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ABSTRACT: Large river-resident and diadromous fishes are globally threatened by environmental degradation, overharvest, and a rapidly changing climate. Conservation aquaculture is a tool
that, used in concert with ecological restoration and harvest regulation, can protect the unique
genetic, morphological, and behavioral characteristics of imperiled populations. Although conservation aquaculture programs are designed to minimize genetic impacts on wild populations,
founder effects, domestication, and inbreeding may occur. Genetic monitoring may be used in the
context of adaptive management to reduce deleterious genetic impacts of captive breeding in wild
populations. Here we use the conservation aquaculture program for the endangered Kootenai
River white sturgeon Acipenser transmontanus as a case study to illustrate how genetic tools
might improve captive breeding programs for large river fishes. We used microsatellite markers to
reveal very low levels of genetic diversity in the Kootenai River white sturgeon relative to other
populations across the species’ range. We show that by using high numbers of broodstock, the
conservation aquaculture program has captured 96% of the population’s microsatellite diversity
in hatchery-released progeny in only 10 yr. We validate the power of parentage analysis to identify family relationships between individual white sturgeon using a panel of 18 microsatellite loci.
Parentage analysis will become crucial for inbreeding avoidance in the Kootenai River white sturgeon aquaculture program in ~2020 to 2030, when the majority of broodstock available for captive
breeding will originate from the hatchery.
KEY WORDS: White sturgeon · Conservation aquaculture · Genetic monitoring · Microsatellite
markers
Resale or republication not permitted without written consent of the publisher

River fishes worldwide are threatened by habitat
fragmentation and loss, modification of natural flow
regimes, pollution, loss of habitat connectivity due to
impoundment, invasive species, and overharvest
(Jelks et al. 2008). Although restoration of habitat and
reduction or elimination of harvest are the best means
to recover vulnerable fish populations, lack of available personnel, political will, and/or funding make

these actions time consuming and difficult to implement. In addition, the current imperiled status of
many fish populations often is the result of many interrelated environmental and demographic changes
that have occurred over time. It may be difficult to
pinpoint the most limiting factor(s) on which to focus
management action for population restoration. One
conservation tool that might be used in concert with
the identification of limiting factors and ecological
restoration is conservation aquaculture.
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Conservation aquaculture is the use of captive
propagation to sustain imperiled species or populations and preserve local characteristics in the face of
severe declines. Although similar to supplementation programs in that hatchery releases occur into
pre-existing natural populations, the goals of conservation and traditional supplementation hatcheries are quite different. Traditional supplementation hatcheries primarily seek to increase the
abundance of target populations, often to enhance
fisheries or attain related fisheries management
goals, while in conservation aquaculture programs,
the preservation of unique genetic diversity, phenotypes, and behaviors is of ultimate concern (Anders
1998, H. Kincaid unpubl.). Conservation aquaculture programs might be seen as a ‘stopgap’ measure
to slow population decline while restoration activities to alleviate conditions limiting natural recovery
are underway (Ireland et al. 2002a,b). Traditional
supplementation hatcheries, however, are often
viewed as mitigation for the effects of environmental
decline in and of themselves. Special techniques to
minimize genetic changes in the hatchery environment are particularly emphasized in conservation
aquaculture programs to minimize changes to the
natural population as well as to maximize survival
of captive-bred progeny.
Hatchery-induced genetic changes may include
domestication, founder effects, and inbreeding. Domestication occurs through intentional or unintentional human-mediated selection or the relaxation of
the natural selective regime in the hatchery environment (Waples 1999). Decreasing egg sizes in a chinook salmon Oncorhynchus tshawytscha hatchery
program (Heath et al. 2003) and decreasing reproductive success of steelhead O. mykiss with increasing numbers of generations in captivity (Araki et al.
2007a) provide examples of how modified selection
regimes may reduce fitness in the wild. A founder
effect is a reduction in genetic diversity in the natural
population that can occur if only small numbers of
broodstock are used in captive breeding. Low levels
of genetic diversity may reduce a population’s ability
to adapt to environmental challenges (Lacy 1997).
Inbreeding, or the mating of close relatives, may
occur in small, broodstock-limited populations and
can result in inbreeding depression. Inbreeding
depression reduces the fitness of inbred individuals,
limiting their ability to contribute surviving offspring
to future generations.
Although it is inevitable that captive breeding will
induce some genetic changes in natural populations
(Waples 1999), genetic tools can be used in the

adaptive management of conservation aquaculture
programs to minimize these changes. Genetic monitoring allows managers to characterize baseline levels of genetic diversity in a target population which
can be used to evaluate genetic diversity loss as a
result of the conservation aquaculture program.
Broodstock numbers, mating schemes, and release
strategies can then be adaptively modified to minimize genetic diversity loss. Multilocus genotypes
can be used as ‘genetic tags’ to track broodstock
used in the hatchery and re-released into the wild.
Relatedness analyses (Kozfkay et al. 2008) or
parentage assignment (this study) can be used to
prevent mating close relatives when pedigree information is limited, thus reducing the likelihood of
inbreeding depression.
From a genetic perspective, large fishes are particularly suited for conservation aquaculture due to their
long generation time and iteroparity. Species with
lengthy generation times can retain genetic diversity
for long periods, even in the face of severe demographic declines (Quattro et al. 2002, Lippé et al. 2006,
Lawrence et al. 2008, Moyer et al. 2009). Imperiled
populations of large river-resident or diadromous
fishes may still possess moderate to high levels of
genetic diversity which can be preserved by conservation aquaculture programs utilizing sufficient numbers of broodstock. Iteroparity ensures that an individual receives multiple chances to pass genetic material
to the next generation, slowing genetic diversity loss.
Multi-year stocking programs using unique wildcaptured broodstock each year have been shown to
reduce founder effects traditionally associated with
hatchery programs (Heggenes et al. 2006, Drauch &
Rhodes 2007, Rourke et al. 2009, 2010).
Here we describe how genetic tools have been
used to guide a conservation aquaculture program
for an endangered population of the white sturgeon
Acipenser transmontanus. The white sturgeon is considered the largest freshwater fish species in North
America, currently inhabiting major river systems
along the West Coast from the Sacramento River,
California (USA), to the Fraser River, British Columbia (Canada). Although land-locked populations
confirm that white sturgeon can complete their life
cycle in fresh water, white sturgeon inhabiting the
lower portions of river systems regularly use estuary
and coastal habitat, suggesting they are more accurately classified as diadromous (Parsley et al. 2008).
Like all North American sturgeon species, white sturgeon were subject to severe harvest pressure at the
turn of the 20th century for the caviar fishery, which
led to significant population declines across the spe-
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cies’ range. White sturgeon are currently listed as
endangered under the Species at Risk Act in Canada,
and a distinct population segment of white sturgeon
in the Kootenai River has been listed as endangered
by the US Fish and Wildlife Service (USFWS).
A tributary of the Columbia River, the Kootenai
River (spelled Kootenay in Canada) runs through
British Columbia and the US states of Montana and
Idaho (Fig. 1). Kootenai River white sturgeon inhabit
the river reach between Kootenai Falls and Bonnington Falls (Duke et al. 1999). Bonnington Falls has
acted as a natural barrier isolating Kootenai River
white sturgeon from other Columbia River populations for 10 000 to 12 000 yr (Northcote 1973). The
Kootenai River white sturgeon population has exhibited declines in abundance since the 1960s and
almost no recruitment since 1974 (Duke et al. 1999,
Paragamian et al. 2005), although natural spawning
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events have been observed (Ireland et al. 2002b).
The population currently consists of ~1000 individuals, primarily aging adults (R. Beamesderfer et al.
unpubl.). Numerous limiting factors have contributed
to the decline of Kootenai River white sturgeon
including Libby Dam, which was completed in 1975
(Duke et al. 1999). Located 42 river km upstream of
Kootenai Falls, Libby Dam has reduced downstream
productivity in the Kootenai River system and has
decreased spring flows by 50% and increased winter
flows by 300% (Duke et al. 1999). Other factors contributing to white sturgeon decline are diking and
channelization of the Kootenai River between Bonners Ferry and Kootenay Lake, agricultural development of the river valley, and decreases in water quality from mining and industry (Duke et al. 1999;
Paragamian et al. 2005).
On 6 September 1994, the Kootenai River white
sturgeon population was listed as endangered by the USFWS. One component of the recovery plan for this species was to implement conservation
aquaculture to sustain the population
until habitat restoration could re-establish natural recruitment. Before white
sturgeon were formally listed, the
Kootenai Tribe of Idaho examined the
feasibility of a conservation aquaculture program and made experimental
releases of a small number of hatcheryreared juveniles in 1990 (Ireland et al.
2002b). Success of their initial efforts
led to the establishment of the Kootenai
Tribe of Idaho (hereafter Tribe) white
sturgeon conservation aquaculture program (CAP), which began large-scale
releases in 1999. Each year, fisheries
managers from the Tribe collect male
and female broodstock from the Kootenai River, spawn them in the Tribal
hatchery, and return them to the river.
The target number of females spawned
each year is 12, and often up to 20
male broodstock are captured and
spawned annually (C. Lewandowski
pers. comm.). While most females are
mated with multiple males, each male
is mated with only a single female.
Crosses are performed in a 1 × 1 fashion, with no mixing of milt from multiple males, and full sibling families are
reared in separate circular tanks. Some
Fig. 1. Acipenser transmontanus. Range of white sturgeon in the Kootenai/y
families are reared at the Tribal hatchRiver Basin. Map courtesy of R. Beamesderfer
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ery while others are transported to the Kootenay
ers for parentage analysis in hatchery families of
Trout Hatchery in British Columbia, as a failsafe meaknown parentage, as parentage analysis to describe
sure against disease or equipment failure. Variance in
family relationships between putative broodstock
reproductive success among females is common, and
will become necessary to prevent inbreeding in later
family sizes are variable at release. Over the duration
years of the program.
of the Tribe’s CAP, captive-born white sturgeon have
been released from the hatcheries anywhere from the
fertilized egg stage to 16–18 mo old, with recent reMATERIALS AND METHODS
leases at older ages due to the discovery of densitydependent competition among age-0 individuals post
Sampling and DNA extraction
release (Justice et al. 2009).
Goals of the Tribe’s CAP include restoration of a
For genetic monitoring components 1 and 2, DNA
natural age and size structure to the Kootenai River
was extracted from adult white sturgeon samples
population and maintenance of genetic diversity
(N = 376) from the Kootenai River using a Gentra
until habitat restoration allows natural recruitment to
PureGene extraction kit. The sample included adults
resume (Ireland et al. 2002b). A genetic management
randomly sampled in the Kootenai River (N = 201)
plan developed for the CAP called for genetic moniand those used as broodstock in the Tribe’s CAP
toring of the program to prevent genetic diversity
since 2002 (N = 175). Only those individuals spawned
loss and avoid inbreeding depression (H. Kincaid
in the hatchery that produced surviving offspring are
unpubl.). In the early 2000s, microsatellite loci were
classified as broodstock for genetic monitoring purdeveloped for genetic monitoring of Kootenai River
poses. To validate parentage assignment accuracy,
white sturgeon (Rodzen & May 2002). Although
DNA was extracted from 23 to 24 young of the year
these neutral loci have no adaptive significance, they
from each of 11 families (N = 261) belonging to the
can be used as monitoring tools to detect negative
2010 year class reared by the Tribe.
genetic changes induced by the CAP,
such as founder effects, which may
Table 1. Acipenser transmontanus. Microsatellites used for genetic monitoring
reduce the effective population size,
and parentage assignment in the Kootenai Tribe’s conservation aquaculture
Ne, of the wild population. Compoprogram for white sturgeon. TD1 and TD2 refer to touchdown thermal pronents of genetic monitoring included
files. The first step of TD1 contains an annealing temperature (TA) decrease
(1) characterizing levels of genetic
(TA = 65°C to TA = 58°C, −0.5°C cycle−1), and the second step has a constant TA
(54°C). Both steps of TD2 contain TA decreases: (1) TA = 68°C to 58°C, −2°C
diversity in the Kootenai River popucycle−1, and (2) TA = 58°C to 50°C, −2°C cycle−1
lation (J. Rodzen et al. unpubl., this
paper), (2) documenting the amount
Microsatellite
MgCl2
TA
Annealing
Source
of genetic diversity represented by
(mM)
(°C)
time (s)
Kootenai River broodstock, and (3)
using parentage analysis to design
Atr 105
1.6
TD1
60, 60
Rodzen & May (2002)
mating schemes when most broodAtr 107
1.6
TD1
60, 60
Rodzen & May (2002)
stock available to the hatchery will be
Atr 109
2.1
TD1
60, 60
Rodzen & May (2002)
Atr 117
3.1
TD1
60, 60
Rodzen & May (2002)
of captive origin (projected to occur in
Atr 1101
1.8
57
30
Rodzen & May (2002)
2020−2030; Paragamian et al. 2005, R.
Atr 1173
1.3
TD1
60, 60
Rodzen & May (2002)
Beamesderfer et al. unpubl.). In this
As015
2.5
56
30
Zhu et al. (2005)
paper, we used genetic monitoring of
AciG 2
1.5
60
30
Börk et al. (2008)
AciG 35
3.0
56
30
Börk et al. (2008)
the Tribe’s CAP as a case study of
AciG 43
2.0
56
30
GenBank: HM459582a
how genetic tools might be applied to
AciG 52
2.0
56
105
Börk et al. (2008)
conservation aquaculture of other
AciG 53
2.0
56
105
Börk et al. (2008)
vulnerable river-resident and diadroAciG 110
2.0
56
30
Börk et al. (2008)
AciG 140
2.5
56
30
Börk et al. (2008)
mous fish populations. We present a
AciG
46
2.0
TD2
300,
120
Börk et al. (2008)
characterization of neutral genetic
AciG 51
2.0
TD2
300, 120
Börk et al. (2008)
diversity in this endangered populaAciG 61
2.0
TD2
300, 120
Börk et al. (2008)
tion and an assessment of how this
AciG 203
2.0
TD2
300, 120
Börk et al. (2008)
genetic diversity is being preserved
a
Forward primer sequence: TAA TAC AGC GGG GAT GGA A;
by the Tribe’s CAP. We also describe
reverse primer sequence: GCA CAG TGA AAG CAC GGT AA
the validation of microsatellite mark-
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Microsatellite genotyping
Adult samples for genetic monitoring were genotyped at 14 microsatellite loci (Table 1). Broodstock
and young of the year from the 2010 year class
were genotyped at these 14 loci and 4 additional
microsatellite loci specifically optimized to increase
the power of parentage analysis (AciG 46, AciG 51,
AciG 61, AciG 203; Drauch Schreier et al. 2011).
PCR conditions for Atr loci are published elsewhere
(Rodzen & May 2002). As015, AciG 2, AciG 35,
AciG 43, AciG 52, AciG 53, AciG 110, and AciG
140 were amplified in reactions containing ~10 ng
DNA, 1.0 µl of 10× reaction buffer, 0.2 mM of each
dNTP (Promega), 1.5 to 3.0 mM MgCl2, 5.0 µM
each of forward (labeled) and reverse (unlabeled)
primers, 0.375 U Taq polymerase (Promega GoTaq),
and dH20 to a volume of 10 µl. PCR reactions for
AciG 46, 51, 61, and 203 were performed in a 10 µl
total volume containing ~10 ng DNA, 1.0 µl of 1×
PCR reaction buffer with MgCl2 mix (Roche),
0.2 mM of each dNTP, 0.2 µM of each forward and
reverse primer, 0.04 µM of M13 universal tailed
primer, and 0.75 U of FastStart Taq DNA polymerase (Roche).
PCR product (1.0 µl) was added to 9.0 µl of
highly deionized formamide and 0.2 µl of either
Liz 600 (AciG 46, 51, 61, and 203) or Rox 400HD
(all other loci) size standards. Fragment analysis
was conducted on an Applied Biosystems (ABI)
3730xl Genetic Analyzer, and allele scoring was
completed in ABI GeneMapper v4.0 software.
White sturgeon are an octoploid derived species
with microsatellites detected in 4 or 8 copies
(Drauch Schreier et al. 2011). As it was impossible
to determine the number of copies of each microsatellite allele in this complex genome, we were
unable to obtain codominant genotypes. Instead,
each microsatellite allele was scored as a present/
absent dominant locus, creating a binary phenotype of 1s and 0s for each individual (Rodzen &
May 2002, Israel et al. 2009, Drauch Schreier et al.
2011, Pfeiffer et al. 2011).

Genetic monitoring
Before any genetic analyses were conducted, the
program GenoType (Meirmans & Tienderen 2004)
was used to identify duplicate samples in the large
genetic dataset we maintain for the Kootenai River.
Preliminary quality control tests with 95 white sturgeon samples collected throughout the species’
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range genotyped at 14 loci revealed an allelic
dropout rate of 1.2% (A. Drauch Schreier unpubl.
data); therefore, 2 mismatches were allowed between putative duplicate samples. Fourteen pairs of
samples were found to be identical, and 1 multilocus genotype from each pair was removed to avoid
any bias in genetic diversity analyses. The first task
of genetic monitoring was to characterize levels of
genetic diversity in the Kootenai River population
as a whole. The total number of microsatellite alleles across 14 loci in the Kootenai River adult samples was calculated in the program GenAlEx vers.
6.3 (Peakall & Smouse 2006). We also wished to
compare levels of genetic diversity in the endangered Kootenai River population to those in other
white sturgeon populations across the species’
range. We subsampled 100 adults from the Kootenai
River dataset and compared genetic diversity levels
in the Kootenai River to those in populations from
the lower Columbia River below Bonneville Dam
(LCR; N = 98), the upper Columbia River above
Grand Coulee Dam (UCR; N = 101), and the Sacramento River (N = 101). GenAlEx was used to calculate the total number of alleles and number of private alleles in each population. Although a
traditional measure of heterozygosity cannot be
estimated in the polyploid species, we used the
average number of alleles per individual per locus
as a proxy for heterozygosity. We compared the
average number of alleles per individual per locus
at each locus among populations using a KruskalWallis test (VassarStats). For loci at which significant differences were detected, we used the Dunn
test (VassarStats; Dunn 1964, Zar 1999) to make
pairwise comparisons between the Kootenai River
and each other population.
The second task of genetic monitoring was to
determine whether the Tribe’s CAP was adequately
representing Kootenai River genetic diversity in each
year class. We initially examined the pool of broodstock used in each year (2002, 2004 to 2010) separately. Tissue samples from 2003 broodstock were
unavailable for analysis. Treating each annual
broodstock pool as a different ‘population,’ we used
GenAlEx to calculate the total number of alleles
detected in each pool and compared these values to
the number of alleles detected in the total population.
To determine the cumulative amount of genetic
diversity captured by the Tribe’s CAP, we calculated
the number of alleles detected across all broodstock
(2002, 2004 to 2010) and compared this value to the
total number of alleles detected in the Kootenai River
population.
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Parentage analysis
The log-likelihood (LOD) method of Gerber et al.
(2000) was implemented in the program Parent.exe
(Rodzen et al. 2004) to assign parentage to offspring
of the 11 full-sibling families of known parentage
containing 23 to 24 individuals each. All 18 microsatellite loci were used for parentage analysis, and
only 2010 male and female broodstock were included
as possible parents in the analysis. To calculate LOD
scores, we took the log of the likelihood that individual X is the parent of offspring A and divided it by the
likelihood that individual X and offspring A are unrelated (Gerber et al. 2000). LOD scores were then
summed across all loci. An individual was first
assigned to the most likely sire and then to the most
likely dam. To evaluate the significance of such
assignments, the statistic delta (δ) was employed to
evaluate how much more likely the ‘best’ parent was
to be the true parent than was the ‘second best’ parent identified (Marshall et al. 1998). Delta is simply
the difference of the LOD scores between the most
likely and second most likely parent of a given offspring. For example, a δ of 3 for a certain possible
parent means that particular animal was 103 (= 1000)
times more likely to be the true parent than the second most likely possible parent. Parentage analysis
accuracy was assessed for both sires and dams with
and without implementing the δ criterion.

RESULTS
Genetic monitoring
In total, 97 alleles at 14 microsatellite loci were
detected in the Kootenai River white sturgeon population. Comparison of genetic diversity among white
sturgeon populations revealed over twice as much
genetic diversity in the LCR, UCR, and Sacramento
River populations compared to an equal sized subsample from the Kootenai River population (Fig. 2).
No private alleles were detected in the Kootenai
River population, although 16, 9, and 26 were observed in the LCR, UCR, and Sacramento rivers, respectively (Fig. 2).
A Kruskal-Wallis test to compare the mean number
of alleles per individual per locus, a proxy for heterozygosity in this high-order polyploid, revealed
significant differences among populations at all but
one locus (AciG 2; Table 2). A Dunn’s test using the
Kootenai River as a ‘control’ to which all other populations were compared revealed that the Kootenai

River population had significantly fewer alleles per
individual per locus than the other populations at 11
of 14 loci (Table 2). At loci Atr 105 and Atr 1101, the
Kootenai River population had significantly fewer
alleles per individual per locus than 1 and 2 other
populations, respectively (Table 2).

Fig. 2. Acipenser transmontanus. Total number of alleles
and private alleles detected in a subsample of the Kootenai
River dataset (KT; N = 100) and samples collected from the
Lower Columbia River (LCR; N = 98), Upper Columbia River
(UCR; N = 100), and Sacramento River (SAC; N = 101)
Table 2. Acipenser transmontanus. Average number of alleles per individual per locus in the Kootenai River (KT),
Lower Columbia River (LCR), Upper Columbia River (UCR),
and Sacramento River (SAC). p values are from a KruskalWallis test indicating significant differences among groups.
Asterisks indicate where the number of alleles per individual per locus is significantly lower than LCR, UCR, and SAC
using Dunn’s test (p = 0.05)
Locus

AciG 2
AciG 35
AciG 43
AciG 52
AciG 53
AciG 110
AciG 140
As015
Atr 105
Atr 107
Atr 109
Atr 117
Atr 1101
Atr 1173
a

Population
KT
LCR
UCR
SAC
(n = 100) (n = 98) (n = 100) (n = 101)
2.46
4.85*
3.96*
4.58*
1.80*
3.80*
1.73*
3.02*
1.42a
3.25*
2.64*
2.75*
2.03b
2.49*

2.29
5.81
5.46
5.52
2.32
4.71
2.49
5.33
2.63
4.56
3.99
4.05
2.69
3.41

2.46
5.78
4.75
5.51
2.18
4.51
2.36
4.60
2.85
4.32
3.58
3.70
2.18
3.45

2.28
5.74
5.25
5.15
2.29
4.95
2.11
4.96
2.35
4.25
4.05
4.16
2.71
3.33

Significantly different from UCR only
Significantly different from SAC and LCR

b

p

0.1223
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
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Although somewhat subjective, we selected this
value to minimize the number of incorrect assignments while maximizing the number of correct
assignments possible. An assignment made with δ of
≥2.5 indicates that the ‘best’ parent is at least 316
times (102.5) more likely to be the true parent than the
second ‘best’ parent. When the δ criterion of confidence was utilized as a threshold for making assignments, overall accuracy increased with 28 incorrect
assignments being eliminated. Only 6 incorrect

Fig. 3. Acipenser transmontanus. Proportion of Kootenai
River population microsatellite alleles represented by the
Kootenai Tribe’s conservation aquaculture program broodstock from 2002 and 2004 to 2010. ‘Total’ refers to the proportion of population alleles that were captured by broodstock over all years of the program for which genetic
monitoring was conducted

When single Tribe CAP brood years are considered, between 75 and 83 out of 97 alleles are
detected each year (Fig. 3). When the genetic diversity represented in CAP broodstock was considered
cumulatively across brood years 2002 and 2004 to
2010, 93 alleles detected in the population were represented in the broodstock. Assuming each broodstock cross produces offspring that survive after
release, 96% of genetic diversity remaining in the
Kootenai River population has been propagated in
the Tribe’s CAP.

Table 3. Acipenser transmontanus. Parentage assignment
accuracy using 24 possible parents of the 2010 year class
and 18 microsatellite loci (including additional loci AciG 46,
AciG 51, AciG 61, and AciG 201). The proportion of individuals assigned correctly to each parent with and without the δ
criterion (see ‘Materials and methods’) is shown. Numbers in
parentheses are the numbers of offspring assigned to the
correct parent but with a δ value below the threshold. NA:
No genetic sample from dam KT-38E5 was available and
sire is unknown; U: sire is unknown
Family

KT-D128
KT-6FB7
KT-OC72
KT-6CD2
KT-3F5C
KT-6F60
KT-54D0
KT-E401
KT-1193
KT-523F
KT-8749

Assignments with δ
Correct Correct
sire
dam
24/24
19/24
24/24
22/23
22/24
22/23
21/24
23/23
24/24
U
20/24

NA
NA
24/24
22/23
23/24
22/23
24/24
17/23
22/24
17/24
24/24

Assignments without δ
Correct
Correct
sire
dam
24/24 (0)
12/24 (7)
23/24 (1)
19/23 (3)
18/24 (4)
20/23 (3)
17/24 (4)
19/23 (4)
24/24 (0)
U
16/24 (4)

NA
NA
24/24 (0)
18/23 (4)
19/24 (4)
23/23 (0)
21/24 (3)
14/23 (3)
21/22 (1)
9/17 (8)
22/24 (2)

Parentage analysis
Parentage assignment in the 2010 year class
achieved high levels of success, with 70.8 to 100% of
individuals assigned to the correct sire and dam
across 11 families (overall 92.8% to correct sire and
91.1% to correct dam) without using the δ criterion
(Table 3). Assignments in families KT-D128 and KT6FB7 were complicated by a missing genetic sample
from dam KT-38E5, and the sire for family KT-523F
was unknown. Tabulation of the numbers of successful assignments did not consider assignments to
dams in families KT-D128 or KT-6FB7 or to the sire in
KT-38E5. Assignment success tended to be higher in
families where genetic samples from both parents
were available.
A distribution of δ values for correct and incorrect
assignments was plotted (Fig. 4), and a threshold δ
value of 2.5 was selected for parentage analysis.

Fig. 4. Acipenser transmontanus. Distribution of
(see ‘Materials and methods’) for correct and
assignments in the Kootenai Tribe’s conservation
ture program 2010 year class. Vertical dotted line
the selected δ value of 2.5

δ values
incorrect
aquaculindicates
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assignments were made with the δ threshold of 2.5,
compared to 34 without implementing the δ criterion.
However, 29 assignments to the correct sire and 25 to
the correct dam did not meet the δ criterion of confidence (Table 3).

DISCUSSION
The very low levels of microsatellite genetic diversity in Kootenai River white sturgeon reported here
corroborate previous work using different genetic
markers. Initial examinations of genetic diversity in
white sturgeon with allozyme markers discovered
few polymorphic loci and lower levels of heterozygosity in Kootenai River white sturgeon relative to
other populations examined (Bartley et al. 1985, A.
Setter & E. Brannon unpubl.). Examination of mitochondrial DNA control region sequences found only
2 haplotypes in the Kootenai River while other populations possessed 4 to 11 haplotypes (Anders 2002). A
more recent phylogeographic study detected only 1
haplotype in the Kootenai River while other populations possessed 4 to 15 haplotypes (B. Mahardja pers.
comm.).
There are several possible explanations for such
low levels of genetic diversity in the Kootenai River
population, none of which is mutually exclusive.
First, the Kootenai River Valley was glaciated during
the Pleistocene, and the Kootenai River was recolonized by what was likely a small number of white
sturgeon founders. Significantly lower numbers of
alleles per individual per locus, a proxy for heterozygosity, in the Kootenai River population relative to
other white sturgeon populations further supports a
founder effect and subsequent inbreeding. Furthermore, Bonnington Falls has acted as a downstream
barrier to fish movement in the Kootenai River for
10 000 to 12 000 yr (Northcote 1973), isolating Kootenai River white sturgeon from gene flow from conspecific populations in the Columbia and Snake
Rivers. Finally, more recent demographic declines
due to harvest and ecological disturbances coupled
with several decades of recruitment failure have
likely contributed to genetic diversity loss via genetic
drift (Anders et al. 2002).
Nonetheless, genetic monitoring indicates that the
Tribe’s CAP is adequately preserving the neutral
genetic diversity that remains in the Kootenai River
population. As microsatellites are generally neutral
markers (Jarne & Lagoda 1996), we used them here
only to track hatchery-induced genetic and demographic changes that may have deleterious effects on

a natural population. Loss of neutral genetic diversity
due to founder effects may reflect a decrease in Ne
and a loss of alleles of adaptive significance, which
would reduce a population’s ability to adapt to environmental changes over time. Representing as many
adults as possible in the CAP maximizes the Ne and
increases the possibility of preserving all adaptive
genetic variants extant in the Kootenai River population. When broodstock genotypes are examined
cumulatively, they contain nearly all alleles detected
in white sturgeon adults at large in the Kootenai
River. This study did not consider the contributions of
51 broodstock used in early experimental releases by
the Tribe’s CAP in 1990 to 1998 (Ireland et al. 2002a)
from which genetic samples were not archived.
Therefore, the proportion of genetic diversity represented by the hatchery program reported here
should be considered a minimum estimate.
To date, genetic data have been collected from 369
unique Kootenai River adults, which represent ~30%
of the population at large by recent estimates (R.
Beamesderfer et al. unpubl.). Although it is possible
that we have not yet detected some rare alleles in the
population, continued capture of novel broodstock
increases the likelihood that unsampled genetic
diversity will be represented in future years of the
program. As the Tribe’s CAP has only been conducting large-scale releases for about a decade (half of a
sturgeon generation), it is likely that a large majority
of extant Kootenai River white sturgeon genetic
diversity will be propagated by the program within a
single generation.
Despite low levels of genetic diversity, we show that
accurate parentage analysis is possible in the Kootenai
River population when using 18 microsatellite loci.
Previous validation experiments using fewer loci examined the feasibility of accurate parentage assignment in the Kootenai River population. J. Rodzen et al.
(unpubl.) had difficulty resolving correct parentage
relationships using only 8 microsatellite loci. A.
Drauch et al. (unpubl.) found higher levels of assignment accuracy with 14 loci, but few assignments were
possible when the δ criterion was applied. Increasing
the parentage panel to 18 microsatellite loci has provided high levels of assignment accuracy similar to
those achieved by A. Drauch et al. (unpubl.) as well as
an increase in the number of assignments possible
using the δ criterion. With the 14-marker panel, hatchery managers may have had to weigh the costs and
benefits of accepting assignments not meeting the δ
criterion of confidence in years when few broodstock
were available. The most risk-averse mating scheme
would exclude individuals for which parentage could
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not be resolved with confidence to reduce the chance
of accidentally mating close relatives. However, additional power from increasing the marker panel to 18
loci has reduced this concern by increasing the proportion of assignments that meet the δ criterion. Implementing the δ criterion in the 18-marker panel has
also alleviated concerns about the proportion of misassignments, as misidentifying close relatives as unrelated individuals could lead to inbreeding in the
CAP. Only 6 of 452 assignments were made to an incorrect parent when implementing the δ criterion with
the 18-marker panel.
Parentage analysis will become a crucial component of genetic management in the Tribe’s CAP in the
early 2020s, when it is predicted that the majority of
adults at large in the Kootenai River will have been
born in captivity (R. Beamesderfer et al. unpubl.).
There also exists the potential for parent−offspring
mating in a long-lived species such as white sturgeon.
As the Tribe has archived tissue from nearly all hatchery broodstock since the initiation of large-scale
releases, we will be able to use parentage analysis
and the broodstock genotype archive to determine
the familial relationships among captive-born adults
brought into the hatchery. Knowledge of familial relationships will allow hatchery personnel to avoid
crosses between parents and offspring, full siblings,
and half siblings, which is essential in a population
that already exhibits a low level of genetic diversity.
Genetic markers might also be used to genetically
‘tag’ all wild adults handled by hatchery personnel.
Tag loss has been reported in shortnose sturgeon
Acipenser brevirostrum marking programs, and a
~6% rate of tag non-detection (either due to tag
shedding or the failure of scanners to detect tags) has
been observed in adult Kootenai River white sturgeon by Tribal fisheries personnel and state fisheries
managers (Smith et al. 2002, D. Wakkinen pers.
comm.). Genetic tags provide the most accurate way
to track the use of broodstock in the hatchery and
prevent multiple spawning of the same individual.
The maintenance of a broodstock genetic archive can
allow for ‘family tagging’ of hatchery-reared progeny
too small for insertion of individual identification
tags. Parentage assignment can identify the family
from which an individual originated, which may be
used in future studies examining family-specific variance in survival of stocked individuals (Rourke et al.
2009). Field assessments have shown that average
survival in the first year after stocking is 27%, and
increases to an average of 84% and near 100% at
ages 2 and 3, respectively (Justice et al. 2009). Evaluating how much genetic diversity survives the age-1
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post-stocking bottleneck will provide the most accurate assessment of genetic diversity loss in the Kootenai River population, as we are unable to estimate
effective population size, Ne, using the dominant
microsatellite dataset.
In addition to the genetic monitoring described
above, genetic data can be implemented in other
ways to inform CAPs for large river-resident and diadromous fishes. If genetic samples are available from
the wild population before the initiation of stocking,
a comparison of genetic diversity levels and partitioning of genetic variation in the historical and contemporary populations can allow one to evaluate
genetic changes due to stocking events (e.g. Rourke
et al. 2010). Genetic data also might be used to estimate the number of broodstock required to represent
a target percentage of genetic diversity in hatcheryreared progeny. J. Rodzen et al. (unpubl.) used a resampling analysis to show that 80 to 90% of Kootenai
River genetic diversity at 8 microsatellite loci could
be represented by 30 to 40 broodstock. This information may be used to predict how long a conservation
aquaculture program may need to operate to achieve
program goals. For example, if it is estimated that 200
broodstock are required to adequately represent a
population’s genetic diversity, the necessary duration
of a conservation aquaculture program can be estimated by the predicted availability of broodstock in
each year.
This study has focused on the use of neutral genetic
markers to inform hatchery programs, as less is
known about changes to adaptive genetic diversity in
captivity which might occur through domestication.
Chebanov et al. (2002) described how selection of
early-spawning females for a hatchery program for
Azov Sea stellate Acipenser stellatus and Russian
sturgeon A. gueldenstaedtii has reduced the temporal extent of spawning in the wild populations in the
course of just 15 yr. However, various hatchery practices might be adopted to reduce the risk of domestication, such as the random selection of different wildborn adults as broodstock each year and equalizing
family sizes to reduce overrepresentation of individuals better adapted to captive conditions (Araki et al.
2007b, Frankham 2008). The Tribe’s CAP reduces
domestication risks by randomly sampling wild
broodstock from many locations in the Kootenai
River throughout several months leading up to the
spawning season. The program also avoids representing the same individuals in multiple brood years;
only a single female broodstock has been spawned
more than once in the 12 yr that the large-scale CAP
has been in operation.
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The identity and magnitude of selective pressures
driving adaptation to captivity are difficult to quantify and likely will vary in different captive breeding
programs (Allendorf et al. 2010). Similarly, adaptation to similar selective pressures may differ among
populations of the same species due to differences in
genomic architecture (Frankham 2008). Advances in
the burgeoning field of conservation genomics may
provide the capability to monitor conservation aquaculture programs for changes in allele frequency at
multiple adaptive genes throughout the genome
(Allendorf et al. 2010).
Although there are still some uncertainties surrounding the long-term effects of conservation aquaculture that should be addressed by future research,
this technique remains an important tool for the conservation of large river-resident and diadromous
fishes. When deciding whether to implement a CAP
for an imperiled population, it is important to consider the alternative to reproductive intervention. In
a critically endangered population such as the Kootenai River white sturgeon, choosing not to implement
a CAP risks continued decline in population size and
such consequences as irreversible genetic diversity
loss, lowered reproduction and survival due to Allee
effects, and an increased likelihood that a stochastic
event(s) may lead to extinction (Anders 1998, Ireland
et al. 2002a). By preserving local genetic diversity
and preventing further population size declines, the
benefits of conservation aquaculture may outweigh
the risks, particularly when negative side effects are
minimized through careful planning and genetic
monitoring.
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