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Abstract
Conservation-focused reintroduction or supplementation programs using wild-born individuals tend to be more success-
ful than those based on release of captive-born individuals. Negative genetic consequences of captive breeding, such as 
genetic diversity loss, domestication selection, and inbreeding, may contribute to this lowered success. In this study, we 
compare genetic consequences of repatriation, or collection of wild-born juveniles for captive rearing and release, and 
broodstock-based breeding, where wild adults are bred in captivity, in a conservation program for white sturgeon, Acipenser 
transmontanus. Specifically, we use microsatellite markers to compare the genetic diversity and number of spawners,  Ns, 
represented by each captive breeding strategy. We present a novel method to estimate  Ns in which simulated known fam-
ily configurations of varying complexity are used to identify appropriate inclusive and exclusive probability thresholds in 
the maximum likelihood-based pedigree reconstruction program Colony. These probability thresholds are then applied to 
reconstruct progeny arrays and estimate  Ns in empirical datasets of two repatriation cohorts and a naturally produced year 
class. We find that a repatriation approach preserves more genetic diversity and represents more spawners than broodstock-
based captive breeding. Furthermore, a repatriation approach represents levels of genetic diversity similar to those found in 
a wild cohort. These results are the first comparison of  Ns between broodstock and repatriation-based methods with respect 
to a hatchery program, and provide evidence that when possible, repatriation can be a more effective strategy for conserving 
genetic diversity than broodstock-based breeding for supplementation and reintroduction.

Keywords Acipenser transmontanus · Number of spawners · Supplementation program · Reintroduction program · 
Pedigree reconstruction

Introduction

Supplementation or reintroduction programs using wild-
born individuals tend to be more successful than those 
based on release of captive-born individuals. A meta-anal-
ysis by Fischer and Lindenmayer (2000) showed that 31% 
of reintroduction programs using wild-born individuals 

successfully created self-sustaining populations, while only 
13% of programs based on captive-born individuals achieved 
this goal. In a review of carnivore reintroduction programs, 
53% of wild-caught individuals survived post-release while 
only 32% of captive-born individuals did (Jule et al. 2008). 
Negative genetic consequences of captive breeding such as 
genetic diversity loss due to founder effects (e.g. Attard et al. 
2016), domestication selection or relaxed natural selection 
(e.g. Araki et al. 2007; Christie et al. 2016; Schenekar and 
Weiss 2017), and inbreeding depression (O’Leary et al. 
2013; Reed 2005) may reduce survival after release into the 
wild.

Contemporary captive breeding programs take sev-
eral measures to reduce genetic diversity loss, including 
minimizing kinship among breeders and equalizing family 
sizes prior to release (Allendorf 1993). For species without 
significant parental care, another approach to ameliorate 
some genetic problems associated with captive breeding 
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is repatriation. Repatriation is a strategy where fertilized 
eggs (embryos) or hatchlings (larvae) are collected from 
the wild and reared in captivity until they have reached suf-
ficient age or size to confer a high chance of survival after 
release (Dowling et al. 2005; Schreier 2012). By attempting 
to maintain natural breeding behaviors and early selection 
pressures, repatriation may reduce domestication selection 
and represent more parental lines in released cohorts than 
captive breeding would. This reduction in domestication 
selection and increased representation of parental lines in 
repatriated groups is expected to increase genetic variation 
and fitness in ways not possible with traditional captive-
breeding programs.

However, in some circumstances a repatriation program 
may not represent as much genetic diversity as would a cap-
tive breeding program. For example, conservation practi-
tioners may be unaware of or unable to access a sufficient 
number of breeding sites for embryo or larval sampling. If 
only one or a few breeding sites are sampled, the offspring 
collected may represent fewer breeders and less genetic 
diversity than if adults were collected directly for captive 
breeding (Dowling et al. 2005). Thus, before a repatriation 
program is initiated in a new system, managers must vali-
date that embryo and larval sampling truly represents more 
genetic diversity than a captive breeding program for that 
population.

One candidate species for repatriation is the white stur-
geon, Acipenser transmontanus. The white sturgeon is a 
large, long-lived freshwater fish endemic to Sacramento-
San Joaquin, Columbia, and Fraser River systems of west-
ern North America (Hildebrand et al. 2016). White stur-
geon are threatened by habitat loss due to impoundment and 
land use change, historical overfishing, and in some cases, 
recruitment limitation (Hildebrand et al. 2016). The species 
is federally listed as endangered under Canada’s Species at 
Risk Act (COSEWIC 2003) and the Kootenai River white 
sturgeon population is listed as endangered under the U. S. 
Endangered Species Act (Duke et al. 1999). Where federal 
protection is not warranted, several U.S. states, includ-
ing Idaho, list white sturgeon as a species of conservation 
concern (Hildebrand et al. 2016). Because of the conser-
vation concern surrounding white sturgeon, particularly in 
the Pacific Northwest, captive breeding has been used to 
supplement populations for three decades (Patterson et al. 
1992). For instance, captive breeding has been used to sup-
plement recruitment-limited white sturgeon populations in 
the Kootenai (Anders 1998; Ireland et al. 2002), middle and 
upper Columbia (Golder Associates LTD. 2015, Robichaud 
and Gingerich 2016, Hildebrand and Parsley 2013), Snake 
(Patterson et al. 1992, Idaho Power Company 2016), and 
Nechako (NWSRI 2004) rivers.

White sturgeon captive breeding programs are typi-
cally based on capture and spawning of wild caught adults 

in a hatchery setting, with release of juvenile progeny 
12–18 months later (e.g. Ireland et al. 2002). Because adult 
white sturgeons achieve great size, there are limitations in 
the number of broodstock that can be accommodated in 
hatchery facilities. Under various factorial mating schemes, 
there may also be space constraints on the number of unique 
families that can be reared separately. Preliminary research 
has shown that a repatriation-based approach to sturgeon 
conservation aquaculture has the potential to preserve more 
genetic variation than a broodstock-based approach (Schreier 
2012). A repatriation-based approach also minimizes the 
production of spontaneous autopolyploid offspring, or those 
with abnormal genome size, which can occur during captive 
spawning of adult sturgeon (Schreier et al. 2013a).

In this study, we evaluate how well a repatriation-based 
supplementation program captures genetic variation and rep-
resents spawners relative to a traditional captive breeding 
program in the Bliss and C.J. Strike reaches of the Middle 
Snake River in Idaho, USA. The Snake River is a major 
tributary of the Columbia River that originates in western 
Wyoming and travels 1735 km along parts of Idaho, Oregon, 
and Washington before emptying into the Columbia River. 
We refer to the “Middle” Snake River as the six impounded 
reaches that occur from Brownlee Dam (rkm 459) upstream 
to Shoshone Falls (rkm 989), a 65 m tall waterfall and his-
toric upstream extent of Snake River white sturgeon. These 
six segments all lack upstream fish passage structures and 
display various levels of downstream migration (Miller et al. 
2002).

Because the largest collections of wild white sturgeon 
in the Middle Snake River occur in the Bliss (> 4000) and 
C.J. Strike (> 200) reaches (Bentz 2016, 2018), these two 
reaches have been used as a source of broodstock for cap-
tive breeding and translocations to supplement abundance 
and genetic variation to other recruitment limited popula-
tions in the Middle Snake (Idaho Power Company 2016). 
The Bliss Reach produces natural recruitment during years 
with favorable flow conditions, demonstrates high growth 
and early maturation rates (Bates et al. 2014) and contains 
the largest collection of wild white sturgeon in Idaho (Idaho 
Power Company 2015). The downstream C.J. Strike Reach 
is intimately linked to the Bliss Reach as upstream sonar 
data (Idaho Power Company, unpublished data) and down-
stream PIT tag detection information (Bentz 2018) indicates 
white sturgeon of all sizes pass into the downstream reach 
during periods of spill. Because this recipient reach lacks 
upstream passage and adequate spawning/incubation habi-
tat, reproductive adults from the C.J. Strike Reach are com-
monly used in broodstock spawning as well as translocated 
into the Bliss Reach for natural spawning (some of which 
have been detected back in the C.J. Strike Reach after spill 
events). Genetic diversity testing reveals these two reaches 
display high genetic diversity and similarity (Schreier et al. 
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2013b) and therefore, provides an ideal source for a captive 
breeding program that seeks to conserve genetic and phe-
notypic variation unique to the Middle Snake River. Due to 
impaired habitats, all remaining Middle Snake River reaches 
lack detectable levels of natural recruitment and contain only 
small numbers of wild white sturgeon with stock structures 
proportionally skewed toward older adults (Idaho Power 
Company 2015).

We used microsatellite genotype data to measure genetic 
diversity represented by samples of wild-caught embryos 
and larvae collected for repatriation in 2015 and 2016 in 
the Bliss Reach. To evaluate how well repatriation could 
preserve wild population genetic diversity relative to captive 
breeding, we compared these data to genetic diversity lev-
els of broodstock captured and spawned in 2016 (collected 
from the C.J. Strike Reach), and in 2017 (collected from the 
C.J. Strike and Bliss Reaches). We simulated five training 
datasets consisting of white sturgeon families of known par-
entage to develop probability thresholds for the maximum 
likelihood approach of Colony (Jones and Wang 2010) in 
estimating the number of spawners  (Ns) using a dominant 
microsatellite dataset. We then used Colony to estimate 
 Ns for the 2015 and 2016 wild-caught embryos and larvae 

and compared it to the number of broodstock captured in 
2016 and 2017. Finally, to see how repatriation represented 
genetic diversity and  Ns relative to a naturally produced 
cohort, we compared these estimates between the 2015 and 
2016 repatriation samples and a sample of wild 2011 year 
class fish captured in the Bliss Reach in 2011–2012.

Methods

Sample collection

Repatriation sampling

Repatriation requires collecting white sturgeon embryos 
and/or larvae from the wild. In 2015, we collected 1165 
white sturgeon embryos (from 14 May to 3 June) and 58 
larvae (from 21 May to 10 June) at known spawning sites 
in the Bliss Reach (Fig. 1) using egg mats and D-ring nets, 
of which 633 embryos and 48 larvae were preserved in 
95% ethanol for genetic analysis. More details about sam-
pling methods can be found in Supplementary Materials. 
From 6 May to 29 May 2016, we collected an additional 

Fig. 1  Sample collection sites for white sturgeon embryos and larvae, 
wild individuals, and broodstock in the Snake River, Idaho, USA. 
Embryos collected in the repatriation sampling area were used as pos-

sible repatriation samples, wild 2011-year class fish were collected in 
the 2011 year class sampling area, and broodstock were caught in the 
Broodstock Sampling area
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770 embryos from the same sites using substrate mats and 
D-ring nets. The remainder of the embryos were transported 
to the College of Southern Idaho Fish Hatchery in Twin 
Falls, Idaho, where they were incubated, hatched and reared 
to approximately 25 mm FL (N = 150) before being trans-
ferred in July 2016 (due to space constraints) to the Hager-
man State Hatchery, Hagerman, Idaho, for final rearing. An 
unexpected mortality event in 2016 reduced the number of 
juveniles reared at Hagerman State Hatchery to 55. Tissue 
was not collected from the deceased fish, but was collected 
from the remaining 55 individual before release for genetic 
analysis.

Broodstock sampling

In 2016 and 2017, sexually mature adult white sturgeon 
(three males and three females each year) were captured in 
the Bliss and C.J. Strike Reaches for use as broodstock in 
captive breeding (Fig. 1). Details about broodstock capture 
can be found in Supplementary Materials. The use of six 
broodstock per year is typical for the conservation aquacul-
ture program in the Snake River due to hatchery limitations. 
In 2016 all broodstock were collected from the C.J. Strike 
Reach, whereas in 2017 two females were collected from 
C.J. Strike Reach while the remaining female and males 
were collected from the Bliss Reach. Fin clips were taken 
from each adult for genotyping and relatedness analysis prior 
to spawning.

2011 year class sampling

We compared the 2015 and 2016 repatriation cohorts to the 
wild 2011 year class sampled during juvenile indexing and 
juvenile assessment studies in the Bliss Reach (Fig. 1). Fin 
tissue samples were collected from 43 age-0 white sturgeon 
in 2011 and 150 age-1 individuals in 2012 during index and 
opportunistic sampling of the 2011 year class using an otter 
trawl or small mesh gill nets. More details about fish cap-
tured and determination of year class can be found in Sup-
plementary Materials.

DNA extraction

Embryos

Of the 633 embryos from the 2015 collection, 213 were 
suitable for DNA extraction because they were fertilized, at 
developmental stage 14 or above (Blankenship et al. 2017; 
Dettlaff et al. 1993), showed no visible signs of fungus, and 
displayed no irregularities. Embryos from each collection 
date and sampling location were stored in separate vials 
of 95% ethanol. When > 30 embryos were available from 
a spawning date/location, only those at stage 14 and above 

were extracted. At locations where fewer than 30 embryos 
had been sampled, we attempted extraction regardless of 
developmental stage.

DNA was extracted from embryos using the  Qiagen® 
DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, CA) 
with several modifications described in the Supplementary 
Materials.

Tissue

DNA was extracted from larvae and fin clips following the 
 PureGene® Genomic DNA Purification Kit (Qiagen Inc., 
Valencia, CA) Mouse Tail protocol (larvae) or the  Qiagen® 
DNeasy Blood & Tissue Kit (fin clips). For larval DNA 
extractions, we focused on larval tails and avoided includ-
ing any part of the yolk sac in extractions. To maximize 
protein removal during larvae extractions, we always imple-
mented the second optional 5 min. ice incubation step during 
the protein precipitation. Fin clips from the wild 2011 year 
class individuals were extracted using a Universal BioRobot 
(Qiagen Inc., Valencia, CA), as described in Schreier et al. 
(2013b).

DNA amplification and genotyping

Polymerase chain reaction (PCR) was used to amplify DNA 
at 13 microsatellite loci. Amplification of AciG 2, AciG 35, 
AciG 52, AciG 53, AciG 110, AciG 140, Atr 105, Atr 107, 
Atr 109, Atr 117, Atr 1101, Atr 1173, and As015 followed 
previously published procedures (Rodzen and May 2002; 
Schreier et al. 2011) with the exception that bovine serum 
albumin was added at a volume of 1 unit per PCR reaction 
for all loci. No reactions were multiplexed for PCR, but PCR 
products were pooled for genotyping.

Fragment analysis was conducted on an Applied 
 Biosystems® 3730xl DNA Analyzer (Thermo Fisher Sci-
entific Inc., Wilmington, DE). For tissue samples, 1.0 µL 
of PCR product was added to 8.8 µL of formamide and 0.2 
µL of Rox 400 HD size standard. For embryos, 2.0 µL PCR 
product was mixed with 7.8 µL of formamide and 0.2 µL of 
Rox 400 HD size standard. GeneMapper versions 4.0 and 
5.0 (Thermo Fisher Scientific Inc., Wilmington, DE) were 
used to call genotypes. Microsatellite genotypes were then 
converted to a dominant marker format where each allele 
was coded as a present–absent dominant locus following 
Rodzen et al. (2004).

Data analysis

Genetic variation

Because white sturgeon are evolutionary octoploids (Drauch 
Schreier et al. 2011), up to 8 copies of a given microsatellite 



Conservation Genetics 

1 3

are present in a genotype. However, we are only able to dis-
tinguish between distinct alleles and multiple copies of the 
same allele cannot be recorded. As such, some standard 
measures of variation, such as heterozygosity and allele 
frequency, are precluded from this analysis. Instead, we 
calculate the total number of alleles  (NA) present in each 
cohort and in all samples collectively, as well as the num-
ber of alleles per locus per individual  (NAvg), a proxy for 
heterozygosity, using GenAlEx version 6.503 (Peakall and 
Smouse 2006, 2012). We investigated differences in number 
of alleles per locus and  NAvg between the 2011 year class 
and repatriation-based samples using the Wilcoxon-signed 
rank test (Woolson 2008), a non-parametric statistical test 
with a sequential Bonferroni correction used to adjust alpha 
for multiple tests (alpha lowered to 0.017). However, we did 
not use statistical tests to compare genetic diversity metrics 
between repatriation samples and broodstock. Broodstock 
groups used in a given year represent the entire pool of 
genetic diversity from which offspring could be spawned, 
and therefore represent a population in the statistical sense, 
making measurements of genetic diversity from those popu-
lations parameters. On the other hand, the repatriation and 
2011 year class individuals represent samples taken from 
the larger populations of all individuals in those cohorts, so 
measurements of genetic diversity are parameter estimates. 
As such, inferential tests of significance are inappropriate for 
comparisons between parameter estimates and true param-
eters measured from broodstock.

Estimating number of spawners  (Ns)

A preliminary study estimating  Ns in Bliss Reach white 
sturgeon used relatedness coefficients to infer full-sibling 
families (Drauch Schreier et al. 2009). However, pairwise 
relatedness values can exhibit high variance and pedigree-
reconstruction methods such as the maximum-likelihood 
approach implemented in Colony (Jones and Wang 2010) 
may be more accurate for reconstructing families (Santure 
et al. 2010). The use of Colony to reconstruct pedigrees for 
polyploid datasets has been validated by others (Wang and 
Scribner 2014) and applied previously to white sturgeon 
data (Jay et al. 2014). Therefore, we opted to estimate  Ns in 
the 2011, 2015, and 2016 cohorts by reconstructing pedi-
grees in Colony and calculating the number of parents based 
on the number of full sibling families present in the data. 
Consistent with the findings of Ackerman et al. (2017), we 
have observed that Colony does a poor job of reconstructing 
half-sibling families and therefore we decided to base our 
estimate on full-siblings only. Two unique spawners were 
counted for each full sibling family and for each individual 
found to be unrelated to all others in the dataset.

We found that to validate Colony’s success at recon-
structing full-sibling families and calculating accurate  Ns 

estimates, we had to define which reconstructed families 
to accept. To distinguish between reconstructed families of 
high and low statistical support, we relied upon the inclu-
sive and exclusive probability values reported in the BestFS-
Family output files from a Colony run. The inclusive prob-
ability, or chance that a family truly belongs together, and 
exclusive probability, or the chance that other individuals in 
the data do not belong in the family, together defined fami-
lies that were most likely true full-siblings and represented 
unique spawners. Families that did not meet our inclusive 
probability threshold would be counted as separate individu-
als for calculating  Ns, and families that did not meet our 
exclusive probability thresholds would be ignored for analy-
sis on the assumption that the spawners for those individu-
als are represented in other families with higher exclusive 
probability values.

To explore thresholds for inclusive and exclusive prob-
ability values and validate that our results reflect the true 
 Ns in our samples, we sought to use training data of known 
parentage. However, we lacked genotype data from crosses 
of known parentage from the Snake River, where the genetic 
diversity in the training data would match the genetic diver-
sity in our data of interest. One possibility would have been 
to genotype offspring from broodstock, but in that circum-
stance we would have been limited to data sets representing 
few spawners. As such, we decided to simulate Bliss Reach 
crosses and resulting progeny using genotypes from the 2015 
repatriation cohort as “spawners.” This method also allowed 
the simulation of family configurations of varying complex-
ity to be tested as well, which was helpful because we did 
not assume either simple or complex sibling structure in our 
repatriation or wild cohorts.

Custom R and Python scripts (Python Software Founda-
tion; R Core Team 2017) were used to generate 55 progeny 
genotypes from random crosses of individuals from the 2015 
repatriation cohort. We created five different family con-
figurations with increasing complexity: simpler configura-
tions had more spawners and fewer half-siblings while more 
complex configurations had fewer spawners and more half-
siblings. Colony input files were created using custom R 
scripts modified from Ackerman et al. (2017) with random 
number seeds between 1 and 100,000.

Colony run settings included male and female polygamy 
(to match polygynadrous mating behavior of white sturgeon; 
Hildebrand et al. 2016), dioecy, and diploidy (because domi-
nant data were present/absent; Wang and Scribner 2014). We 
performed medium length runs using a full-likelihood analy-
sis method with high likelihood precision, allele frequency 
estimations were updated, sibship scaling was allowed, and 
no prior was used for sibship size. To mimic the data avail-
able from wild and repatriation cohorts, we provided no can-
didate male or female genotypes. Allelic dropout rates were 
based on a previous study (Schreier, unpublished data). The 
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genotyping error rate, which includes stochastic errors such 
as mutations, miscalls, false alleles, and other errors (Wang 
2004) was 0.04 as suggested for dominant microsatellite data 
by Wang and Scribner (2014).

Input files with these settings were then used with a cus-
tom Bash script to run Colony in parallel on a computing 
cluster at the University of California, Davis. We performed 
100 Colony runs of 10 replicates each on the five training 
data sets. While each of the 100 Colony runs reconstructed 
10 replicate pedigrees, per the Colony user’s guide, the 
results of different runs are incorporated into the maximum 
likelihood and uncertainty estimates, so 10 replicate run 
results are combined to provide more accurate pedigrees. 
As such, while Colony ran 1000 times on each of the five 
training data sets, only the 100 separate runs were truly inde-
pendent estimates.

For the 100 BestFSFamily output files from each of our 
Colony runs on the simulated datasets, we used a custom R 
script to calculate  Ns for identifying optimal inclusive and 
exclusive probability values. This script iterates through any 
number of BestFSFamily Colony output files where parent-
age is known and explores how probability thresholds reflect 
the true  Ns, how many unrelated and half-siblings are erro-
neously grouped as full siblings by Colony (non-sib error, 
half-sib error), and how many true full-sibling families were 
erroneously split into unrelated individuals (split full-sib 
error). In other words, it calculates success, false positive, 
and false negative rates for Colony’s reconstructions of full-
sibling families. By testing different inclusive and exclusive 
probability values, we iteratively developed thresholds that 
minimized false positive and false negative error rates while 
maximizing success rates, or accuracy, and precision of our 
 Ns estimates.

We selected an inclusive probability threshold of 0.40 
because this value balanced accuracy of family configura-
tions while minimizing split full-sib error (Table 1). We 

selected two thresholds for exclusive probability at 0.12 
and 0.25 after observing that bias was present for estimated 
 Ns to lay above or below the true  Ns at different exclusive 
probability values. Selecting these two exclusive probability 
thresholds resolved this upward or downward bias in our  Ns 
estimates by reporting a minimum and maximum  Ns pre-
sent in each data set. Generating these exclusive probabil-
ity thresholds was an iterative process as we tested various 
thresholds by seeking to maximize accuracy while also pro-
viding  Ns ranges with levels of precision useful for conserva-
tion managers. In other words, we tested multiple exclusive 
probability thresholds to produce the smallest ranges that 
encompassed the true number of spawners in five simulated 
data sets a minimum of 95% of the time. We settled on a 
0.25 exclusive probability threshold, which in combination 
with the 0.40 inclusive probability threshold, determined the 
lower bound of our  Ns range estimate, while a 0.12 exclu-
sive probability threshold combined with the 0.40 inclusive 
probability threshold determined the upper bound of our  Ns 
range estimate. These probability thresholds applied to 100 
replicate results for the five simulated training data sets pro-
duced a range of  Ns estimates for each simulated dataset in 
which in which the true number of spawners fell 96–100% 
of the time (Table 1).

With threshold values determined, we then ran Colony 
on the 2011, 2015, and 2016 cohorts 100 times with 10 
replicates each run on a computing cluster at the Univer-
sity of California, Davis, following our procedure with the 
simulated data sets. To analyze the data, we used a custom 
R script incorporating the inclusive and exclusive prob-
ability thresholds established by testing the simulated data 
sets, generating a range of  Ns estimates for each cohort. All 
scripts used in the process of generating simulation data, 
running replicate Colony analyses, and analyzing Colony 
outputs are available at https ://githu b.com/BioMa tt/White 
-Sturg eon-Colon y.

Table 1  Actual (true)  Ns and estimated  Ns for five training datasets generated from random simulated crosses of genotypes from the 2015 cohort

An inclusive probability threshold of 0.40 and two exclusive  Ns threshold (Excl.  Ns) were applied to the BestFSFamily Colony output. Any 
families with probabilities below the one inclusive and two exclusive probability thresholds were ignored when calculating  Ns. Success rate rep-
resents how many times the true  Ns fell within the reported  Ns range out of 100 runs, non-sib error represents the proportion of families where 
unrelated individuals were reported as full-siblings, and half-sib error is the proportion of families where half-siblings were reported as full-
siblings. Split-sib error represents the proportion of separate families that contained full-siblings out of every family represented by a data set

True  Ns 0.25 Excl.  Ns 0.12 Excl.  Ns Success rate Non-sib error Half-sib error Split-sib error

Very simple 50 28 78 1 0.008 0.100 0.18
Simple 31 17 58 1 0 0 0.58
Middling 30 17 59 1 0 0 0.58
Complex 29 12 39 0.96 0.011 0.012 0.78
Very complex 10 3 19 0.99 0 0.060 0.96

https://github.com/BioMatt/White-Sturgeon-Colony
https://github.com/BioMatt/White-Sturgeon-Colony
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Results

Success of PCR amplifications

We only used samples for genetic analysis with sufficiently 
high DNA quality to amplify 11 out of 13 microsatellite 
loci. Of the 213 embryos and 47 larvae DNA extractions 
attempted in 2015, 30 and 36 samples, respectively, met 
this threshold. In the 2016 tissue samples, all 55 succeeded 
at 11 loci or more.

Genetic variation

The 2011 wild cohort and the repatriated cohorts all pos-
sessed more alleles than the broodstock cohorts (Table 2). 
The wild and repatriation cohorts also represented a 
greater proportion of the number of alleles present in the 
Bliss Reach (121; Schreier et al. 2013b)) than the brood-
stock samples (Table 2). The total number of alleles per 
locus ranged between 1 (Atr 1101, 2017 Broodstock) and 
17 (Atr 109, 2015 embryo/larval; Table 3).  NAvg, a proxy 
for heterozygosity, ranged between 1.00 (Atr 1173, 2017 
Broodstock) to 6.20 alleles (AciG 35, 2016 Broodstock; 
Supplementary Table 1). The 2015 and 2016 repatriation-
based samples did not significantly differ from the 2011 
wild samples in  NA or  NAvg using the Wilcoxon signed-
rank test (Table 4, Supplementary Table 2).

Table 2  Sample size (N), number of alleles  (NA), proportion of 
alleles captured in a cohort out of 121 total alleles in the population 
 (NP), and mean number of breeders  (Ns) calculated for the 2011 wild 
cohort and the 2015 and 2016 repatriation cohorts

Mean  Ns estimates are reported as ranges, with the lower bound 
defined by an exclusive probability of 0.25 from Colony and an 
upper bound at exclusive probability 0.12. Sample size and number 
of alleles represented by the six adults captured for broodstock-based 
captive breeding in 2016 and 2017 are listed for comparison. In every 
comparison, the number of spawners available for broodstock is lower 
than the estimated number of spawners in the repatriation cohorts

N NA NP (%) 0.25 Exc.  NS 0.12 Exc.  NS

2011 Wild 194 105 87 27 166
2015 Embryos/

larvae
66 107 88 36 98

2016 Larvae 55 101 83 24 82
2016 Broodstock 6 82 68 – –
2017 Broodstock 6 77 64 – –

Table 3  Number of alleles per 
locus at thirteen microsatellite 
loci in five white sturgeon 
samples

See Table 2 for sample sizes

2011 Wild 2015 Embryos/larvae 
Embryos/larvae

2016 Larvae 2016 Brood-
stock

2017 
Brood-
stock

AciG 2 4 5 4 4 3
As015 6 6 6 6 4
AciG 35 12 11 12 10 10
AciG 52 13 14 14 11 10
AciG 53 6 5 5 3 4
Atr 105 5 6 5 5 4
Atr 107 11 10 10 10 10
Atr 109 15 17 16 8 8
AciG 110 7 8 7 7 4
Atr 117 11 9 9 6 10
AciG 140 4 4 3 3 3
Atr 1101 3 3 3 2 1
Atr 1173 8 9 7 7 6

Table 4  Wilcoxon signed-rank test results comparing the number of 
alleles per locus between samples

Test statistic W is below the diagonal while above the diagonal are 
P-values
Alpha was adjusted to 0.017 by sequential Bonferroni to account for 
multiple tests

2011 Wild 2015 
Embryos/
larvae

2016 Larvae

2011 Wild 0.66 > 0.05
2015 Embryos/larvae 9 > 0.05
2016 Larvae 14 21
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Number of spawners

In the simulated data with known crosses, the inclusive prob-
ability threshold of 0.40 avoided false full-sibling families 
made of unrelated individuals except in few cases (Table 1), 
such as an erroneous family shown in Table 5. This family 
includes individuals created from crosses 46 × 63 and 2 × 34, 
but because their 0.08 exclusive probability is below our 
thresholds, they are ignored for any calculations of  Ns. As 
expected, Colony did split some full sibling families into 
multiple half-sibling families, some of which were counted 
as multiple full-sibling families in our  Ns calculation 
(Table 1). This unavoidable phenomenon was controlled in 
many cases by the conservative exclusive probability thresh-
old of 0.25, although in a few cases true full-siblings were 
counted as unrelated individuals. Nevertheless, in the more 
complex training data sets the true  Ns was rarely outside of 
the calculated range of  Ns values (Wang and Scribner 2014; 
Tables 1, 5).

In the 2015 cohort (N = 66), using our inclusive and 
exclusive probability thresholds we calculated an  Ns of 36 to 
98 (Table 2), while in the 2016 repatriation cohort (N = 55), 
we found an  Ns of 24–82. For the 2011 cohort (N = 194), we 
found  Ns to be between 27 and 166.

Discussion

Genetic variation

Genetic diversity metrics in the 2015 and 2016 repatriation 
samples and 2016 and 2017 broodstock show that a repa-
triation-based approach can capture more genetic variation 
than broodstock-based captive breeding (Tables 2, 3, 4). For 
instance, the number of alleles is consistently greater for 
repatriation-based cohorts from 2015 and 2016 compared 
to the 2016 and 2017 broodstock cohorts, and each of the 
repatriation and wild cohorts captured a greater proportion 
of Bliss Reach genetic diversity than the broodstock samples 
(Table 2). These findings indicate that even if full facto-
rial crosses were performed with broodstock, more genetic 
diversity would be represented by capturing wild embryos 
and larvae, and repatriation samples better represent the total 
genetic diversity in Bliss Reach.

We included the 2011 wild year class in our study as a 
representation of the genetic diversity present in a naturally 
reproduced cohort of white sturgeon, without any supple-
mentation in the form of either broodstock or repatriation. 
In comparing genetic diversity metrics between repatriation 
cohorts and this 2011 wild year class, we found no difference 
in the number of alleles, that a similar proportion of genetic 
variation was captured, and  Ns ranges overlapped between 
repatriation cohorts and the wild cohort (Tables  2, 4). 

Therefore, we conclude that a repatriation-based approach 
to supplementation or reintroduction in the Bliss Reach rep-
resents similar levels of genetic diversity as a wild produced 
cohort.

Our findings about the strengths of a repatriation approach 
over a broodstock-based approach are also consistent with 

Table 5  One full-sibling family configuration from the complex train-
ing dataset

These results are taken from the BestFSFamily output file and rep-
resent the most likely full-sibling family configurations for a single 
output from 10 replicate runs of Colony. Inclusive and exclusive 
probabilities are reported, with individual progeny names indicating 
parentage. For instance, “13 × 26” represents the offspring of “indi-
vidual 13 crossed with individual 26.” Results are sorted by descend-
ing exclusive probability values.
In bold is a half-sibling family of spawners 6, 10, and 65 who were 
erroneously grouped together by Colony, but because of an inclusive 
probability threshold < 0.40, were split for calculating  Ns

Inclusive 
probabil-
ity

Exclusive 
probabil-
ity

Member 
1

Member 
2

Member 
3

Member 4

0.72 0.52 13 × 26 13 × 26 13 × 26
0.98 0.46 5 × 50 5 × 50
0.73 0.44 3 × 45 3 × 45 3 × 45
1.00 0.42 16 × 41
0.71 0.33 6 × 43 6 × 43 6 × 43
1.00 0.33 4 × 36
1.00 0.32 4 × 36
0.78 0.23 31 × 6 31 × 6
1.00 0.21 46 × 63
1.00 0.20 3 × 45
1.00 0.19 16 × 41
1.00 0.19 5 × 50
0.78 0.19 42 × 43 42 × 43 42 × 43
0.38 0.18 6 × 10 10 × 65 10 × 65
1.00 0.17 6 × 43
1.00 0.17 8 × 7
1.00 0.15 10 × 65
1.00 0.14 33 × 53
1.00 0.12 31 × 40
1.00 0.11 6 × 10
0.93 0.11 42 × 43 42 × 43 42 × 43
0.84 0.10 9 × 58 9 × 58 9 × 58 9 × 58
1.00 0.10 42 × 43
1.00 0.09 30 × 27
1.00 0.09 42 × 43
0.50 0.08 46 × 63 2 × 34 2 × 34
1.00 0.08 2 × 34
1.00 0.08 42 × 43
0.67 0.07 2 × 34 2 × 34
0.35 0.05 9 × 58 9 × 58 9 × 58 9 × 58
0.33 0.03 42 × 43 2 x 34
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the findings of Crossman et al. (2011), specifically in how 
offspring from naturally produced embryos and larvae 
were less related and had lower co-ancestry estimates than 
offspring produced by a direct gamete-take approach in 
lake sturgeon (Acipenser fulvescens). Naturally produced 
embryos and larvae studied by Crossman et al. (2011) are 
analogous to our embryo and larval samples meant for repa-
triation, while the offspring produced from a direct gamete 
take approach in Crossman et al. (2011) are analogous to the 
broodstock analyzed in this study.

Number of spawners,  Ns

While  Ns in a broodstock-based program is straightforward 
to calculate, because crosses and family groups are known, 
calculating the number of spawners in unknown systems is 
subject to bias, based on the assumptions made and thresh-
olds used when analyzing reconstructed pedigrees. This 
is a particular problem with dominant genetic datasets for 
which analysis accuracy is lowered due to loss of statistical 
power (Wang and Scribner 2014). Colony’s tendency to split 
full-sibling families into multiple families (split sib error) in 
dominant genetic datasets can lead to an upward bias in  Ns. 
Misidentifying half-siblings as full-siblings (half-sib error) 
can lead to a downward bias in  Ns. To address the effects of 
bias on our  Ns estimates, we report  Ns as a range of values 
generated from the application of inclusive and exclusive 
probability thresholds that balances split sib and half sib 
error. We have shown with simulations that our  Ns ranges 
will include the true number of spawners 96–100% of the 
time. We believe that providing a range of  Ns estimates to 
conservation practitioners is of greater value than providing 
a single estimate that we know to be biased, and because a 
range of values presents uncertainty in the data that a point 
estimate cannot on its own. In this case, the lower bound 
of  Ns may be useful for managers because this conserva-
tive estimate of  Ns still shows a greater number of spawn-
ers captured by repatriation-based supplementation than 
broodstock-based supplementation (Table 1).

One bias in our particular analysis that could not be con-
trolled by application of probability thresholds was intro-
duced by the fact that only a small proportion of samples 
from the 2015 cohort could be analyzed and therefore, the 
true  Ns of that cohort may be higher than we report. Only 
embryos at approximately stage 18 and above (following 
Dettlaff et al. 1993) successfully amplified in the 2015 sam-
ples, so any full-sibling families represented by embryos 
below that stage would not be captured in our analysis. 
Embryos from individuals spawning late in the season may 
not have been genotyped for Colony analysis but would 
nonetheless have been available for a potential repatriation 
program. This particular bias is less likely in the 2016 cohort 
because a much higher proportion of samples was genotyped 

successfully, and  Ns is likely more representative of what 
was truly captured by repatriation sampling.

In any case, the number of spawners represented by repa-
triation is certainly higher than the six breeders used per year 
in broodstock-based supplementation (36 and 24 minimum 
 Ns for 2015 and 2016 repatriation respectively, compared 
to 6 spawners for broodstock; Table 2). While the Middle 
Snake River broodstock-based program is small relative to 
other white sturgeon propagation programs, the minimum  Ns 
represented by the 2015 repatriation cohort is still greater 
than the number of broodstock used each year in the larg-
est white sturgeon captive breeding programs. For example, 
the Kootenai Tribe of Idaho white sturgeon conservation 
aquaculture program, which has been operating since the 
1990s (Ireland et al. 2002), has used an average of 34 brood-
stock per year since they began operating a second hatchery 
facility in 2015 (S. Young, Kootenai Tribe of Idaho, pers. 
comm.). Likewise, when the Upper Columbia River white 
sturgeon conservation aquaculture program used a brood-
stock-based approach, the maximum number of broodstock 
used in any one year was 21 (Schreier 2012), less than the 
minimum number of spawners represented by either repa-
triation cohort. A study by Jay et al. (2014) which estimated 
the number of spawners contributing to wild white stur-
geon cohorts in the Upper Columbia River reported similar 
estimates of  Ns relative to number of sampled individuals, 
providing more evidence that the number of spawners repre-
sented by repatriation can reflect natural spawning activity.

Applicability to other systems

This study simulates crosses of known parentage to explore 
pedigree reconstruction accuracy using the genetic diversity 
present in a population of interest and develops a method for 
high throughput replication to select appropriate probability 
thresholds for accurate estimation of minimum and maxi-
mum  Ns. While polyploid organisms such as white sturgeon 
are challenging for pedigree reconstruction methods, and our 
tools attempt to address those challenges, these approaches 
need not be unique to white sturgeon, or polyploid species 
in general. This method of validating replicated progeny 
array reconstruction with simulated data can be applied to 
organisms of any ploidy. Finally, these tools can simulate 
data of varying levels of complexity to allow researchers 
to explore different types of mating systems and circum-
stances in breeding ecology in systematic and robust ways 
that explicitly report biases.

Results presented here indicate that embryo and larval-
based repatriation captures more genetic diversity than 
does broodstock spawning in white sturgeon and repre-
sents similar levels of genetic variation found in a wild 
cohort. In river systems where spawning sites are well-
characterized, accessible, and have habitat appropriate for 
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spawning and embryo and/or larvae viability, repatriation 
is an ideal approach for captive breeding of this species. 
However, we recognize that repatriation may not be appro-
priate for white sturgeon in some systems due to logistics 
or where near total recruitment failure produces very few 
wild progeny that could be collected for captive rearing 
(Paragamian et al. 2005).

Other imperiled species with life history characteristics 
similar to white sturgeon may benefit from a repatriation 
approach. Repatriation would be most effective in highly 
fecund species with low parental care that would produce 
many unguarded offspring for collection from accessible 
locations, such as some fishes, amphibians, and reptiles. 
Less fecund species may require an infeasible amount of 
sampling effort to represent many breeders and an accept-
able level of genetic diversity for conservation purposes. 
Repatriation would also not be useful in species that require 
high parental care or have complex social structures, such 
as many mammals and birds. In these cases, a more tradi-
tional “broodstock-based” captive breeding program may 
be more practical. Because embryo or larval sampling is 
the most feasible for a white sturgeon repatriation program, 
we did not test sampling at other life history stages or ages. 
But for a different species, sampling at an older or larger 
stage may be more appropriate for capturing both genetic 
diversity and releasing an adequate number of individuals 
for conservation purposes. Finally, repatriation almost cer-
tainly captures fewer individuals than the number that may 
be released from fecund species when breeders are taken into 
captivity. In situations where population size is of the utmost 
concern, such as with critically imperiled species where few 
individuals remain, repatriation may be less a less effective 
means for rescuing these populations than capturing adults 
and breeding them in captivity. However, for species at risk 
with the appropriate characteristics, repatriation-based sup-
plementation or reintroduction programs should be pursued 
to maximize genetic diversity conservation and limit the 
effects of artificial selection imposed by captive conditions.
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