction of the Beauharnois–Les Cèdres gen-
erating station began in 1912, due to the long generation time of
sturgeon, detecting differentiation between these populations may re-
quire that the barrier be in place longer. Studies such as Yamamoto
et al. (2004) and Haponski et al. (2007) observed that genetic differ-
entiation may increase corresponding to the length of time that the dam
has been in place. A variety of variables can affect the level of differ-
entiation, including degree of hydrological modification (Roberts et al.,
2013), permeability of the barrier (Reid et al., 2008), habitat size above
the dam (Reid et al., 2008; Yamamoto et al., 2004), time since frag-
mentation (Yamamoto et al., 2004), historical population size
(Yamamoto et al., 2004), and migratory capabilities of the species
(Rolls et al., 2014).

Population structure in Acipenserids varies by species and man-
agement should reflect this variation. Bayesian analysis, isolation-by-
distance, and Fst values of Lake sturgeon genotypes have failed to
identify population structure in other fragmented systems (Welsh and
McLeod, 2010; Wozney et al., 2011). Similarly, studies of Atlantic
sturgeon (A. oxyrinchus oxyrinchus) showed no evidence of genetic
structure in fragmented drainages (Grunwald et al., 2008; Waldman
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et al., 2002). Within-river analyses of White sturgeon (A. transmon-
tanus) in the Columbia-Snake drainage showed evidence of isolation-by-
distance, possibly due to downstream movement, but no upstream
movement (Schreier et al., 2013). Gulf sturgeon (A. oxyrinchus destoi) in
the Pascagoula River show evidence of population structure, while the
remainder of the distribution only shows evidence of structure between
drainages (Dugo et al., 2004). In most cases, the authors of these studies
(e.g. Schreier et al., 2013; Wozney et al., 2011) warn that lack of ge-
netic structure in sturgeon should not be interpreted as habitat con-
nectivity, primarily for the reasons mentioned above regarding the long
generation time of lake sturgeon and the impact on measures of genetic
differentiation.

This study provides important baseline data of population structure
between and within both river systems, and shows the potential of SNPs
for identifying fine-scale population structure and improved genetic
assignment testing in lake sturgeon. Based on the analyses of SNPs fil-
tered for high FST values, the evidence of within-river population
structure suggests there may be a need to manage separate populations
within the rivers to maintain previously unrecognized cryptic diversity.
Long-term observations of genetic diversity may be necessary to de-
termine an appropriate delineation of management units and to ensure
that the management strategies (e.g. stocking and fishing regulations)
remain appropriate. Genetic monitoring has become more cost-effective
and reliable (Schwartz et al., 2006), allowing for the implementation in
ongoing monitoring programs. Long term datasets allow for better in-
terpretation of trends and may be necessary with long-lived and late-
maturing species like lake sturgeon exhibiting a weak genetic signal due
to long generation times (Schwartz et al., 2006).
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