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Abstract The selection of an appropriate source popu-

lation may be crucial to the long-term success of

reintroduction programs. Appropriate source populations

often are those that originate from the same genetic lineage

as native populations. However, source populations also

should exhibit high levels of genetic diversity to maximize

their capacity to adapt to variable environmental condi-

tions. Finally, it is preferable if source populations are

genetically representative of historical lineages with little

or no contamination from non-native or domesticated

stocks. Here, we use nuclear (microsatellite) and cyto-

plasmic (mitochondrial control region) markers to assess

the genetic suitability of a potential source population

inhabiting the White River in Indiana: the last extant lake

sturgeon population in the Ohio River drainage. The White

River population exhibited slightly lower levels of genetic

diversity than other lake sturgeon populations. However,

the population’s two private microsatellite alleles and three

private haplotypes suggest a unique evolutionary trajec-

tory. Population assignment tests revealed only two

putative migrants in the White River, indicating the pop-

ulation has almost completely maintained its genetic

integrity. Additionally, pairwise FST estimates indicated

significant levels of genetic divergence between the White

River and seven additional lake sturgeon populations,

suggesting its genetic distinctiveness. These data indicate

that the White River population may be the most suitable

source population for future lake sturgeon reintroductions

throughout the Ohio River drainage. Furthermore, the

White River population appears to be a reservoir of unique

genetic information and reintroduction may be a necessary

strategy to ensure the persistence of this important genetic

lineage.
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Introduction

The lake sturgeon is a slow growing, long-lived freshwater

fish endemic to the Great Lakes Basin, Hudson Bay, and

Mississippi River drainages in North America. This

remarkable fish may achieve greater than 2 m in length and

may live up to 150 years (Harkness and Dymond 1961;

Scott and Crossman 1973; Becker 1983). Lake sturgeon

once were widely distributed within the Ohio River

watershed. Historical records document the presence of

lake sturgeon in the Ohio River from western Pennsylvania

to its confluence with the Wabash River in Indiana (Jordan

1878; Lachner 1956; Trautman 1981). Although lake

sturgeon once were highly abundant in these waters,

declines of lake sturgeon in the Ohio River system were

noted as early as the turn of the nineteenth century

(Trautman 1981). Declines in lake sturgeon abundance

within the Ohio River mainstem have been attributed to the

river’s impoundment, as well as pollution, habitat

destruction, and commercial overharvest (Lachner 1956;
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Trautman 1981). A few isolated sightings of lake sturgeon

in the Ohio River mainstem were documented as late as

1969, but it is generally thought that the species is now

extirpated from most of this system (Lachner 1956; Pear-

son and Krumholz 1984).

Only one population of lake sturgeon is thought to remain

in the Ohio River drainage: year-round river residents

inhabiting the East Fork of the White River in southern

Indiana. Its genetic relationship to lake sturgeon populations

in North America is unknown, and it may represent a rem-

nant lake sturgeon lineage characteristic of the Ohio River

drainage. Several state management agencies have proposed

reintroducing lake sturgeon from the White River to appro-

priate areas in the Ohio River system. However, before a

source can be selected for Ohio River lake sturgeon rein-

troductions, genetic and demographic characteristics of the

White River population must be assessed.

Ideally, a source population should occur in the same

geographic region as the proposed stocking or reintroduction

event to minimize the risk of outbreeding depression

(Carvalho 1993; IUCN 1996; Fitzsimmons et al. 1997; Latch

and Rhodes 2005; Stephen et al. 2005a, b). The extent of this

region would be defined by a species’ biology and the

manner in which genetic variation was partitioned among

populations within the species range. Source populations

also should exhibit ecologically exchangeability, occupying

fundamental niches and possessing adaptations to selective

regimes similar to those of native organisms (Crandall et al.

2000). However, there are two additional criteria that should

be considered in the selection of an appropriate source

population: genetic diversity and genetic integrity.

Our first criterion, that potential source populations

exhibit levels of genetic diversity comparable to those of

alternative source populations, reflects a fundamental

principal of all species reintroduction programs, which is to

provide populations with the genetic potential to success-

fully establish and grow in size. Source populations that

exhibit high levels of genetic diversity provide reintro-

duced populations with the capacity to adapt to

environmental changes over time (Meffe 1995; Lacy 1997;

Hughes and Sawby 2004). Selecting source populations

with high levels of genetic diversity is a particularly rele-

vant concern for fish reintroduction programs, where

vulnerability of hatchery-reared fish to predation and other

stressors may result in demographic bottlenecks due to

high post-stocking mortality (Einum and Fleming 2001;

Nickelsen 2003).

Also, it is important to examine the genetic composition

of potential source stocks to ensure their genetic integrity.

Supplemental stocking is a heavily utilized fisheries man-

agement strategy and mixing between resident and

introduced stocks has been observed (Fritzner et al. 2001;

Bartron et al. 2004; Vasemägi et al. 2005). Presumably,

resident stocks that have been introgressed by non-native

introduced or domesticated fish may no longer be geneti-

cally representative of historical lineages, and thus may be

no more suitable to be used for reintroduction than fish

from other geographic locations. Genetic integrity is a

particular concern for White River lake sturgeon, for it is

possible that the population may be supplemented by

immigrants from recently reintroduced populations in the

nearby Mississippi and Missouri Rivers.

The overall goal of this study was to examine the

genetic relationships between the remnant White River

population and other Midwestern lake sturgeon populations

and evaluate its suitability to be used as source population

for future reintroductions into the Ohio River drainage in

terms of two genetic criteria: (1) its genetic potential as a

source population in terms of overall genetic diversity; (2)

its genetic integrity as a lineage representative of the Ohio

River drainage, not introgressed with genetic material from

immigrants originating from ongoing reintroductions in

associated river systems. Data from nuclear (microsatellite)

and mitochondrial (control region) genomes were used to

evaluate levels of genetic diversity within the White River

and other lake sturgeon populations that might be consid-

ered as potential sources for reintroduction in the Ohio

River watershed. Additionally, we evaluated the magnitude

of genetic divergence between the White River population

in the Ohio River drainage and other potential source

populations in the Hudson Bay, Great Lakes Basin, and

Mississippi River drainages. Finally, population assign-

ment testing was utilized to determine if the White River

population is a unique genetic stock or represents an

amalgamation of native and non-native fish that have

immigrated from nearby populations (e.g. reintroduced

individuals from the Mississippi or Missouri Rivers).

Materials and methods

Sample collection

A total of 499 lake sturgeon were sampled from popula-

tions across four different drainages: Hudson Bay, Great

Lakes Basin, and Mississippi River, and Ohio River

(Fig. 1; Table 1). Populations sampled in the Great Lakes

Basin included Lake Winnebago (Wisconsin; N = 80),

Sturgeon River (Michigan; N = 30), and Peshtigo River

(Wisconsin; N = 43), and populations originating from the

Mississippi River drainage were the E. Fork of the Chip-

pewa River (Wisconsin; N = 18), Mississippi River

(Missouri; N = 101) and Missouri River (Missouri;

N = 48). The White River population (Indiana; N = 79)

was from the Ohio River drainage, and Lake of the Woods

(Minnesota; N = 100) was the lone representative of the
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Hudson Bay drainage in this study. Lake Winnebago,

Sturgeon River, Peshtigo River, Lake of the Woods,

Chippewa River, and White River are natural lake sturgeon

populations, while the Mississippi and Missouri River

populations were recently reintroduced using Lake

Winnebago stock (Drauch and Rhodes 2007).

Lake sturgeon were captured in gill nets, trammel nets,

and hoop nets, and tissue was collected for DNA extraction in

the form of a small clip from the pectoral or dorsal fin.

Sampling of White River lake sturgeon was conducted pri-

marily in summer and fall from 1997–2002 and in 2004.

Length of White River lake sturgeon captured ranged from

591–1,860 mm fork length, indicating that multiple age

classes were sampled. Fin clips from the White River, Lake

of the Woods, Chippewa River, Missouri River, and Mis-

sissippi River were stored in 95% ethanol at -20�C, while

samples from Lake Winnebago, Sturgeon River, and Pesh-

tigo River were dried and stored in scale envelopes at 4�C.

DNA extraction

DNA was extracted following a potassium acetate rapid

isolation protocol modified from Sambrook and Russell

(2001). For tissue digestion proteinase K was increased to

225 lg from 200 lg and all centrifugation was carried out

at room temperature. Nucleic acid pellets were resuspended

in 100 ll TLE (10mM Tris–HCl, pH 8.0, 0.1 mM EDTA).

Genomic DNA was quantified by eye on agarose gels

stained with ethidium bromide and diluted to a concen-

tration of *10 ng/ll in dH20.

Microsatellite genotyping

All 499 lake sturgeon were genotyped at ten disomically

inherited tetranucleotide microsatellite loci: Aox 27 (King

et al. 2001), Spl 120, (McQuown et al. 2000), AfuG 68b

(McQuown et al. 2002), and AfuG 63, AfuG 56, AfuG 160,

AfuG 195, AfuG 9, AfuG 204, and AfuG 74 (Welsh et al.

2003). Primers used to amplify AfuG 9 for all samples

were redesigned to resolve unsuccessful amplification of

this locus in several populations (Drauch 2006). Micro-

satellite PCRs contained *10 ng of DNA, 0.2 mM of each

dNTP, and 1.0 unit of Taq polymerase (New England

Biosystems), in 19 PCR Buffer (10 mM KCl, 10 mM

(NH)4SO4, 20 mM Tris–HCl, 2 mM MgSO4, 0.1% Triton

X-100; pH 8.8). Optimized PCR conditions, including

appropriate primer and MgCl2 concentrations for individ-

ual loci are provided in (Table 2). Thermal profiles for

microsatellite amplification consisted of a denaturation step

at 95�C for 2 min, with 40 cycles of 30 s at 94�C, 30 s at

TA�C (Table 2), and 30 s at 72�C, followed by a 10 min

hold at 72�C and a 45 min hold at 60�C to complete ade-

nylation and reduce stutter. A separate touchdown profile

was used for AfuG 56 and Spl 120, which consisted of an

initial denaturation of 1 min at 94�C, followed by

20 cycles of 30 s at 92�C and 40 s of 70�C (decreasing by

0.5�C each cycle), ending with 20 cycles of 30 s at 92�C

and 40 s at 60�C (decreasing by 0.5�C each cycle). Sam-

ples from Lake Winnebago often did not amplify

successfully at AfuG 56 using the standard touchdown

profile. Therefore, another touchdown protocol (modified

from LI-COR, Inc. 1997; Mock et al. 2002) was substituted

Fig. 1 Locations and sample

sizes of lake sturgeon

populations included in this

study. Stars denote sampling

locations on the Mississippi and

Missouri Rivers. Populations

from the Mississippi River

drainage include the White,

Chippewa, Mississippi, and

Missouri Rivers. Lake

Winnebago, Sturgeon River and

Peshtigo River belong to the

Great Lakes drainage, while

Lake of the Woods is part of the

Hudson Bay drainage system
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for amplification of AfuG 56 in individuals from these

populations.

Electrophoresis was performed on an ABI Prism1 377

genetic analyzer (Applied Biosystems) with GeneScan1

400 HD RoxTM size standard (Applied Biosystems) in 5%

polyacrylamide gels (Long Ranger Singel Pack; Cambrex).

Fragment analysis was conducted with ABI Prism1

GeneScan Analysis Software, Version 3.1 (Applied Bio-

systems) and size-calling was performed in Genotyper1

Software, Version 2.5 (Applied Biosystems).

Allelic standards comprised of mixtures of known alleles

were amplified prior to genotyping and included in every

twelfth lane on each genotyping gel to facilitate compari-

sons among multiple gels, and ambiguous genotypes were

re-amplified and re-scored to reduce genotyping error.

Random rescoring of approximately 20% of the dataset was

conducted by independent parties as another means of

quality control. Of the 1,000 genotypes that were evaluated,

seven genotyping errors were detected (0.7% error) and

corrected through re-amplification and re-scoring.

Mitochondrial control region sequencing

PCR was performed with primers H740X (sequence

extended from Brown et al. 1993) and STURGD1F2X

(extended from Scribner 2002) to amplify 585 base pairs of

the mitochondrial control region (Table 2). Each PCR

(16.6 ll volume) included *20 ng of DNA, 2.6 mM

MgCl2, 0.25 mM of each dNTP, and 1.5 units of Taq

polymerase (Eppendorf) in 1X reaction buffer (500 mM

KCl, 100 mM Tris–HCl pH 8.3, 15 mM MgCl2). The

thermal profile for control region amplification consisted of

a 2 min denaturation at 94�C, with 40 cycles of 45 s at

94�C, 1 min at 50�C, and 1 min at 72�C, followed by 1 min

at 50�C and a 5 min hold at 72�C. PCR products were

quantified in a 2% agarose gel stained with ethidium bro-

mide, and subsequently purified by a wash with 0.12 mM

NaC2H3O2 in 100% ethanol, followed by precipitation with

70% ethanol and resuspension in 20 ll of dH2O.

To maximize our confidence in the data, both

STURGD1F2X (forward) and H740X (reverse) primers

were used to sequence 382 bases of the mitochondrial

control region for a total of 414 lake sturgeon samples.

Sequencing reactions included *30 ng of cleaned PCR

product, 5 pmol of STURGD1F2X or H740X, 1.5 ll of

ABI 5X Sequencing Buffer (400 mM Tris–HCl, 10 mM

MgCl2, pH 9.0), 1.5 ll Big Dye, version 3.1 (Applied

Biosystems), diluted to a total volume of 10 ll with dH2O.

The sequencing thermal profile consisted of an initial

denaturation at 98�C for 10 min, with 25 cycles of 30 s at

98�C, 15 s at 50�C, and 4 min at 60�C.

Sequence products from both forward and reverse

primers were purified using the protocol described above.

Table 1 Populations, sample

size, drainage of origin, and

sampling details for eight lake

sturgeon populations

a Populations reintroduced from

Lake Winnebago stock

Population N Drainage Sample collection

White River 79 Ohio River Adult and subadult

Lake of the Woods 100 Hudson Bay Adult and subadult

Lake Winnebago 80 Great Lakes Basin Spawning adults

Mississippi River 101 Mississippi Rivera Adult and subadult

Missouri River 48 Mississippi Rivera Adult and subadult

Peshtigo River 43 Great Lakes Basin Spawning adults

Sturgeon River 29 Great Lakes Basin Spawning adults

E. Fork Chippewa River 18 Mississippi River Spawning adults

Table 2 Annealing

temperatures (TA), MgCl2
concentration, and primer

volume for microsatellite loci

and mitochondrial control

region amplification

Locus Accession number TA (�C) MgCl2 Conc. (mM) Primer (pmol)

AfuG 9 AF529447 58 1.5 4.0

AfuG 56 AF529472 70 1.5 4.0

AfuG 63 AF529475 52 1.5 4.0

AfuG 68b AF529480 53 1.25 10.0

AfuG 74 AF529483 52 1.5 4.0

AfuG 160 AF529526 52 1.75 4.0

AfuG 195 AF529548 55 1.5 4.0

AfuG 204 AF529551 55 1.25 10.0

Aox 27 AF067812 52 1.5 4.0

Spl 120 AF276189 70 1.5 8.0

Control region U32309 50 2.6 6.0
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A total of 15 ll of cleaned sequence product from each

reaction was submitted to the Purdue University Genomics

Core Facility for sequencing on an ABI Prism1 3730

Genetic Analyzer. Sequences were aligned and trimmed

using Sequencher1, Version 4.1 (GeneCodes Corporation).

To reduce the incidence of sequencing error, forward and

reverse sequences within individuals were scanned for

discrepancies, and re-sequencing was conducted to confirm

all unique haplotypes.

Data analysis

Microsatellite data

Genetic diversity Microsatellite genotype data were

converted to appropriate input formats for population

genetic analysis software with the program CONVERT

(version 1.2; Glaubitz 2004). Deviations from Hardy–

Weinberg equilibrium (HWE) for each popula-

tion 9 locus combination were evaluated in GENEPOP

3.3 (1,000 batches, 1,000 iterations/batch; Guo and

Thompson 1992) and Bonferroni correction was employed

to compensate for multiple comparisons. To investigate the

presence of null alleles at each microsatellite locus, ran-

domization tests were used to test for heterozygote

deficiency in the program FSTAT (Goudet 2001).

Allelic richness (AT), number of private alleles (AP),

and observed (HO) and expected (HE) heterozygosities

were calculated for all sampled lake sturgeon populations

using the program HP-Rare (Kalinowski 2005). Rarefac-

tion was employed to account for bias in allelic richness

induced by unequal sample sizes among populations

(Hurlbert 1971; Leberg 2002). Comparisons of rarefacted

allelic richness (AR) and expected heterozygosity (HER)

were made between the White River and each natural lake

sturgeon population sampled with Wilcoxon signed rank

tests, pairing locus-specific data (Zar 1999; Mock et al.

2004). Additionally, FIS was estimated in FSTAT to look

for evidence of non-random mating within populations.

Population structure An overall exact test of allelic dif-

ferentiation was conducted in GENEPOP 3.3 (100,000

iterations; Raymond and Rousset 1995) to estimate levels

of genetic divergence among all sampled lake sturgeon

populations. FSTAT was used to estimate h between all

pairs of populations (Weir and Cockerham 1984) and

randomization tests were conducted to evaluate signifi-

cance of pairwise h. A Bonferroni correction was employed

to account for multiple comparisons. To illustrate differ-

ences among lake sturgeon populations, an unrooted

neighbor-joining tree was generated with the program

PHYLIP v3.67 (Felsenstein 1989) using the Nei (1972)

genetic distance estimate. Bootstrap values were generated

in PHYLIP using the SEQBOOT executable (10,000

iterations).

Assignment testing In order to assess the genetic com-

position of the White River population, microsatellite data

were used in the population assignment program GENE-

CLASS2 (Piry et al. 2004) to detect the presence of

immigrants in all sampled lake sturgeon populations. The

Rannala and Mountain (1997) criterion was used to iden-

tify first generation migrants using the L_home/L_max

likelihood ratio (Paetkau et al. 2004). Although this is the

most powerful analysis within the GENECLASS2 pro-

gram, it assumes that all possible sources of migration have

been sampled, which may not be the case in this study. It

has been shown that the presence of immigration from

unsampled populations can bias genetic estimates of pop-

ulation interactions (Waples and Gaggiotti 2006). We

accounted for this by conducting a second GENECLASS2

analysis using the Rannala and Mountain (1997) criterion

and the L_home likelihood ratio, which can identify

potential migrants whose source has not been sampled

(Paetkau et al. 2004; Piry et al. 2004). For both analyses, a

Monte Carlo resampling method was used to determine

critical values for assignments (Paetkau et al. 2004). In this

resampling method, 10,000 individuals are simulated for

each population by uniting gametes created from observed

allele frequencies. This preserves admixture linkage dis-

equilibrium and approximates natural mating schemes

better than methods that generate multilocus genotypes on

a per locus basis (Paetkau et al. 2004). Next, allele fre-

quencies are calculated from the 10,000 resampled

individuals and a genotype likelihood distribution is cre-

ated for each population. P-values for genotype likelihoods

of real individuals are derived from this likelihood distri-

bution. To reduce the incidence of type II error, the P-value

threshold for assignments was set at 0.01.

Mitochondrial DNA

Genetic diversity For mitochondrial control region data,

consensus sequences were exported from Sequencher into

PAUP* version 4.0b10 (Swofford 2000) to determine the

number of informative variable sites in the mitochondrial

control region for all sequenced lake sturgeon. The total

number of haplotypes (HT) and numbers of private haplo-

types (HP) within populations were quantified in

NETWORK 4.2.1 (Fluxus Technology Ltd 2004). Haplo-

type diversity within populations (Hd; Nei and Tajima

1981; Nei 1987) and the average number of pairwise
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nucleotide differences among haplotypes within popula-

tions (k; Tajima 1983) were estimated in DnaSP version

4.0 (Rozas et al. 2003) to provide additional measures of

genetic diversity at this locus.

Population structure Population structure at the control

region locus was examined using a measure of differenti-

ation that considered not only haplotype frequency

differences among populations but evolutionary differences

among haplotypes. Population pairwise FST values were

calculated in the program Arlequin (Schneider et al. 2000)

using the Kimura 2-Parameter correction to account for

differences in the substitution rates for transition and

transversion mutations (Kimura 1980). To illustrate evo-

lutionary relationships between haplotypes, a haplotype

network was generated in NETWORK 4.2.1 using a

median-joining algorithm in which gaps were treated as a

fifth state (Bandelt et al. 1999; Posada and Crandall 2001).

Results

Microsatellite data

Genetic diversity

In general, all loci in all populations (with the exception of

AfuG 68b) were found to be in HWE with application of the

Bonferroni correction. The only inconsistencies observed in

the data occurred within the reintroduced populations. Loci

AfuG 63, 68b, and 160 were found to be out of HWE in the

Mississippi and Missouri River reintroduced populations

without a multiple test correction. Because these two pop-

ulations were initiated by multiple reintroductions and have

not yet reproduced, there was no a priori expectation for

them to be in HWE and subsequently no loci were discarded

from analyses. Null alleles were not detected at any of the

ten loci utilized in this study.

The total number of microsatellite alleles detected

across loci within populations ranged from 33–47, with the

fewest total number of alleles observed in the White River

population and the greatest in Lake Winnebago (Table 3).

When rarefaction was utilized to account for unequal

sample sizes among populations, the number of alleles

within populations ranged from 29.8 (White River) to 37.8

(Lake Winnebago). Wilcoxon signed rank tests revealed

significant differences in rarefacted allelic richness

between lake sturgeon from the White River and both Lake

Winnebago (P = 0.02) and the Peshtigo River (P = 0.02).

The numbers of private alleles ranged from 0 to 5 across

populations, and more private alleles were generally

observed in populations with the largest sample sizes

(Table 3). Private allelic frequencies ranged widely from

0.005 to 0.345 (Appendix 1). The presence of unique

alleles at high frequencies (0.345) is likely due to genetic

differentiation and not sampling artifacts (Appendix 1).

Values of HER ranged from 0.419 (White River) to 0.537

(Sturgeon River; Table 3), and a significant pairwise dif-

ference in HER was found only for the comparison between

fish from the White and Sturgeon Rivers (P = 0.01).

Observed heterozygosities ranged from 0.439 (White

River) to 0.561 (Chippewa River), but there was not sig-

nificant departure from expected levels, as indicated by

non-significant FIS values within all populations (Table 3).

A non-significant FIS also indicates that mating within the

White River population does not deviate from random

expectations and there is currently no evidence suggesting

that inbreeding is occurring in this population.

Population structure

Tests of overall microsatellite allelic differentiation indi-

cated significant levels of genetic divergence among

Table 3 Sample sizes (N), observed allelic richness (AT), rarefacted allelic richness (AR), number of private alleles (AP) and expected (HER) and

observed (Ho) heterozygosities averaged over ten microsatellite loci for all sampled lake sturgeon populations

N AT AR AP HER Ho FIS
a

White River 79 33 29.8 2 0.419 0.439 - 0.047

Lake of the Woods 100 42 33.5 5 0.454 0.457 - 0.007

Lake Winnebago 80 47 37.8 1 0.512 0.521 - 0.017

Mississippi River 101 47 37.0 1 0.486 0.507 - 0.044

Missouri River 48 41 35.6 0 0.498 0.521 - 0.046

Peshtigo River 43 41 37.4 0 0.473 0.449 0.053

Sturgeon River 30 39 37.5 2 0.537 0.512 0.047

Chippewa River 18 35 35.0 0 0.526 0.561 0.070

FIS values are also provided
a FIS values not significantly different from zero (P C 0.05)
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populations (P \ 0.001). Generally, pairwise h values

indicated that the highest levels of genetic divergence

existed among drainages (Table 4). The Lake of the Woods

population appeared to be the most genetically divergent of

all populations surveyed (Table 4). Nearly all pairwise FST

values were significant, with the exception of the com-

parisons between the reintroduced Mississippi and

Missouri River populations and their source population,

Lake Winnebago (Table 4, Fig. 2). A more detailed anal-

ysis of the genetic relationships between the Lake

Winnebago and the reintroduced Mississippi and Missouri

River populations is provided elsewhere (Drauch and

Rhodes 2007).

Population assignment

Using the L_home/L_max likelihood ratio, GENE-

CLASS2 identified nine possible migrants among the

eight lake sturgeon populations. Two of these individuals

were sampled in the White River (Table 5). One White

River individual was excluded from the White River

population (P = 0.0001) and assigned to the Mississippi

River population while a second individual was excluded

(P = 0.0012) and assigned to the Chippewa River. Inter-

estingly, one migrant identified in the Lake of the Woods

populations appeared to originate from the White River.

In the L_home likelihood analysis, only three potential

migrants were identified across populations, one each

from the White River, Lake of the Woods, and Peshtigo

River populations. All of these migrants also were iden-

tified in the L_home/L_max likelihood analysis and were

assigned to a sampled population, indicating that immi-

gration from unsampled populations was not a concern in

this dataset.

Mitochondrial data

Genetic diversity

A total of 382 bases within the mitochondrial control

region were aligned in 414 lake sturgeon and 23 variable

sites were identified, 19 of which were parsimony infor-

mative. Twenty-two haplotypes were detected across the

eight populations surveyed, with numbers of haplotypes

within populations ranging from two in the Chippewa

Table 4 Pairwise FST calculated among lake sturgeon populations based on 382 bases of mitochondrial control region sequence (above

diagonal) and pairwise h estimates for ten microsatellite loci (below diagonal)

White

River

Lake of

the Woods

Lake

Winnebago

Mississippi

River

Missouri

River

Peshtigo

River

Sturgeon

River

Chippewa

River

White River – 0.849a 0.636a 0.474a 0.561a 0.595a 0.684a 0.812a

Lake of the Woods 0.159a – 0.260a 0.263a 0.373a 0.303a 0.487a 0.513a

Lake Winnebago 0.086a 0.207a – 0.077 0.092 0.157a 0.259a 0.023

Mississippi River 0.094a 0.216a 0.006 – -0.015 0.082 0.156a 0.166

Missouri River 0.104a 0.230a 0.006 0.005 – 0.108 0.191a 0.204

Peshtigo River 0.138a 0.231a 0.050a 0.050a 0.045a – 0.010 0.271a

Sturgeon River 0.112a 0.160a 0.083a 0.092a 0.094a 0.066a – 0.432a

Chippewa River 0.099a 0.172a 0.054a 0.056a 0.063a 0.073a 0.052a –

Bonferroni corrections were employed to account for multiple tests
a Statistically significant comparisons (table-wide a = 0.002)

Fig. 2 An unrooted neighbor-joining tree generated with Nei’s

(1972) genetic distance for microsatellite data. Bootstrap values

provided show percent support for each node based on 10,000

iterations
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River to nine in the Peshtigo River (average = 5.2;

Table 6). Most haplotypes were found at low frequencies

across the populations surveyed, although Haplotype A

was observed at an overall frequency of 0.408 and was

detected in all populations except the White River

(Appendix 2). In the Lake of the Woods population,

Haplotype A was the predominant haplotype observed and

was found in 94% of individuals sampled. The number of

private haplotypes (HP = 4) was greatest in Lake Winne-

bago, with the Peshtigo and White Rivers each possessing

three private haplotypes. Two of the three private haplo-

types in the White River were rare, but one was observed at

a frequency of 0.259 (Appendix 2).

Haplotype diversity (Hd) across all populations was

0.771, ranging widely within populations from 0.109 (Lake

of the Woods) to 0.776 (Peshtigo River; Table 6). The

overall average number of pairwise differences between

haplotypes (k) within populations was 3.55. The most clo-

sely related suite of haplotypes was observed in the Lake of

the Woods population, largely because most individuals

shared the same haplotype (k = 0.40). Haplotypes in the

White River population also were closely related (k = 1.09)

and haplotype diversity (Hd = 0.488) in the White River

population was low relative to all lake sturgeon populations

sampled except Lake of the Woods (Table 6).

Population structure

As observed for the microsatellite data, pairwise FST values

derived from control region data generally indicated that

the highest levels of genetic divergence existed among

basins (Table 4). High levels of genetic divergence were

found between the White River population and all other

sampled lake sturgeon populations. No significant genetic

divergence was observed between the Sturgeon and Pesh-

tigo River populations, and the Chippewa River population

was not significantly differentiated from the Lake Winne-

bago, Mississippi River, and Missouri River populations.

This may be explained by the small sample size in the

Chippewa River population (N = 17) and the fact that the

two haplotypes detected in that population were among the

most common haplotypes observed across populations.

The haplotype network clustered the control region

haplotypes into four groups (Fig. 3). The most common

haplotypes observed, A and G, were found to be closely

related. All individuals from the White River population

fell into a single group, with the exception of one indi-

vidual that had been identified as a possible immigrant in

the White River population (see above). Of the 70 indi-

viduals found in the White River haplotype group, 80%

were sampled from the White River population.

Discussion

In this research we put forth the idea that in order to be

considered as a good source for reintroduction programs, a

Table 5 Potential immigrants identified within the White, Missis-

sippi, Missouri, and Chippewa River populations by GENECLASS2

Population -log(L_h/L_max) P value Proposed

origin

White River 3.024 0.0000 Mississippi River

2.549 0.0008 Chippewa River

Lake of the Woods 1.125 0.0007 White River

Lake Winnebago 2.453 0.0079 Missouri River

3.118 0.0025 Mississippi River

Peshtigo River 2.848 0.0039 Chippewa River

3.171 0.0022 Missouri River

Sturgeon River 2.475 0.0069 Peshtigo River

Chippewa River 2.057 0.0045 Missouri River

A Monte Carlo resampling method (10,000 iterations) was imple-

mented to determine critical values for assignments (threshold

P-value = 0.01). P-values indicate the likelihood that an individual

originated from the population in which it was sampled (Paetkau et al.

2004)

Table 6 Sample sizes (N), total number of haplotypes (HT), number of private haplotypes (HP), Nei’s haplotype diversity (Hd) and the average

number of nucleotide differences among haplotypes (k) within each of eight lake sturgeon populations are provided

Population N HT HP Hd k

White River 58 5 3 0.488 1.09

Lake of the Woods 88 2 0 0.109 0.40

Lake Winnebago 66 8 4 0.725 3.09

Mississippi River 81 8 2 0.735 4.27

Missouri River 37 5 0 0.716 4.24

Peshtigo River 41 9 3 0.776 2.92

Sturgeon River 26 3 1 0.591 2.21

Chippewa River 17 2 0 0.529 1.06

Sample sizes differ from Tables 1 and 3 because mitochondrial data could not be collected from all individuals
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population should exhibit two important genetic criteria:

(1) it should exhibit high levels of genetic diversity com-

parable to those of alternative source populations and (2) it

should be not be introgressed by gene flow from non-native

stocks. We have formulated these criteria based on the fact

that reintroduction programs for fish and wildlife species

exhibit a unique combination of challenges relative to the

conservation of genetic diversity. In many reintroduction

programs, much emphasis is placed on maximizing genetic

diversity within reintroduced populations at the expense of

other genetic criteria for source selection (Mock et al.

2002; Stockwell and Leberg 2002; Arrendal et al. 2004).

However, it is important that other genetic considerations,

such as the genetic integrity of potential sources, not be

overlooked. While this is a concern for all reintroduced

species, it is particularly relevant for species that have the

ability to disperse long distances from their point of initial

reintroduction. The potential for mixing of native and

reintroduced stocks exists for fish species that inhabit

connected drainages. Evidence of substantial mixing of

individuals from existing reintroduced populations with

extant native populations can negate the advantages of

using such stocks as founding populations.

In the current study, the White River population did

exhibit somewhat lower levels of genetic diversity than

other lake sturgeon populations surveyed in terms of both

allelic richness and expected heterozygosity; on the whole,

however, these differences were relatively minor. The

number of haplotypes (5) detected in the White River

population was similar to the average number observed

within eight lake sturgeon populations sampled in this

study and the numbers of unique haplotypes observed in

the White River population was high relative to most other

populations surveyed.

Our identification of few migrants for any population

indicates that the movement of lake sturgeon between

drainages is low. The two migrants identified in the Lake

Winnebago population appeared to originate from two

populations reintroduced using Lake Winnebago as a

source and therefore likely did not represent actual immi-

gration between those populations. The individual sampled

in the Lake of the Woods population that assigned to the

White River also may not be a true immigrant. This indi-

vidual possesses a genotype at locus Afu 204 (141/145)

that is unusual for the Lake of the Woods population (all

homozygous for 141/141). It is uncertain whether this

represents gene flow from another lake sturgeon population

or simply a mutation event. Interestingly, the potential

migrant in the White River that assigned to the Chippewa

River population also was the only individual sampled

Fig. 3 A median-joining haplotype network generated from 382

bases of the mitochondrial control region sampled in eight lake

sturgeon populations. Circle size reflects the relative frequency of

each haplotype across all eight populations. Shading indicates the

proportion of individuals with a particular haplotype that originate

from the White River. Each number in the network indicates the

position of a mutation in the control region sequence. Diamonds

indicate the presence of a missing ancestral haplotype
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from the White River that exhibited Haplotype S (Appen-

dix 2). Haplotype S is found in the reintroduced Mississippi

and Missouri River populations and is not exhibited by any

individuals sampled from the Chippewa River, suggesting

that the individual may have originated from the Missis-

sippi or Missouri River populations. Regardless of their

populations of origin, the presence of only two putative

immigrants in the White River population suggests it is

generally uninfluenced by non-native stocks.

Significant levels of genetic divergence were observed

between the White River fish and lake sturgeon from all

other sampled populations at both nuclear and mitochon-

drial markers, suggesting that some degree of subdivision

exists between these populations (Table 5). High values for

pairwise FST calculated from these data suggest that it is

unlikely that differences between populations are due to

sampling error, but rather, from historical isolation and

genetic drift among populations. Pairwise estimates of

genetic divergence suggest that the greatest levels of

structure exist among populations originating from differ-

ent major drainages, concordant with previous findings

(McQuown et al. 2003). Significant genetic differentiation

was observed among several populations within drainages,

including comparisons between fish from the Sturgeon

River and Peshtigo River (Great Lakes Basin), as found by

DeHaan et al. (2006). This indicates that for lake sturgeon,

the selection of a within-drainage source population for

reintroductions might be preferable to reduce the possi-

bility of outbreeding depression.

Our data suggest that the White River lake sturgeon

population is (1) a genetically unique remnant stock that

has either survived mass extirpations in the Ohio River

system or (2) the result of a recent recolonization event.

The nearest source for recolonization outside the Ohio

River drainage would have been the middle Mississippi or

lower Missouri Rivers. However, lake sturgeon were

extirpated in the middle Mississippi and lower Missouri

Rivers in the late 1800’s and early 1900’s due to com-

mercial overharvest and habitat degradation (Carlson and

Pflieger 1981). Reintroductions of lake sturgeon in these

waters by the Missouri Department of Conservation began

in 1984, too recently to have produced many of the large

adult sturgeon sampled in the White River (Drauch and

Rhodes 2007; B. E. Fisher, unpublished data). It seems

most parsimonious to assume that White River lake stur-

geon population is indigenous to the Ohio River drainage

and that it simply escaped harvest and severe habitat

destruction possibly due to its location in a rural Indiana

landscape.

All evidence suggests the White River population may

represent the most appropriate source for lake sturgeon

reintroductions in the Ohio River system. The benefits

derived from utilizing the White River population for Ohio

River system reintroductions are twofold. Lake sturgeon

from the White River may be better adapted to environ-

mental conditions of the Ohio River system and

reintroducing this stock would increase the probability of

establishing viable lake sturgeon populations in this

drainage. In addition, increasing the representation of

White River stock in the Ohio River system would help

preserve the unique genetic information characteristic of

this lineage by minimizing the chance that it will be

eliminated through stochastic environmental or demo-

graphic events.

Due to possible logistical concerns surrounding the

initiation of a breeding program for the White River pop-

ulation, other lake sturgeon stocks may initially appear to

be attractive alternate sources for reintroduction in the

Ohio River drainage. The large and genetically diverse

Lake Winnebago population has been used as a source for

many reintroductions, not only in the Mississippi and

Missouri Rivers, but also in the St. Louis River (Schram

et al. 1999), Menominee River (Runstrum et al. 2002),

Tennessee River (E. Scott, Jr., personal communication),

and Coosa River (C. Marion, personal communication),

among others. There are some apparent advantages to using

Lake Winnebago as a source for reintroductions in the

Ohio River drainage. For example, reproductive behavior

of lake sturgeon in the Lake Winnebago system has been

well-characterized and spawning adults are very accessible

for gamete collection (Bruch and Binkowski 2002). How-

ever, over-representation of Lake Winnebago stock across

the species’ range may have negative consequences for the

long-term recovery efforts for this species. For example,

populations established from the same source will share

similar susceptibilities to disease and inabilities to adapt to

certain environmental conditions. Thus, it may be desirable

to increase the number of genetic strains represented in

lake sturgeon stocking in United States and Canada to

decrease the likelihood of a single epidemic or catastrophic

event eliminating the species over a large portion of its

range.

The Chippewa River population also may appear to be a

suitable source for reintroductions into the Ohio River

system at first glance. The Chippewa River stock appears to

be characterized by high levels of genetic diversity and

some historical physical connectivity existed between it and

the White River population (both the White and Chippewa

Rivers drain into the Mississippi River). In addition, this

population has not been utilized for any documented lake

sturgeon stocking efforts and therefore concerns about over-

representation of this stock are minimal at this time. How-

ever, the Chippewa River population is significantly

differentiated from the White River at both microsatellite

and mitochondrial loci, suggesting some amount of evolu-

tionary independence between these populations.
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Additionally, a more intensive sampling effort within the

Chippewa River population would be needed to compre-

hensively evaluate the genetic characteristics of this stock.

The long-term persistence of lake sturgeon in the Ohio

River system is dependent upon the conservation of the

White River population and initiation of reintroduction

programs in other reaches of the Ohio River watershed. The

genetic integrity of the Ohio River stock may be reliant upon

the exclusive reintroduction of White River lake sturgeon in

that system. A single reintroduction of lake sturgeon from a

non-native source could permanently alter the gene pool of

the Ohio River stock. Ultimately, the use of White River

lake sturgeon for repopulation of the Ohio River drainage

will depend upon a number of factors, not the least of which

will be the logistics of a spawning program providing fish to

reintroduce. Additionally, genetic broodstock management

will be required to reduce inbreeding and family over-

representation in reintroduced populations (Kincaid 1993).

In the meantime, it is clear that management agencies

involved in the reintroduction of lake sturgeon into the Ohio

River drainage should focus their efforts on protecting the

White River population and developing appropriate strate-

gies to reintroduce lake sturgeon from this source into other

portions of the Ohio River drainage.
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Appendices

Appendix 1 Microsatellite allele sizes and frequencies observed in eight lake sturgeon populations

Locus Size (bp) WH (79) ON (100) LW (80) MS (101) MO (48) PS (43) SR (30) EFC (18)

Aox 27 N 79 100 80 101 48 43 28 18

130 1.000 0.990 0.856 0.886 0.927 0.919 0.857 0.833

134 – 0.010 0.031 0.025 – 0.023 0.036 0.111

138 – – 0.112 0.089 0.073 0.058 0.107 0.056

Spl 120 N 79 100 77 101 48 43 29 18

254 0.544 0.290 0.513 0.525 0.594 0.442 0.224 0.444

257 0.139 0.015 0.071 0.025 0.167 0.140 0.086 –

258 – – – – – – 0.345 –

262 – 0.115 0.032 0.040 0.031 0.105 0.069 0.056

273 0.101 – – – – – – –

277 0.006 0.015 0.260 0.282 0.156 0.221 0.138 0.250

281 0.152 0.110 0.032 0.020 – – 0.034 0.250

285 – 0.435 0.091 0.099 0.042 0.081 0.103 –

289 0.057 0.020 – 0.010 0.010 0.012 – –

AfuG 63 N 79 100 80 100 46 43 27 18

123 – – 0.006 0.010 – – – –

127 0.177 – 0.262 0.340 0.283 0.314 0.185 0.194

135 0.095 0.160 0.125 0.055 0.120 0.058 – 0.222

139 0.721 0.710 0.494 0.520 0.413 0.291 0.500 0.500

143 0.006 0.130 0.112 0.075 0.185 0.337 0.167 0.083

147 – – – – – – 0.148 –

AfuG 68b N 79 100 80 100 47 43 30 18

154 – – 0.006 0.030 0.021 – – –

158 – – 0.012 0.010 0.043 0.256 0.333 0.194

162 – – 0.012 – – – – –

166 – 0.300 0.012 0.025 0.021 0.023 0.017 –

170 – 0.055 0.037 0.030 0.021 0.046 0.083 0.111
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Appendix 1 continued

Locus Size (bp) WH (79) ON (100) LW (80) MS (101) MO (48) PS (43) SR (30) EFC (18)

174 0.089 – 0.106 0.175 0.181 0.151 0.183 0.167

178 0.411 0.020 0.469 0.380 0.330 0.244 0.100 0.139

182 0.272 0.350 0.137 0.170 0.160 0.070 0.100 0.028

186 0.032 0.020 0.019 0.040 0.011 0.081 0.050 0.111

190 – 0.255 0.131 0.110 0.149 0.023 – 0.250

194 0.196 – 0.056 0.025 0.064 0.105 0.133 –

198 – – – 0.005 – – – –

AfuG 56 N 79 100 79 100 47 43 29 18

258 – 0.005 – – – – – –

262 – 0.075 0.120 0.205 0.223 0.093 0.172 0.194

266 0.937 0.520 0.867 0.790 0.777 0.907 0.810 0.639

270 0.051 – – – – – – –

274 0.013 0.400 0.013 0.005 – – 0.017 0.167

AfuG 160 N 77 99 78 98 48 43 30 18

130 – – – 0.010 0.021 0.046 – –

134 0.766 0.803 0.647 0.684 0.687 0.814 0.700 0.639

146 0.214 0.096 0.340 0.306 0.292 0.139 0.300 0.361

150 0.019 0.096 0.013 – – – – –

154 – 0.005 – – – – – –

AfuG 195 N 79 100 78 101 48 43 29 18

161 0.532 0.530 0.603 0.713 0.667 0.709 0.362 0.472

165 0.468 0.470 0.397 0.287 0.333 0.291 0.638 0.528

AfuG 9 N 79 100 79 98 46 43 29 18

268 0.240 0.060 0.063 0.082 0.076 0.070 0.155 0.056

272 – 0.090 0.006 – – – – –

276 0.120 – 0.063 0.036 0.098 0.012 – 0.194

280 0.202 – 0.006 0.005 0.011 – – –

284 0.367 – 0.538 0.673 0.663 0.395 0.379 0.500

288 0.007 0.220 0.051 0.116 0.054 0.325 0.259 0.028

292 – 0.010 0.177 0.087 0.087 0.163 – 0.194

296 – 0.435 0.089 0.051 – 0.023 0.190 0.028

300 – 0.015 0.006 0.010 0.011 0.012 0.017 –

304 – 0.150 – – – – – –

308 – 0.005 – – – – – –

312 – 0.015 – – – – – –

AfuG 204 N 79 100 80 101 48 43 30 18

141 0.905 0.995 0.537 0.614 0.500 0.709 0.850 0.944

145 0.095 0.005 0.462 0.386 0.500 0.291 0.150 0.056

AfuG 74 N 79 100 80 101 48 43 30 18

218 0.373 0.085 0.669 0.698 0.698 0.849 0.567 0.722

222 – 0.250 0.025 0.015 0.010 0.093 0.250 –

226 0.627 0.665 0.306 0.287 0.292 0.058 0.183 0.278

WH = White River, ON = Lake of the Woods, LW = Lake Winnebago, MS = Mississippi River, MO = Missouri River, PS = Peshtigo River,

SR = Sturgeon River, EFC = Chippewa River (East Fork). Sample sizes are in parentheses. N indicates the number of individuals genotyped for

each locus. Private alleles are in bold. Alleles in italics are shared between source and reintroduced population pairs only
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