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Abstract: Walleye is an important sportfish across eastern North America, is commercially fished in
the Laurentian Great Lakes region, and has been introduced outside its native range. Thirty-eight
Walleye populations within six watersheds across the Eastern Highlands and other portions of
the native range were screened at eight microsatellite DNA loci to better understand evolutionary
history and to inform fishery management and conservation efforts. Population genetic variation
showed divergent assemblages of populations, respectively, living in the Mobile Bay, Mississippi
River, Eastern Highlands (Tennessee, New, and Ohio Rivers), and Great Lakes drainages today. All
estimates of effective numbers of breeding individuals were under 25, and all populations within all
watersheds had ~15-20% inter-individual relatedness, likely attributable to the effects of both natural
demographic processes and stocking. The extent of Eastern Highlands Walleye includes both the
Ohio and Tennessee River basins.

Keywords: population genetics; fishery management; conservation; microsatellite DNA; East-
ern Highlands

Key Contribution: Knowledge of regional population genetic structuring informs management agen-
cies of this important fished species. Translocation of Walleye across population genetic boundaries
should be avoided in order to conserve regionally important adaptations.

1. Introduction

Walleye, Sander vitreus (Mitchell 1818), is a valued sport and commercially harvested
fish that is widely distributed across eastern North America. As with many widely dis-
tributed species, genetic differentiation has arisen over time among populations across
the geographic range. Analysis of mitochondrial DNA variation across the range [1,2]
showed regional differentiation among stocks descended from populations in three glacial
refugia (northwest, east, and lower Mississippi drainage) that recolonized deglaciated
North America and that are currently in secondary contact. Unique lineages have been
identified in the Tombigbee and Mobile rivers of Alabama [3-6]. Multiple differentiated
populations of Walleye inhabit Lake Erie and adjacent waters, as shown by microsatellite
DNA markers [7-9]. Using microsatellite DNA markers, Stepien et al. [10,11] showed
differentiation among populations of Walleye from watersheds across the Laurentian Great
Lakes, Lake Winnipeg (MB, Canada), upper Mississippi River, Ohio River, and Mobile Bay
drainage. Using SNP markers, Euclide et al. [12] showed differentiation among Walleye
populations in the Great Lakes region.

Walleye in the southeastern part of the range are of particular interest because they
may represent the direct descendants of a distinct glacial refugial population and are
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adapted to spawn in flowing waters [13]. Screening mitochondrial and nuclear DNA
markers, Billington and Sloss [14] and White et al. [15] showed the apparent persistence
of what came to be termed Eastern Highlands walleye in the upper Cumberland River
drainage (Kentucky), within the tributary Rockcastle River (Kentucky), and the Kanawha
River (West Virginia) in the Ohio River drainage. Observation of distinct mitochondrial
haplotypes or microsatellite alleles in Walleye collected from the upper Ohio River [16] and
the upper New River [17] suggested the presence of remnant native populations. Native
walleye from the Cumberland River share a common ancestor with Walleye from other
Eastern Highland Rivers but are more distantly related to populations from the Mobile
River basin and the Great Lakes [15]. Although these studies applied highly variable
genetic markers and a full range of analytic techniques, the coverage of sampling in the
Eastern Highlands region was modest, limiting the ability to apply findings to Walleye
management in a broad regional context.

A population is a group of individuals of a species occurring in a single area that
shares a common gene pool and is significantly divergent from other groups. Knowledge of
population genetic structure informs the management of Walleye for sport and commercial
fisheries [18], for which conserving genetic diversity and local adaptation are priority
issues [19]. Determining the population genetic structure of Walleye within the Eastern
Highlands region of North America will increase knowledge of the natural history of the
species, as this assemblage of population groups may represent the direct descendants of a
distinct glacial refuge population and would inform fishery management strategies within
the region. Baseline knowledge of which populations are genetically distinct can be applied
to better define stocking and fishery management practices. The goal of this study was
to characterize the population genetic differentiation of Walleye across the eastern United
States, focusing on the Eastern Highlands, to provide a novel addition to what is currently
known about variation across its range. After amassing a collection of Walleye that also
included Missouri, Great Lakes, and other Eastern Highlands populations and screening
highly polymorphic microsatellite DNA markers, we tested the following hypotheses: Hy:
There is no genetic structuring among walleye populations in the eastern United States;
Haj: There is genetic structuring among walleye populations in the eastern United States
that follows major watershed structure; and Ha,: There is genetic structuring among
Walleye populations that is driven by other processes. The results reported here support
the hypothesis that population genetic structuring follows watershed structure.

2. Materials and Methods
2.1. Sampling

Walleye were sampled from 38 sites in six major watersheds by the Virginia Depart-
ment of Wildlife Resources (VDWR), other fishery management agencies, or scientific
collaborators (Table 1, Figure 1). Samples from Virginia, Kentucky, and North Carolina
were collected explicitly for purposes of this study; other samples representing outgroups
for comparison with Eastern Highlands walleye populations, some sampled years pre-
viously, were provided by colleagues. Noting that some of these samples may contain
representatives of more than one population, due to natural processes as in the Great
Lakes, or due to stocking as in the New River, Virginia, we refer to samples collected at the
respective sites as population samples. All work was in accordance with collection permits
issued by the Virginia Department of Wildlife Resources and Protocol 16-188FIW, approved
by the Virginia Tech Institutional Animal Care and Use Committee on 1 November 2016.
Fish were measured for total length, weighed, and sexed. Pectoral fin clips were taken
non-lethally, dried in labeled scale envelopes, and frozen at —20 °C. DNA was isolated
from fin clips using the DNEasy Blood and Tissue Kit (Qiagen, Germantown, MD, USA).
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Table 1. Walleye samples’ for microsatellite DNA analysis. Total samples: n = 1279. No mention of the year indicates that the collection date is unknown.

Major Drainage River Location Number (Year) Provided by
New New River, VA Foster Falls, VA, USA 23 (2015-2016) Virginia Department of Wildlife Resources
Ivanhoe, VA, USA 23 (2015-2016)
Native New River-spawning individuals 320 (2008, 2017-2018)
Ohio Barren River Barren River, KY, USA 69 (2017) Kentucky Dept. of Fisheries and Wildlife Resources
Rockcastle River Rockecastle River, KY, USA 43 (2017-2018)
Big Sandy River Levisa Fork, KY, USA 8 (2017-2018)
Russell Fork, KY, USA 7 (2017-2018)
Goose Creek, KY, USA 26 (2018)
Allegheny River Allegheny River, PA, USA 20
Tennessee Clinch River Ft. Blackmore, VA, USA 20 (2016-2017) Virginia Department of Wildlife Resources
Clinchport, VA, USA 20 (2015-2017)
Dungannon, VA, USA 10 (2015-2017)
Burton’s Ford, VA, USA 13 (2015-2017)
Carterton, VA, USA 12 (2015-2017)
Powell River, TN 4 (2018) North Carolina Wildlife Resources Commission
Little Tennessee River Lake Fontana, NC, USA 41
Hiwassee River Lake Hiwassee, NC, USA 15
Tuckasegee River Lake Glenville, NC, USA 23
Little Tennessee River Nantahala Lake, NC, USA 26
Cheoah River Lake Santeelah, NC, USA 17
Tuckasegee River Bear Lake, NC, USA 24
Wolf Lake, NC, USA 15
Lake James, NC, USA 49
Mississippi White River Basin Fellows Lake, MO, USA 9 Missouri Department of Conservation
Stockton Lake, MO, USA 21
Beaver tailwater/Table Rock Lake, AK/MO, USA 20
James River/Table Rock Lake, MO, USA 20
Mozingo Lake, MO, USA 19
Smithville Lake, MO, USA 16
Current River, MO, USA 28
Black River, AK, USA 26
Mississippi Upper Mississippi R. Mille Lacs, MN, USA 19 (2004). Nick Milroy, U.S. Fish and Wildlife Service
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Table 1. Cont.

Major Drainage River Location Number (Year) Provided by
ida Lake, NY, USA 10 (2 Lars Rudst: 11 Uni i
Great Lakes Lake Ontario Oneida Lake, N, U5 0 (2009 Tiarlrrlsot}ll ]soifr?;ilogitagg IK/EI;lsllstt}Ir of Natural
Bay of Quinte, Lake Ontario 18 (2005) y ’ y
Resources
Lake Michigan Grand River, MI, USA 12 (1998) yelggjfi;homas’ Michigan Department of Natural
Lake Superior THUNDER BAY, ON, Canada 6 (2000) Henry Quinlan, USFWS
Lake Michigan Muskegon River, Lake Michigan 19 (1998) Michael Thomas, Michigan Department of Natural
Resources
Lake Huron Flint River, MI, USA 19 (1998) Michael Thomas, Michigan Department of Natural
Resources
Tittabawassee River, Saginaw Bay, MI, USA 10 (2012) Wlll.lam Wellenkamp, Michigan Department of
National Resources
St. Mary’s River Munuscong Bay MI, Lake Huron 18 (2002) Barbara Evans, Lake Superior State University
.. . Wolfgang Jansen, North/South Consultants,
Lake Winnipeg Lake Manitoba, MB, Canada 17 (2006) Winnipeg, MN, USA
Lake Winnipeg, MB, Canada 18 (2012) Christopher Wilson, Ontario Ministry of Natural
Resources and Forestry
Lac Mistassini Lac Mistassini, QC, Canada 19 Christopher Wilson, Ontario Ministry of Natural
Resources and Forestry
Lake Erie Fairport, OH, USA 25 (1996) Ohio Department of Wildlife
Alab Coosa River Hatchet Creek, AL, USA 15 (2005-2014) Eric Peatman, Auburn University
abarma Tombigbee River John Allen Fish Hatchery, AL, USA 44 (2018)




Fishes 2024, 9, 15

50f21

)
Lo

Winnipeg
o

*
X

®
Minneapolis * Ottawa
o
** Toronto %
7 o
Detroit *
ASKA W A Chicago P
o
te s . \ - A *

o )
Kan%&ly Indianapoli W h
ashington

o g A
* NaShwll(‘
e **

Atlanta
Dallas MISSISSIP * o
° A A A A \

Figure 1. Walleye populations sampled: Great Lakes drainage—pink; Ohio River drainage—
red; Mississippi River drainage—yellow; Tennessee River—purple; New River—grey; Mobile Bay
drainage—green.

2.2. Microsatellite Markers

Primer pairs for 19 microsatellite loci were amplified using published primer-pair
sets [20-23] (Table S1). After preliminary screenings using these loci, we observed twelve
polymorphic loci that amplified consistently. PCR reactions were performed in a T-100
thermal cycler (Bio-Rad Laboratories, Hercules, CA) in three multiplex suites [7,20-22]. The
reaction master mixes and PCR protocols for each multiplex reaction are presented in Table
52. Total DNA concentrations ranged from 50 to 300 ng/pL. The amplified DNA fragments
were subjected to electrophoresis through a 2% ethidium bromide TBE agarose gel to
ascertain amplification. The reaction products were combined for fragment-size analysis in
the suites described in Tables 2 and 52, and amplification fragment sizes were estimated
using an ABI 3730x] instrument at the Cornell University Institute of Biotechnology (Ithaca,
NY, USA).

Microsatellite fragment sizes were scored using GeneMarker (SoftGenetics, College
Park, PA, USA) and reevaluated by an independent worker. Samples that did not amplify or
genotypes that were unclear were reanalyzed up to three separate times to produce as large
and reliable a dataset as possible. All inconsistent results were removed from the dataset.
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Once all individuals were amplified at all 12 microsatellite loci, we retained data for eight
loci that consistently yielded reliable results (Table 2) for use in population genetic analyses.
Ultimately, our data set had genotypes for 1279 individuals at eight microsatellite loci.

Table 2. Summary information for the amplification of eight microsatellite loci used to assess the
population genetic structure of Walleye. PCR protocol information appears in Table S2.

Locus Multiplex, PCR Size Range Number T Source
Master Mix Protocol (bp) of Alleles (@)

Svi5 1 1 130-192 32 50/59 [24]

Svi6 1 1 126-164 14 50/59 [24]
Svilé 1 1 175-299 42 50/59 [24]
Svil7 2 2 99-113 7 57 [22]
Svil8 1 1 110-142 17 50/59 [22]
Svi33 2 2 73-95 12 57 [22]
Svil1 3 3 151-209 29 53 [23]
Svil7 3 4 135-269 39 48 [23]

2.3. Data Analysis

Preliminary data analyses were conducted iteratively, first with data including all
1679 individuals at all eight loci with null alleles (Table S3), next removing all data from
loci with more than 70% missing data (5 loci and 1679 individuals), and finally with all
8 loci and removal of individuals missing data at 5 of 8 loci (with a final n = 1279 from
across the entire range). We used Arlequin v. 3.5.2.2 [24] to test for linkage disequilibrium
and deviations from Hardy—-Weinberg equilibrium (HWE). Population genetic diversity
was quantified as a proportion of polymorphic loci, allelic richness, and expected and
observed heterozygosities. MicroChecker [25] was applied to determine the frequencies of
genotypes, detect segregation, and estimate the frequencies of any null alleles. All analyses
were screened using STRUCTURE version 2.3.4 [26] with a burn-in of 10,000 and an MCMC
of 1000 iterations for values of K from 1 to 20 with 5 iterations. Since there were no major
differences among results after removing loci with null alleles, we retained data for all eight
loci and 1249 individuals from all six watersheds.

Population genetic diversity—quantified as the proportion of polymorphic loci; allelic
richness; and expected and observed heterozygosities—was calculated using Arlequin. The
possibility of recent population genetic bottlenecks was assessed using the m-ratio [27].
STRUCTURE [26], a Bayesian algorithm that uses a Markov chain Monte Carlo (MCMC)
algorithm, was applied to assess the clustering of multilocus genotypes and to assign
individuals to their most likely source cluster(s). STRUCTURE analyses were run both with
and without data for loci with null alleles (that had frequencies over the threshold of 0.1)
to assess the impact of inclusion or exclusion of those data. STRUCTURE runs included
100,000 iterations as burn-in and 100,000 MCMC iterations. STRUCTURE plots from these
analyses were visualized using the CLUMPAK program [28]. The ancestry model assumed
admixture with correlated allele frequencies. We applied two approaches to determine the
best-supported number of clusters in the data. First, we used the mean LnP(D | K)—i.e.,
the highest likelihood of the data given the number of clusters reported in STRUCTURE
output. Second, results were uploaded into Structure Harvester [29] to visualize the
best-supported number of clusters across the collection of samples using the Evanno
et al. [30] AK criterion. Arlequin was used to perform an Analysis of Molecular Variance
(AMOVA) [31] and to quantify population differentiation as Fst among the population
clusters identified in the analysis of STRUCTURE results. AMOVA was applied to partition
population differentiation into its underlying components, i.e., (1) within individuals,
meaning heterozygosity; (2) among individuals within populations or groups, meaning
heterozygote excess relative to Hardy—-Weinberg expectations; and (3) among populations
or groups, as non-local departures from Hardy—Weinberg expectations. NeEstimator [32]
was used to estimate the effective population size of population samples using the linkage
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disequilibrium approach. The possibility of inbreeding was assessed by calculating the
degree of deviation from Hardy—Weinberg equilibrium (HWE) in terms of Wright’s Fig
coefficient using Arlequin and also by directly assessing relatedness among individuals
using MLRelate [33]. The significance of departures of Fig values from zero was then tested
by a randomization procedure implemented within MLRelate. To assess the significance of
statistical test results, we adjusted the nominal o value of 0.05 using sequential Bonferroni
adjustments [34] to determine the critically significant value of o« = 0.00625.

3. Results

Population genetic analyses were executed at the range-wide scale and also at smaller
scales, as presented below.

3.1. Range-Wide Analysis of Individual Population Samples

A first set of analyses considered the population genetic variation of Walleye across
the full set of 38 population samples across six major watersheds (Table 1). Levels of
within-population sample genetic variation differed (Tables 3 and S4). The number of
alleles per locus varied among population samples, and observed heterozygosity (Hp)
was almost always less than expected heterozygosity (Hg). M-ratios were lower than the
criterion value of 0.68 [28], suggesting the occurrence of recent population bottlenecks.
Population samples with the highest m-ratios were Hatchet Creek, AL, USA (0.45) and
Mille Lacs, MN, USA (0.48). Inbreeding coefficients (Fjs) for individual population samples
(Table 4) were all positive and greater than 0.10, with such small probabilities of a random
Fis being greater than the observed Fig indicating that all values were significantly greater
than zero. The smallest value, 0.10, was observed in the New River, which is a known
mixed-ancestry population group and which has been subject to marker-assisted selection
for the alleles characterizing the native stock [5,6,35]. All population samples had an
estimated N of under 100 effective breeding individuals (Table 5). The population samples
with the highest estimated N, values were Lake Santeetlah, NC, USA (87.9), Fellows Lake,
MO (68.7), and the Coosa drainage, AL, USA (63.1). Estimated N, for all other population
samples were under 20 effective breeding individuals, with Goose Creek, KY, USA (2.7),
Lake Erie (1.9), and Lake Hiwassee, NC, USA (1.8) having the lowest estimated breeding
population sample sizes. We note that some of these low estimates could have been affected
by missing data, segregation of null alleles, or a limited sample size.

To evaluate divergence among Walleye population samples, we analyzed the data
within and among sampling locations. The Evanno et al. [30] metric best supported K = 17
population groups, and the mean LnP(D | K) metric best supported K = 20, although
other levels of K also showed structuring of interest. At K = 2, the Mobile Bay basin
and Mississippi River population groups were separated from the Tennessee, New, and
Ohio Rivers and the Great Lakes (Figure 2). At K = 5, similarities between the Mississippi
River and the Eastern Highlands Walleye became apparent. The Tennessee and New
River population groups, comprising part of the Eastern Highlands complex, shared many
similarities and began to resemble populations within the Ohio River and Great Lakes
systems. At K =9, Fellows and Stockton Lakes in Missouri clustered separately from other
Missouri and Arkansas populations within the Mississippi River drainage. The clustering
results showed two separate populations in the Clinch and Powell Rivers, VA. Great Lakes
populations also began to show differentiation from the Ohio River populations. At K=17,
we observed similar structuring as at lower values of K, but some populations became
more distinct. The Alabama samples were distinct from all other Walleye populations in all
watersheds. In the Mississippi River, Fellows and Stockton Lakes in Missouri were clustered
and differentiated from the Mozingo and Smithville Lakes populations in Missouri. The
upper Tennessee River populations were distinct from the North Carolina populations
within the Tennessee River system. Populations in the Ohio River system also showed
genetic differentiation, with Goose Creek and Rockcastle River (Kentucky) being the most
distinctive populations.
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Figure 2. STRUCTURE plots represent the population genetic structuring of Walleye sample popula-
tions at different levels of K. Population samples are: (1) Hatchet Creek, Coosa Drainage, AL, USA;
(2) John Allen Fish Hatchery, Tombigbee drainage, AL, USA; (3) Fellows Lake, MO, USA; (4) Stockton
Lake, MO, USA; (5) Beaver/Table Rock Lake, AK/MO, USA; (6) James/Table Rock Lake, MO, USA;
(7) Mozingo Lake, MO, USA; (8) Smithville Lake, MO, USA; (9) Current River, MO, USA; (10) Black
River, AK, USA; (11) Clinch and Powell Rivers, VA, USA; (12) Lake Fontana, NC, USA; (13) Nantahala
Lake, NC, USA; (14) Lake Santeetlah, NC, USA; (15) Bear Lake, NC, USA; (16) Wolf Lake, NC, USA;
(17) Lake James, NC, USA; (18) Lake Hiwassee, NC, USA; (19) Lake Glenville, NC, USA; (20) New
River, VA, USA; (21) Barren River, KY, USA; (22) Goose Creek, KY, USA; (23) Rockcastle River, KY,
USA; (24) Levisa and Russell Forks, KY, USA; (25) Allegheny River, PA, USA; (26) Lake Erie; (27) Lake
Ontario; (28) Mille Lacs, MN, USA; (29) Lake Michigan; (30) Grand River, MI, USA; (31) Flint River,
MI, USA; (32) St. Mary’s River, MI, USA; (33) Thunder Bay, ON, Canada; (34) Saginaw Bay, MI, USA;
(35) Oneida Lake, NY, USA; (36) Lake Manitoba, MB, Canada; (37) Lake Winnipeg, Manitoba; and
(38) Lac Mistassini, QC, Canada.

Using population clusters defined by Structure, we conducted AMOVA. Results of a
range-wide AMOVA among Walleye population samples (Table 6A) showed that 49.5%
of genetic variation was within individuals, 41.0% among population samples, and 9.5%
among the major watersheds. The overall departure from Hardy-Weinberg equilibrium
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(HWE) Fit was 0.50, the localized departure Fig was 0.39, and the departure between pairs of
sites within watersheds Fst was 0.18, indicating that most of the departure from HWE was
within population samples. The Fs metric of differentiation among individual populations
(Table S5) reflected geographical relationships. As expected, populations within watersheds
were less divergent from one another than those among different watersheds.

Table 3. Genetic diversity at the population sample level. N = number of polymorphic loci, A = mean
number of alleles per locus, Hp = mean served heterozygosity, Hg = mean expected heterozygosity,
allele size range = mean difference between lengths (N nucleotides) of the largest and smallest alleles
at a particular locus, and M = ratio of the number of alleles observed at a locus to the number of
possible alleles between the largest and smallest alleles [27]. The numbers in parentheses indicate
standard deviations.

. Allele Size

Population Sample N A Ho Hg Range M

Coosa drainage, AL, USA 3.00 (1.41) 0.32 (0.44) 0.51 (0.18) 7.00 (6.22) 0.45 (0.20)
Tombigbee drainage, AL, USA 3.83 (1.33) 0.23 (0.41) 0.55 (0.08) 70.83 (66.17) 0.21 (0.23)
Fellows Lake, MO, USA 6.43 (2.64) 0.65 (0.24) 0.82 (0.10) 63.57 (62.69) 0.26 (0.23)
Stockton Lake, MO, USA 8.38 (3.33) 0.44 (0.26) 0.75(0.14) 158.88 (52.64) 0.05 (0.01)
Beaver/Table Rock Lake, AK/MO, USA 8.29 (3.00) 0.49 (0.36) 0.82 (0.08) 65.00 (72.17) 0.33 (0.25)
James/Table Rock Lake, MO, USA 7.57 (1.51) 0.39 (0.25) 0.78 (0.09) 111.71 (82.17) 0.17 (0.19)
Mozingo Lake, MO, USA 6.75 (2.82) 0.40 (0.31) 0.71 (0.25) 77.38 (77.00) 0.29 (0.26)
Smithville Lake, MO, USA 8.29 (3.50) 0.51 (0.31) 0.82 (0.07) 41.14 (41.06) 0.38 (0.22)
Current River, MO, USA 6.00 (3.65) 0.23 (0.32) 0.59 (0.27) 112.86 (87.28) 0.19 (0.25)
Black River, AK, USA 7.29 (4.07) 0.32 (0.38) 0.61 (0.23) 101.86 (98.28) 0.27 (0.27)
Clinch and Powell Rivers, VA, USA 12.25 (4.59) 0.34 (0.17) 0.76 (0.13) 155.75 (78.43) 0.14 (0.18)
Lake Fontana, NC, USA 10.75 (3.92) 0.33 (0.26) 0.75 (0.20) 119.75 (66.04) 0.17 (0.20)
Nantahala Lake, NC, USA 8.33 (3.45) 0.30 (0.29) 0.74 (0.15) 67.00 (48.55) 0.25(0.22)
Lake Santeetlah, NC, USA 8.33 (3.67) 0.43 (0.22) 0.82(0.12) 129.83 (81.64) 0.12 (0.17)
Bear Lake, NC, USA 7.83 (3.76) 0.37 (0.20) 0.79 (0.07) 28.83 (33.59) 0.43 (0.18)
Wolf Lake, NC, USA 6.29 (2.50) 0.48 (0.31) 0.72 (0.18) 112.43 (111.03) 0.24 (0.25)
Lake James, NC, USA 10.57 (4.43) 0.55 (0.27) 0.83 (0.08) 80.71 (93.36) 0.31 (0.24)
Lake Hiwassee, NC, USA 6.33 (1.97) 0.49 (0.32) 0.76 (0.11) 61.67 (49.89) 0.24 (0.23)
Lake Glenville, NC, USA 7.86 (2.91) 0.51 (0.30) 0.75 (0.24) 96.14 (116.61) 0.32 (0.26)
New River, VA, USA 11.57 (6.88) 0.66 (0.37) 0.73 (0.33) 90.29 (125.17) 0.37(0.23)
Barren River, KY, USA 11.75 (4.65) 0.44 (0.30) 0.78 (0.13) 126.00 (76.99) 0.16 (0.18)
Goose Creek, KY, USA 8.00 (3.46) 0.50 (0.40) 0.73 (0.14) 108.57 (109.14) 0.23 (0.24)

Rockcastle River, KY, USA
Levisa and Russell Forks, KY, USA
Allegheny River, PA, USA

8.50 (4.04)  0.38(0.30)  0.68(0.28) 88.00 (67.33) 0.21 (0.19)
829 (3.10)  0.55(024)  0.80(0.10) 64.43 (76.82) 0.33 (0.22)
7.63(3.34)  049(031)  0.77(0.18) 32.00 (46.13) 0.44 (0.18)

Lake Erie 557(1.90)  0.53(0.38)  0.67(0.28) 12.29 (7.52) 0.48 (0.13)
Lake Ontario 829 (3.04)  055(027)  0.83(0.07) 76.71 (93.96) 0.30 (0.25)
Mille Lacs, MN, USA 6.33(1.34)  042(0.36)  0.78(0.07) 41.00 (45.84) 0.37 (0.24)
Lake Michigan 6.14 (0.68)  0.44(0.34)  0.68(0.15) 71.57 (92.27) 0.31 (0.26)
Grand River, MI, USA 557(127)  027(020)  0.71(0.15)  124.00 (101.50)  0.19 (0.25)
Flints River, MI, USA 7.71(229)  0.62(0.32)  0.83(0.04) 76.14 (94.43) 0.30 (0.24)
St. Mary’s River, MI, USA 8.00(231)  047(0.33)  0.79(0.10) 76.71 (94.48) 0.30 (0.24)
Thunder Bay, ON, Canada 500(1.79) 050 (045)  0.76 (0.15) 76.17 (86.18) 0.24 (0.24)
Saginaw Bay, MI, USA 529(1.38)  0.53(0.39)  0.69(0.15) 71.29 (94.07) 0.28 (0.24)
Oneida Lake, NY, USA 400(0.89)  0.50(0.37)  0.67(0.13) 38.33 (44.40) 0.27 (0.19)

Lake Manitoba, MB, Canada
Lake Winnipeg, MB, Canada
Lac Mistassini, QC, Canada

6.57(2.30)  047(0.35)  0.77(0.10) 73.57 (92.76) 0.30 (0.25)
871(395  0.51(0.38)  0.77(0.14) 77.86 (90.34) 0.29 (0.23)
771(3.77)  051(0.37)  0.80(0.10)  109.71(107.70)  0.23 (0.24)
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Table 4. Inbreeding coefficients (Fig) for all individual population samples in the analysis across the
range. All Fig values were significantly different from zero.

Population Sample Fis
Hatchet Creek, AL, USA 0.39

J. Allen Fish Hatchery, AL, USA 0.58
Fellows Lake, MO, USA 0.21
Stockton Lake, MO, USA 0.42
Beaver/Table Rock Lake, AK/MO, USA 0.41
James/Table Rock Lake, MO, USA 0.50
Mozingo Lake, MO, USA 0.44
Smithville Lake, MO, USA 0.39
Current River, MO, USA 0.62
Black River, AK, USA 0.48
Clinch and Powell Rivers, VA, USA 0.56
Lake Fontana, NC, USA 0.56
Nantahala Lake, NC, USA 0.60
Lake Santeetlah, NC, USA 0.49
Bear Lake, NC, USA 0.54

Wolf Lake, NC, USA 0.34

Lake James, NC, USA 0.34

Lake Hiwassee, NC, USA 0.37
Lake Glenville, NC, USA 0.33
New River, VA, USA 0.10
Barren River, KY, USA 0.43
Goose Creek, KY, USA 0.32
Rockcastle River, KY, USA 0.44
Levisa and Russell Forks, KY, USA 0.31
Allegheny River, PA, USA 0.37
Lake Erie 0.21

Lake Ontario 0.35

Mille Lacs, MN, USA 0.47

Lake Michigan 0.36

Grand River, MI, USA 0.62

Flint River, MI, USA 0.26

St. Mary’s River, MI, USA 0.42
Thunder Bay, ON, Canada 0.36
Saginaw Bay, MI, USA 0.25
Oneida Lake, NY, USA 0.27

Lake Manitoba, MB, Canada 0.40
Lake Winnipeg, MB, Canada 0.34
Lac Mistassini, QC, Canada 0.36

Table 5. Estimated effective breeding numbers, Ne, for each of the sampled populations, with a 95%
confidence interval (C.I.). Undefined bounds for particular populations may be attributed to small
sample sizes or missing data.

Population Sample N EShZI\I; ated 95% C.I Jackknife Estimate
e

Hatchet Creek, AL, USA 15 63.1 1.6-Undefined 0.7-Undefined
J. Allen Fish Hatchery, AL, USA 44 8.9 3.0-23.5 2.0-48.8

Fellows Lake, MO, USA 9 68.7 7.6-Undefined 3.1-Undefined
Stockton Lake, MO, USA 21 8.6 4.5-16.2 2.5-47.9
Beaver/Table Rock Lake, AK/MO, USA 20 10.7 6.8-17.7 4.1-315
James/Table Rock Lake, MO, USA 20 5.3 2.7-10.5 2.0-21.5
Mozingo Lake, MO, USA 19 8.0 4.0-14.5 2.7-27.4
Smithville Lake, MO, USA 16 10.6 5.9-20.8 4.0-32.6
Current River, MO, USA 28 44 2.2-11.9 1.4-66.3

Black River, AK, USA 26 11.6 5.3-31.5 3.1-81.0
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Table 5. Cont.

Population Sample N EStlﬁ ated 95% C.I. Jackknife Estimate
e
Clinch and Powell Rivers, VA, USA 79 8.9 6.6-11.6 5.1-13.4
Lake Fontana, NC, USA 42 17.0 11.8-26.2 8.2-48.6
Nantahala Lake, NC, USA 27 45 2.6-8.5 1.8-15.3
Lake Santeetlah, NC, USA 18 87.9 19.0-Undefined 18.4-Undefined
Bear Lake, NC, USA 24 16.8 8.7-41.9 6.1-118.1
Wolf Lake, NC, USA 16 19.9 7.3-Undefined 2.9-Undefined
Lake James, NC, USA 50 14.4 10.9-19.8 8.2-26.3
Lake Hiwassee, NC, USA 16 1.8 1.3-2.7 1.0-5.1
Lake Glenville, NC, USA 24 6.8 4.0-10.3 3.0-12.7
New River, VA, USA 117 15.3 12.8-18.1 12.0-19.2
Barren River, KY, USA 70 8.6 6.6-10.8 4.3-13.2
Goose Creek, KY, USA 27 2.7 2.1-4.6 1.8-6.4
Rockcastle River, KY 44 7.2 4.9-10.0 3.2-12.6
Levisa and Russell Forks, KY, USA 15 16.4 7.8-61.1 3.1-Undefined
Allegheny River, PA, USA 21 6.4 3.4-9.6 2.7-14.0
Lake Erie 26 1.9 1.5-24 0.9-5.6
Lake Ontario 19 41 2.7-7.2 2.1-11.0
Mille Lacs, MN, USA 20 2.3 1.7-3.1 1.5-4.3
Lake Michigan 20 2.7 1.9-5.3 1.1-18.7
Grand River, MI, USA 13 8.5 2.1-Undefined 1.4-Undefined
Flint River, MI, USA 20 7.6 44-124 4.0-13.2
St. Mary’s River, MI, USA 19 6.8 3.2-12.1 2.6-19.1
Thunder Bay, ON, Canada 6 8.3 1.3-Undefined 0.8-Undefined
Saginaw Bay, MI, USA 10 3.0 1.5-25.9 1.1-Undefined
Oneida Lake, NY, USA 10 1.1 0.6-2.2 0.6-2.4
Lake Manitoba, MB, Canada 17 7.0 2.9-154 2.9-16.1
Lake Winnipeg, MB, Canada 19 4.7 2.7-8.6 2.4-10.9
Lac Mistassini, QC, Canada 20 2.5 1.9-3.3 1.2-10.8

Table 6. Analysis of molecular variance (AMOVA) for: A. Walleye population samples, and B. Groups

of populations.

A. Within and among Individual Populations.

Percentage of

Source of Variation d.f. Sum of Squares Variance Components ..
Variation

Among population samples 5 668.38 0.32 9.5

Among .1nd1V1duals within 1273 5583 44 137 41.0

population samples

Within individuals 1279 2114.50 1.65 49.5

Total 2557 8366.23 3.34

B. Within and among Populations and Groups of Populations (Mississippi, Tennessee, New, and Ohio River Drainages, and

Great Lakes).

Source of Variation d.f. Sum of Squares Variance Components  Percentage of Variation

Among groups of populations 5 537.11 0.19 5.9

Among population samples within 30 748.75 042 13.0

groups

Among .1nd1V1duals within 989 3642.52 1.04 320

population samples

Within individuals 1027 1640.50 1.60 49.1

Total 2053 6568.88 3.23
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3.2. Range-Wide Analysis of Population Assemblages within Watersheds

A second set of analyses considered populations as assemblages within the respective
watersheds. The mean number of alleles per locus varied between such assemblages of
populations, with Alabama river system populations having the lowest (4.00) and New
River having the highest (23.25) mean values (Table 7). The results of the application of
Structure showed considerable support for K =2, 4, or 6 clusters. Bar plots from this analysis
(Figure S1) for K = 4 or 6 showed the distinctiveness of the Mobile Bay, Mississippi, Ten-
nessee, and New and Great Lakes assemblages, with some degree of cluster-sharing among
the Tennessee and especially the New River and Great Lakes assemblages. Partitioning
of genetic variance among assemblages of populations using AMOVA (Table 6B) showed
49.1% of variance within individuals, 32.0% among individuals within population samples,
13.0% among populations within watersheds, and 5.9% among watersheds (considered
as assemblages of populations) (Table 8). Fst values reflected both historic and current
geographical connections. Fgt values between the Alabama assemblage of populations
and others were all moderately high, about 0.2. The overall Fsr between the New and
Tennessee River populations was 0.094. Populations in the New and Mississippi Rivers
were more distinct from one another (0.102) than were populations in the Tennessee and
Mississippi Rivers (0.043). Populations in the Ohio River and Great Lakes watersheds
were more closely related (0.067) than they were to populations in the New River (0.115).
Populations in the Tennessee, New, and Ohio Rivers all showed lower Fgt values with one
another than with Mississippi and Great Lakes populations. The Tennessee and Ohio River
populations had an Fgt of 0.050, and the Tennessee and Great Lakes populations had a
mean Fgr of 0.027. Populations in the New and Ohio Rivers had an Fgt of 0.030. All Fsr
values were significantly greater than zero.

Table 7. Genetic diversity at the regional level is quantified as the number of polymorphic loci
among eight screened microsatellite loci, the number of gene copies (=2 x the number of individuals
screened), and the mean number of alleles per locus with the standard deviation in parentheses.

Population Number of Number of Number

Polymorphic Loci Gene Copies of Alleles

Mobile Bay drainage 6 118 4.00 (1.67)
Mississippi River 8 318 14.75 (5.70)
Tennessee River 8 592 17.63 (7.25)
New River 8 738 23.25 (16.04)
Ohio River 8 354 16.88 (8.54)
Great Lakes 7 438 13.29 (0.77)

Table 8. Matrix of Fsr metrics of differentiation among groups of Walleye population samples:
MB—Mobile Bay drainage; MR—Mississippi River; TR—Tennessee River; NR—New River; OR—
Ohio River; and GL—Great Lakes. All Fgr values were significantly different from zero after the
Bonferroni correction.

MB MR TR NR OR GL
MB -
MR 0.233 -
TR 0.233 0.043 -
NR 0.274 0.102 0.094 -
OR 0.244 0.072 0.050 0.030 -
GL 0.305 0.074 0.027 0.115 0.067 -

3.3. Mississippi-Tennessee-New-Ohio-Great Lakes Watersheds

We analyzed data for this group of populations to seek insight into their natural history,
in particular regarding how Walleye recolonized the landscape after the Pleistocene glaciers
receded. We considered the differentiation of 36 Walleye populations sampled across five
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major watersheds (Mississippi, Tennessee, Ohio, New, and Great Lakes drainages) within
the Mississippi drainage. Considering Walleye at this scale, the Evanno et al. [30] metric
best-supported K = 2, while mean LnP(D | K) best-supported K = 6 clusters. STRUCTURE
bar-plot outputs (Figure S2) supported different insights into differentiation among popu-
lation clusters at different K values. At K = 2, there was structuring across all populations
from the Tennessee River northward to the Great Lakes populations, as seen in the full pop-
ulation analysis. Mississippi River populations, aside from those in Fellows and Stockton
Lakes (MO, USA), maintained a large separation from those in other watersheds. Although
the Ohio River and Great Lakes populations shared some similarities with the Tennessee
and New River populations, there was a difference in structuring—especially among the
Barren River (KY); Goose Creek (KY); Lake Erie; Mille Lacs (MN); and Lake Michigan.
At K = 3, there was much the same structuring as at K = 2, but we observed similarities
between the Mississippi River cluster and a few of the Great Lakes populations, i.e., Lake
Erie, Lake Michigan, and Mille Lacs, MN. The divergence between the Tennessee and
New River populations also became apparent. At K = 5, we began to see more structuring
between the Current and Black Rivers (MO, AR) from those elsewhere within the Missis-
sippi River drainage. Populations in the New and Tennessee Rivers also shared genetic
similarity, supporting the view that they are a part of the Eastern Highlands complex of
Walleye. There were also distinctive populations within the Great Lakes region, namely
Lake Erie, Winnipeg (MB), Mistassini (QC), and the Flint River (MI). While at K = 6, some
clusters seemed over-split, the Tennessee and New Rivers maintained genetic similarity,
while the New River exhibited greater distinction. For AMOVA analyses, we divided the
respective Walleye populations into five groups based on major watersheds. Partitioning
of genetic variation among these different geographical regions showed that 49.3% of
variation across these watersheds was within individuals, 32.7% was among individuals
within the sampling populations, 15.8% was among populations within the watersheds,
and 2.2% was among watersheds. The overall departure from HWE Fi1 was 0.51, the
localized departure Fig was 0.40, the departure between sites within major groups FSC was
0.16, and the departure between watersheds Fct was 0.02.

3.4. Mississippi-Tennessee-New Watersheds

We analyzed data for this assemblage of populations to better understand popu-
lation genetic structuring among Eastern Highlands Walleye populations. The Evanno
et al., 2005 [32] metric best-supported K = 2, while mean LnP(D | K) best-supported K = 5.
STRUCTURE bar plots (Figure S3) supported different insights into differentiation among
population clusters. At K = 2, Mississippi River drainage populations were highly differenti-
ated from Tennessee and New River populations. Some populations within the Mississippi
River drainage, Fellows and Stockton lakes (MO, USA), were similar to the Tennessee and
New River populations. At K = 3, we observed further differentiation between Mississippi
River populations and the Tennessee and New River populations. Populations in Bear
and Wolf Lakes (NC) of the Tennessee drainage showed similarities to populations of the
Mississippi River drainage. The Clinch/Powell River populations did not cluster with the
other Tennessee drainage populations, a result noted in cluster analyses at all geographic
scales. At K = 3, the New River Walleye population became distinct from populations of
the Tennessee River. At K = 5, populations in the Mississippi River drainage were fully
separated from those in the Eastern Highlands. We also saw further separation between
populations on the New and Tennessee Rivers. For AMOVA analyses, we divided the
Walleye populations into three groups based on the three major watersheds. Partitioning of
genetic variance among these different geographical regions showed that 49.3% of variation
across these watersheds was within individuals, 32.7% was among individuals within
the respective populations, 15.8% was among populations within watersheds, and 2.2%
was among watersheds. The overall departure from HWE Fjr was 0.51, the localized
departure Fig was 0.40, the departure between sites within major groups Fsc was 0.16, and
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the departure between watersheds Fct was 0.02. These results accorded with the results of
AMOVAs for assessments at other geographic scales reported above.

3.5. Mobile Bay—Tennessee Watersheds

This analysis considered the population genetics of Walleye across four populations in
the Mobile Bay drainage and three in the Tennessee drainage to which they were connected
historically before the Appalachian River changed course [36], approximately 1.7 MYA.
The Evanno et al. [30] metric best supported K = 2 and K = 3, while the mean LnP(D | K)
metric best supported K = 5. STRUCTURE bar-plot outputs (Figure S4) supported different
insights into differentiation among population clusters. At K = 2, there was differentiation
between the Alabama and Tennessee river systems. Populations of the Clinch and Powell
Rivers showed some similarities with those of both sampling locations in Alabama. AtK =3,
populations of the Clinch and Powell Rivers shared similarities with those of Lake Fontana
(NC), which follows from them all being within the Tennessee River drainage. Populations
in the Alabama system, while differentiated, shared some background with Tennessee
River populations. At K = 4, structuring within the Alabama system emerges. Although
at K = 4, some clusters were broken into subgroupings that had no apparent population
genetic basis, populations in these two watersheds were distinct but did share some genetic
background. For AMOVA analyses, we assessed variance within and among groups of
populations inhabiting the Alabama or Tennessee river systems. The results showed that
34.5% of the variance across these watersheds was within individuals, 43.6% was among
individuals within the respective population samples, 12.2% was among populations within
watersheds, and 9.7% was among watersheds. The overall departure from HWE Fit was
0.65, the localized departure Fis was 0.56, the departure between sites within major groups
FSC was 0.13, and the departure between watersheds Fct was 0.10.

4. Discussion
4.1. Population Genetic Processes within Walleye Populations

Analysis of our data suggests that the Walleye populations that we examined are
subject to small-population genetic processes. M-ratios were less than 0.68 (Table 3) and
estimated N was less than 100 (Table 5) in all population samples, suggesting recent
genetic bottleneck(s) and the importance of random genetic drift [27]. Observed heterozy-
gosity Ho was less than expected heterozygosity Hp at most loci in most populations
(Table S4), and the inbreeding coefficient Fig was positive and significantly greater than
zero in all populations (Table 4). The departures of genotype frequencies from HWE dis-
cussed above in association with the results of the respective AMOVA analyses may be
due to violations of assumptions underlying the Hardy—Weinberg model, including but
not limited to non-random mating and high levels of mixing due to the stocking of many
reservoirs across the range. Reconstruction of the stocking history of Claytor Lake, Virginia,
supported the hypothesis that stocking contributed to departures from HWE there [17].
In contrast, a study of stocking in Cattaraugus Creek, eastern Lake Erie, using mtDNA
sequences and eight microsatellite loci—including four of those used here—showed no
departures from HWE and no influence of the stocking on the genetic composition of
the spawning run or on the lake population [37]. The populations that we sampled in
this study could have been affected by the actions of agencies in 14 states and provinces.
Assessment of the hypothesis that stocking affected departures from HWE more generally
would require detailed reconstruction of stocking histories and testing for differentiation
among stocked and native populations within the respective systems. Stocking and the
associated Wahlund effect could have contributed to the high values of the inbreeding
coefficient Fig for these populations. Low effective population sizes may have resulted
from the tendency of Walleye populations to boom-bust recruitment, i.e., poor recruitment
most years with only occasional strong recruitment [38,39], and from the tendency to home
to natal sites to spawn [40-42], thereby limiting the pool of potential mates. Stocking of
hatchery fish propagated from a limited number of spawners may also depress N, for a
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receiving population [43]. Franckowiak et al. [44] noted a low ratio of N¢/N, (effective to
census population sizes) in the introduced Walleye population in Escanaba Lake, Wisconsin,
linking it to a high variance in reproductive success and a high rate of juvenile mortality.
Characterizing population genetic processes in 15 populations of Walleye in Wisconsin, Wa-
terhouse et al. [45] noted skewed sex ratios and inferred depression of N, as a consequence
of variable recruitment dynamics and generational overlap. Examining genetic variation in
46 Walleye populations in Ontario, Canada, Cena et al.’s [24] estimates of Fig ranged from
—0.05 to +0.12, lower than ours. They related inbreeding to lake-specific characteristics,
hatchery supplementation, population bottlenecks, and small population size. Our findings
extend the inference of small-population processes to Walleye populations not sampled in
earlier studies.

4.2. Genetic Differentiation of Walleye Populations

Applying established allozyme, mitochondrial, and microsatellite DNA markers,
Palmer et al. [17] recognized the distinctiveness of the New River Walleye population. This
led fisheries geneticists to screen additional populations across the region and ultimately
recognize the existence of a distinctive assemblage of Eastern Highlands walleye popu-
lations [15]. We applied microsatellite markers to seek insights into population genetic
differentiation that might contribute to the management of Walleye within and beyond
that region.

Our results demonstrate that Mississippi River Walleye populations are distinct from
Tennessee and New River populations. Current population genetic structuring reflects the
process by which the respective populations arose through natural history. The lower Mis-
sissippi River watershed was likely a refugium for Walleye during Pleistocene glaciation [1];
however, Walleye populations in Virginia and West Virginia were not sampled in that study.
Our results provide support for the interpretation that Eastern Highlands populations are
descendants of Walleye from one or more refugia in more easterly, unglaciated portions
of the species’ range. In the results of our Structure analysis for K = 2, the Mississippi
River drainage had two distinct populations, Fellows and Stockton Lakes (MO), that seem
genetically similar to those in the Tennessee/New River system (Figure 2). Genetic simi-
larity would be expected due to the Tennessee and Missouri populations being within the
Mississippi River drainage. However, stocking of Missouri populations may have fostered
similarity of these populations to source populations, thereby affecting genetic structure
in the Mississippi drainage. At K = 3, we observed that Mississippi River populations are
distinct from those in the Tennessee/New River systems. Distinct populations include Bear
and Wolf lakes in North Carolina; although these populations are within the Tennessee
River system, they share similarity with the Mississippi River populations, leading us
to suggest that these populations show the influence of stocking from outside sources,
causing anthropogenic differentiation from geographically more proximal populations in
Lakes Fontana and Nantahala, North Carolina. At K = 3, we also noted some degree of
differentiation between the Tennessee and New River populations, which may be attributed
to both natural and anthropogenic processes. The New River has a recognized native popu-
lation that historically was stocked with Walleye derived from the Great Lakes region [17].
Since 2001, however, Walleye-bearing native microsatellite alleles have increased in fre-
quency in a program of marker-assisted selection of broodstock for captive propagation
and stocking [35].

Clinch and Powell River Walleye populations clustered separately from other pop-
ulations within the Tennessee River drainage in our Structure analyses, notably from
populations in North Carolina tributary drainages to the Tennessee River. We attribute this
differentiation within the watershed as the consequence of heavy stocking from outside
sources. New River-derived Walleye have been stocked into the Clinch and Powell rivers.
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4.3. Inferences Regarding Natural History

Our findings showed that Walleye in the Mobile River basin are quite distinct from
other populations across the range, likely as a consequence of having diverged from north-
ern Walleye ~1.17 (£0.31) million years ago [10,18,36,46]. Allozyme studies [3,47] showed
that Walleye from the Tombigbee River drainage are genetically distinctive, and mito-
chondrial DNA data [5] confirmed that they represent a unique and genetically divergent
population. Results confirming deep differentiation of Mobile Basin Walleye were obtained
using single nucleotide polymorphisms [9]. The mtDNA divergence time between northern
and southern walleyes was compatible with the hypothesis that Walleye in the Mobile Bay
drainage became isolated from northern Walleye during the pre-Pleistocene change in the
course of the Appalachian River. This deep divergence is also apparent in Yellow Perch
Perca flavescens from the Mobile Bay drainage, with mtDNA control region sequences and
15 microsatellite loci alike, mirroring the deep divergence found for Mobile Bay walleye
with control region sequences and 9 microsatellite loci [48].

It has long been recognized that Pleistocene glaciation confined Walleye into three
major refugia in the Lower Mississippi Valley: the east and the northwest [1]. As the
glaciers retreated, Walleye populations that had been isolated began mixing upon secondary
contact as they recolonized newly available habitat. Assessing the population structure of
Walleye across 26 spawning sites in watersheds across the Great Lakes, Lake Winnipeg,
upper Mississippi River, Ohio River, and Mobile Bay drainage, Stepien et al. [10] showed
divergence among population groups arising from historic isolation in distinct glacial
refugia, subsequent dispersal patterns, and current basin divisions. The greatest divergence
distinguished Gulf Coast and northwest populations, the latter tracing to dispersal from
the Missourian refugium to the former glacial Lake Agassiz, followed by isolation of that
basin ~7000 years ago. Genetic barriers in the Great Lakes separated groups in Lake
Superior, Huron’s Georgian Bay, Erie, and Ontario, with different levels of contribution
from Mississippian and Atlantic refugia and subsequent changes in patterns of connectivity
among adjacent ecosystems. Our results support the elaboration of the view that population
genetic patterning in Walleye reflects dispersal from distinct glacial refugia and changing
drainage connections. Thus, Great Lakes walleye have genetic backgrounds from the
Eastern Highlands and the northwestern refugium [1]. Because periglacial rivers flowed
along different courses at the close of the Pleistocene, Walleye entered the western Great
Lakes through the Chicago River (in IL) and St. Croix River (MN), and the eastern Great
Lakes through the Allegheny (PA) and Wabash-Maumee (OH) rivers. This natural history
explains the resemblance of Eastern Highlands and eastern Great Lakes walleye and less
resemblance to western Great Lakes walleye, which show the genetic signature of another
ancestral stock. Our data support that interpretation; we observed divergence among
populations in the eastern and western portions of the Great Lakes region (Figures 1 and 2)
stemming from multiple sources of colonization following deglaciation. From the east,
Walleye moved through the Maumee (OH) and Allegheny (PA) rivers. The Allegheny River
population shares population genetic signals with the Tennessee River, as well as Lake
Ontario, Flint River, and Saginaw Bay in the Lake Huron drainage, and Lac Mistassini
in QC, Canada. The similarities between Eastern Highlands and Great Lakes Walleye
assemblages of populations suggest that the “Atlantic” refugium discussed in earlier work
was actually a collection of refugia in rivers of the Eastern Highlands. This hypothesis could
be tested with a larger collection of regional samples and with more genetic markers. These
deep divergences in the eastern Atlantic range also characterize Yellow Perch population
groups, which range more into saline waters than do Walleye [48,49].

We also observed that the Tennessee and New River populations have distinct genetic
signatures that differentiate them from Mississippi Valley populations. The area having
been a major glacial refugium explains the high genetic variation observed in lower Missis-
sippi drainage populations by Billington and Strange [5]. While Billington and colleagues
in their series of studies did not sample extensively in the Eastern Highlands, later work by
Palmer et al. [17], Stepien et al. [10], and White et al. [15] led to recognition that Eastern



Fishes 2024, 9, 15

17 of 21

Highlands Walleye are distinct. Our results support that interpretation and also show how
Missouri populations fit within the Mississippi drainage assemblage.

At a finer scale, we noted some degree of differentiation among Tennessee and Ohio
watershed Walleye populations. Although assemblages of Walleye populations in the
Tennessee and Ohio River watersheds were not highly differentiated (Tables 8 and S5;
Figure 2), Fst metrics in Table 8 show that New River Walleye is well differentiated from
Ohio River Walleye (Fst = 0.115), especially for comparisons involving the Barren River
and Goose Creek (KY) populations (Figures 2 and S2, Table S5). These similarities could be
attributed to local adaptation as well as recent translocations of Walleye across watersheds.
These populations within the Eastern Highlands show genetic differentiation, which should
be reflected in fishery management practices, as discussed in the following section.

Patterns of population genetic differentiation in Walleye reflect those seen in other
cool- and cold-water fishes that were affected by Pleistocene and post-glacial natural history.
Lake Trout Salvelinus namaycush (Walbaum 1792) also shows signs of having dispersed
from the Mississippi, Atlantic, and Beringian refugia [50]. Both Brook Trout Salvelinus fonti-
nalis (Mitchell 1818) [51,52] and Lake Whitefish Coregonus clupeaformis (Mitchell 1818) [53]
dispersed from refugia in the Mississippi drainage, southern Quebec/northern Maine, and
Acadia and now show a contact zone in the Great Lakes region [49].

4.4. Management Implications

Fisheries management has increasingly come to consider geographic patterns of ge-
netic variation to define biological units for management. Genetic differentiation as a
factor underlying fisheries management is increasingly based on two critical concepts.
Management units (MUs) are populations that are demographically independent of one an-
other [54]. Identification of MUs is useful for determining short-term management actions,
such as managing habitat, determining sources of broodstock for captive propagation and
stocking, and setting harvest rates. MUs are frequently nested within higher-order units,
recognition of which is critical for conservation purposes. An evolutionary significant
unit (ESU) can be defined as a population or group of populations that merits priority
for conservation and independent management because of its high genetic and ecolog-
ical distinctiveness from other such units [54]. Ryder [55] defined ESUs as populations
that present significant adaptive variation based on concordant sets of data derived from
different techniques. Dizon et al. [56] regarded ESUs as populations that are distinctive
based on morphology, geographic distribution, population demographic parameters, and
genetic variation.

We suggest four provisional Evolutionarily Significant Units, or ESUs, of Walleye
among the six major watersheds that we sampled. The Mobile Bay watershed populations
are isolated from all other watersheds and show significant genetic differentiation. Through
analyses including the Alabama reservoirs and the Tennessee River, we suggest that the
Alabama populations are the descendants of Tennessee River populations that became
isolated after the Appalachian River changed course, giving rise to the Tennessee and
Alabama drainages of today. The findings of Zhao et al. [6] support this interpretation of
natural history. Other provisional ESUs are those respectively in the Mississippi drainage,
Great Lakes, and Eastern Highlands—the Tennessee; New; and Ohio Rivers combined. We
suggest that these ESUs be regarded as provisional because adaptive genetic variation must
yet be demonstrated [57]. However, Walleye in the New River are known river-spawners,
compared to lake-spawners seen in the Great Lakes region. Native New River Walleye
eggs are significantly larger than those of other populations [13], giving rise to relatively
large larvae more likely to survive in flowing-water systems. Walleye have high fidelity
to spawning locations [41,42], and there may be a general contrast between southern
Walleye populations spawning in riverine habitats and northern Walleye spawning in lake
habitats [10,42], which may mark ESUs across the range.

The results reported here constitute a baseline genetic analysis of Virginia walleye
populations. Although the upper Tennessee and New River populations are both members
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of the Eastern Highlands ESU, because they show a level of genetic differentiation and are
demographically independent, they should be recognized as distinct MUs, each with its
own management plan. While there is a well-defined management plan for New River
walleye, there is not one for upper Tennessee drainage walleye. With the recognition that
upper Tennessee River system walleye are a distinct MU, it would be appropriate to design
a targeted management plan for Walleye in the Clinch and Powell rivers.

Although this research focused mainly on Eastern Highlands Walleye, aspects of the
results are applicable across the entire range. A key change in management practice is
to not translocate Walleye across watersheds when stocking. To preclude the mixing of
locally adapted populations and maintain a cohesive MU within given drainages, Walleye
broodstock should be collected and their progeny stocked within their home watershed.

4.5. Future Work

A more complete understanding of the phylogeography [58] of Walleye would advance
our understanding of the natural history of the species and inform management planning.
Effort might focus on sequencing selected mitochondrial regions, including the control
region, cytochrome b, ND1/2, and the nuclear S7 intron. The results would contribute, for
example, to understanding the historic differentiation of Tennessee, New River, and Mobile
Bay drainage Walleye from other lineages.

Phenotypic traits important for local adaptation are encoded by underlying genetic
variation, which can be detected by screening single-nucleotide polymorphisms (SNPs)
to assess population genetic differentiation and identify loci under selection. Experi-
mental designs demonstrated for model fish species such as Threespine Stickleback Gas-
terosteus aculeatus Linnaeus 1758 [59,60] and extended to non-model systems including
salmonids [61-63] and mollusks [64] can be applied to Walleye. Understanding the molecu-
lar basis of adaptation can inform conservation and management of species [65-67], which
could include Walleye.

5. Conclusions

After screening microsatellite DNA variation within and among 38 Walleye samples,
we inferred the effects of random genetic drift and inbreeding within them. Assemblages
of populations within the Mobile Bay, Mississippi, Eastern Highlands, and Great Lake
drainages were genetically differentiated following major watershed boundaries, the conse-
quence of isolation in distinct Pleistocene refugia and secondary contact in the Holocene.
The effects of translocations of Walleye were apparent in some populations. Knowledge of
population genetic processes and structuring can inform the conservation and management
of Walleye.

Supplementary Materials: The following supporting information can be downloaded at: https:
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