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Abstract

Since 2004, seven spawning reefs have been constructed in the St. Clair-Detroit River system to remediate lost
spawning habitat and increase recruitment of Lake Sturgeon Acipenser fulvescens. Assessment of management actions
by collecting and enumerating eggs and larvae provided evidence of spawning Lake Sturgeon and survival of eggs
until larval dispersal at constructed reef sites. However, the number of spawners contributing sampled offspring (/V,),
effective number of breeders (/V;), and extent of larval dispersal was unknown. Genetic reconstruction of familial rela-
tionships assigned eggs and larvae (n = 725) collected in 2015 and 2016 to full- and half-sibling groups and estimated
N, Np, and genetic connectivity. We used a modified COLONY simulation module to simulate and convert 18
microsatellite loci (13 disomic and 5 polysomic) to 205 dominant present/absent markers to increase marker number
and familial assignment accuracy in family reconstruction analysis. We assessed COLONY's ability to accurately
infer familial relationships across small (n =50), moderate (n=125), and large (n =750) larval sample sizes using
two assumed allele frequency distributions for polysomic loci. We found that with fewer offspring sampled, COLONY
underestimated /NV; and with large sample sizes overestimated /N, However, estimates were usually within 12-16% of
the simulated true /NV,. Across reefs, estimates of /N, were 151 in 2015 and 208 in 2016, and /V, was similar (158 in
2015 and 198 in 2016). Evidence of full- and half-sibling larvae collected at multiple locations indicated that
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individual Lake Sturgeon spawned at multiple locations within years and larvae dispersed considerable distances. Esti-
mating /V,, V,, larval dispersal, and inferred genetic connectivity between locations provides managers with population
demographic parameters to assess habitat remediation projects. Continued monitoring, including genetic family recon-
struction, may provide insight into the long-term effects of constructed spawning habitat on recruitment and popula-

tion-level genetic diversity.

Conservation efforts for threatened and endangered
species are often constrained by aspects of a species’ ecol-
ogy and abundance and by the complexity of habitats they
occupy. One example is Lake Sturgeon Acipenser ful-
vescens, which was once abundant in the Great Lakes
region and Mississippi River basin (Thomas and Haas
2002). However, overharvest and habitat degradation
resulted in declines in Lake Sturgeon population abun-
dance and distribution (Auer 1996; Roseman etal. 2011).
Currently, most Lake Sturgeon populations are estimated
to be at less than 1% of historic abundance (Auer 1996;
Hay-Chmielewski and Whelan 1997) or have been extir-
pated.

The St. Clair-Detroit River system (SCDRS) is
believed to contain one of the largest remnant populations
of Lake Sturgeon in the Great Lakes (Thomas and Haas
2002). However, assessment work throughout the SCDRS
identified a lack of spawning habitat as a limiting factor
for conservation of lithophilic spawners, including Lake
Sturgeon (Hondorp etal. 2014; Manny etal. 2015). In
response to this conservation need, seven spawning reefs
have been constructed in the SCDRS since 2004 to reme-
diate lost spawning habitat (Manny etal. 2015). Assess-
ments to verify use by spawning Lake Sturgeon detected
eggs on the new reefs, where few or no eggs were detected
prior to construction, indicating that Lake Sturgeon
immediately used the artificial reefs for spawning follow-
ing initial construction (Roseman etal. 2011; Bouckaert
etal. 2014; Manny et al. 2015; Prichard et al. 2017; Fischer
etal. 2018). Additional assessment during the larval drift
period demonstrated that Lake Sturgeon eggs deposited
on the reefs survived to the larval drift stage (Roseman
etal. 2011; Bouckaert et al. 2014).

Recruitment to the larval stage is one measure of suc-
cess for the constructed spawning reefs (McLean etal.
2015). However, if spawning adults formerly dispersed
across the few remaining spawning sites become spatially
and numerically distributed over a larger number of smal-
ler spawning sites there is a potential for depensatory
effects. Genetic diversity may be reduced by limiting the
number of mates that individuals encounter if compara-
tively fewer individuals spawn at each of the expanded
number of individual reefs. Additionally, Lake Sturgeon
females and males are polygamous broadcast spawners,
and a reduction in individual reproductive success could

result from density-dependent reductions in fertilization
rates (e.g., sperm limitation), which have been observed in
other broadcast spawners (Levitan and Petersen 1995;
Levitan 2004). However, depensatory effects may be over-
come if adults spawn in more than one location in a single
spawning season. Spawning in multiple locations may con-
tribute to a beneficial spawning portfolio effect (Schindler
etal. 2010). Spawning portfolio effects may buffer against
population-level loss of recruits and genetic diversity by
mitigating stochastic mortality events at individual spawn-
ing locations. Additionally, concern exists regarding the
fate of larvae following hatch and larval dispersal. Little
is known about the dispersal of Lake Sturgeon larvae in
this or other large river systems or of habitats required
following drift for growth and survival to the juvenile
stage (Boase etal. 2014). Therefore, questions remain
regarding the following: (1) how many spawners con-
tribute offspring at a reef, (2) whether adults spawn in
more than one location in a single year, (3) and what dis-
tance larvae disperse through the SCDRS.

Genetic techniques such as family reconstruction can
provide important information to address management
questions (Baetscher et al. 2018; Steele et al. 2019) by iden-
tifying individuals and family groups to estimate ecologi-
cal and evolutionary parameters required for assessment
and monitoring (Schwartz etal. 2007). Using genetic data
to reconstruct familial relationships, the number of spawn-
ers contributing sampled offspring (N,), the effective num-
ber of breeders (»,), and the mean and variance in
individual reproductive success of adults contributing off-
spring at a location can be estimated, within and across
years (e.g., Williamson etal. 2010; Duong et al. 2013; Sard
etal. 2015). Estimates of N,, N,, and reproductive success
(mean and variance) can quantify levels of use of con-
structed reefs by spawning Lake Sturgeon and are essen-
tial means of measuring postconstruction recruitment. The
Ny quantified in a sample of progeny (eggs or larvae) can
provide a relative index of reef use that can be compared
among reefs and over time, assuming equal sampling and
catchability between sites and years. The effective number
of breeders is the breeding population size within a single
spawning season, where the rate of change in allelic diver-
sity is equal to the rate of change by genetic drift alone
(Wright 1931). Despite that N, refers to a population and
Ny refers to a sample drawn from the population, N, is
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typically lower than N, due to skewed sex ratios and vari-
ance in individual reproductive success (Waples 1990).
When N, is low, the risk of population-level losses of
genetic diversity increases due to a large proportion of off-
spring being contributed by a relatively small number of
spawning adults. Estimates of variation in reproductive
success and measures of genetic diversity are also impor-
tant metrics to inform management and help guide future
habitat remediation efforts.

Knowledge of larval dispersal distances from spawning
sites, residence times in different river sections, and habitat
features associated with larval growth and survival are
also critical information needs. In large barrier-free river
systems such as the SCDRS, sampling is difficult, and it is
possible for larvae to disperse great distances from their
spawning location. Without the application of genetic
family reconstruction, estimating the degree to which lar-
vae disperse from local spawning reefs in large barrier-free
river systems such as the SCDRS would be infeasible.
Here we used inferred sibship (full-sibling, half-sibling,
and nonsibling) relationships of larvae collected as eggs
from spawning reefs and dispersing larvae subsequently
captured in downstream nets to describe patterns of larval
dispersal. Quantifying larval dispersal distance may inform
placement of future habitat remediation efforts in large
river systems and allow for identification of juvenile rear-
ing habitat within the dispersal range of current or pro-
posed constructed spawning sites.

The overall objective of this study was to estimate N
and N, to quantify spawning success and recruitment
dynamics of adults contributing offspring at constructed
reefs. Specifically, we used genetic family reconstruction
(1) to estimate the minimum number of adults contribut-
ing sampled offspring at constructed spawning reefs (N),
(2) to estimate the effective number of breeders (N,) and
the mean and variance in individual reproductive success,
(3) to determine if adults spawned at multiple locations
within a spawning season, and (4) to describe patterns in
larval dispersal between reef sites.

METHODS

Study area.—The SCDRS is a 145-km, barrier-free
waterway flowing from Lake Huron into Lake Erie that
includes the St. Clair River, Lake St. Clair, and the
Detroit River (Figurel). The system has been heavily
modified by dredging of shipping channels, draining of
wetlands, and hardening of riparian areas to accommo-
date anthropogenic uses. The St. Clair and Detroit rivers
were declared Great Lakes Areas of Concern in 1987 due
in part to the loss of fish and wildlife habitat. Construc-
tion of shipping channels in the SCDRS has resulted in
the removal of 46.2 million cubic meters of substrate, and
disposal of those dredge spoils has resulted in the burial

of approximately 4,000 ha of benthic habitat (Bennion
and 2011). Subsequently, the number of known Lake
Sturgeon spawning sites was reduced from 15 to 3 (Good-
year etal. 1982; Manny and Kennedy 2002; Nichols et al.
2003). Despite impairments, the SCDRS is believed to
contain one of the largest remnant populations of Lake
Sturgeon (Thomas and Haas 2002) in the Great Lakes.
The largest naturally occurring spawning location is
thought to be at the head of the St. Clair River under the
Blue Water Bridge, Port Huron, Michigan (Manny and
Kennedy 2002). Additional spawning sites have been
detected in the North Channel of the St. Clair River
(Thomas and Haas 1999; Manny and Kennedy 2002) and
near Zug Island in the Detroit River (Manny and Ken-
nedy 2002; Caswell et al. 2004). The results of these exten-
sive efforts to locate natural spawning areas for Lake
Sturgeon in the SCDRS identified lack of spawning habi-
tat as a factor limiting Lake Sturgeon spawning success
(Manny etal. 2015).

To increase suitable spawning habitat for lithophilic
spawners such as Lake Sturgeon, seven spawning reefs
were constructed with 8-15-cm-diameter fractured lime-
stone throughout the SCDRS (Manny etal. 2015). To
document the use of the newly constructed reefs by
spawning Lake Sturgeon, eggs and drifting larvae were
sampled postconstruction for 2years. Three newly con-
structed reefs were sampled in 2015 and 2016. Harts Light
reef, constructed in 2014 and sampled in 2015 and 2016,
is the northernmost constructed reef site in the St. Clair
River (Figure1). Harts Light reef is 1.5ha in size with
water depths exceeding 16 m and stream flow at the time
of drift up to 1.4 m%s. Downstream from Harts Light reef
is Pointe Aux Chenes reef (Figure 1). Also constructed in
2014 and sampled in 2015 and 2016, this 0.6 ha reef was
down to 15m deep, with stream—flew at the time of larval
dispersal up to 1.2m?¥s. Further downstream from Pointe
Aux Chenes reef in the St. Clair River were the North
Channel and Middle Channel control sites (Figure 1) that
were sampled in 2015 and 2016 to assess spawning at
alternate locations and larval dispersal from our study
locations and other upstream spawning locations. Grassy
Island reef was constructed in 2015 in the Detroit River
(Figure 1) and sampled in 2016. Grassy Island reef is a
1.6 ha reef with depths down to 12m and streamflew at
the time of drift up to 0.8 m¥/s. Additional known natural
spawning sites in the study area were in the North Chan-
nel (Maslinkas reef, a historic spawning site) and Middle
Channel (Middle Channel reef, constructed in 2012) of the
St. Clair River, and there is a suspected spawning site (ex-
act location unknown) in the Trenton Channel of the
Detroit River.

Sample collection.— All samples were collected in 2015
and 2016 in the St. Clair River and in 2016 in the Detroit
River. Detailed information on all aspects of field sample
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FIGURE 1. Map of the St. Clair-Detroit River system. The study site location relative to Michigan is shown in the upper left inset. The locations of
each reef sampled are shown on the insets along the right of the figure, and alternate spawning locations are shown on the insets along the left.

collection are provided in the Supplement available in the
online version of this article.

Genetic analyses.— Extraction of DNA followed manu-
facturer's protocol using the QTAGEN DNeasy Blood and
Tissue Kit (QIAGEN). A NanoDrop ND-100 spectropho-
tometer (Nanodrop Technologies, Wilmington, Delaware)
was used to quantify DNA. Prior to amplification using
polymerase chain reaction (PCR), samples were diluted to
20 ng/pL of DNA suspended in sterile water.

The power to assign sibship and subsequently infer
the likely number of parents contributing offspring is

positively correlated with the number and allelic variation
of loci analyzed (Ryman etal. 2006; Wang and Scribner
2014). The use of additional loci has the potential to pro-
vide marked increases in the accuracy of pedigree assign-
ment. Although Lake Sturgeon are polyploid (Fontana et
al. 2004), 13 disomic loci were available for pedigree anal-
ysis. In this study collected individuals were genotyped by
amplifying DNA for 18 microsatellite loci, including the
13 disomic markers LS-68 (May etal. 1997), Afu68b
(McQuown etal. 2002), SplI20 (McQuown etal. 2000),
Aox27 (King etal. 2001), AfuG9, AfuG56, AfuG63, Afu
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G74, AfuGl12, AfuGl160, AfuGl95, AfuG204 (Welsh et al.
2003), Atrl13 (Rodzen and May 2002) and 5 polysomic
markers Atr100, Atrli4, Atrl17 (Rodzen and May 2002),
AciG35, and AciG110 (Bork etal. 2008) that have been
adapted from previous use by our group in similar pedi-
gree reconstruction analyses with White Sturgeon Acipen-
ser transmontanus (Jay et al. 2014).

The PCRs were conducted in 25-puL reactions with 5 pL
of 20ng/uL DNA suspended in sterile water. Reactions
were performed using Ix PCR Buffer (0.1 M Tris-HCI,
0.1 M MgCl,, 0.1 M KCl, 1.0% gelatin, 1.0% NP-40, 1.0%
Triton-X), with additional MgCl, as called for based on
optimizations (0.5 mM for AciG35 and Atrl13; 1 mM for
AfuG68, AfuG68b, AfuG204, Atrl00, AciGl10, AfuGli2,
Atrl14; 1.1mM for AfuG56 and AfuGl95; and 1.5mM
for AfuG9 and AfuG63), 0.2mM of each ANTP (0.216
mM for AfuG56 and AfuG195), 0.4 mM each forward and
reverse primer, and 5 units/uL Tag polymerase (0.75 units
for AfuG204; 0.9 units for AfuG160 and AfuG74; 1 unit
for AfuGes, AfuGI20, AfuGS6, AfuGl195, Atrl00,
AciGl10, Atrll7, Atrll4, AciG35, AfuGl112; 1.25 units for
AfuG68b and Aox27; and 1.5 units for AfuG9 and
AfuG63). The PCR products were then poolplexed and
diluted to standardized concentrations optimal for analysis
at the Michigan State University Research Technology
Support Facility (https://rtsf.natsci.msu.edu/) on an ABI
3730xI DNA analyzer. Allele sizes were determined using
size standards obtained from MapMarker and BioVen-
tures as well as the incorporation of three samples of Lake
Sturgeon DNA with known genotypes with the analysis of
each locus. Results were visualized using Gene Marker
(Softgenetics, State College, Pennsylvania). All genotypes
were independently determined by two experienced lab
personnel to ensure consistency. Loci that were not identi-
cally scored were reanalyzed or were eliminated from fur-
ther analysis by recording them as missing data.
Individuals that failed to amplify at >50% of dominant
presence/absence loci were excluded from further analysis.
Approximately 10% of individuals were regenotyped for
all loci as a further means of quality control. Mean allelic
error rates were calculated at 0.5% and 1.8% in 2015 and
2016, respectively, by dividing the number of allelic differ-
ences between the original genotypes and the 10% error-
check genotypes by the total number of alleles.

Current likelihood methods for pedigree reconstruction
are developed for codominant or dominant markers in
diploid species but not for nondisomic markers in poly-
ploid species. In the latter case, a genotype can be
ambiguous in terms of the number of copies of each
unique allele it contains. To apply current methods for
relatedness and pedigree inferences in polyploid species
such as Lake Sturgeon that are octoploid (Blacklidge and
Bidwell 1993), genotypes of nondisomic markers can be
transformed to pseudo-diploid-dominant genotypes, as

demonstrated by Rodzen etal. (2004) and Wang and
Scribner (2014). Here, allele scores (base pairs) at a
codominant locus were converted to dominant loci, where
presence of the band is indexed by 1 and absence indexed
by 2. For example, a phenotype that has bands at the 3rd,
5th, and 8th allele at a polysomic locus with 12 alleles
would be converted to an array of phenotypes (2, 2, 1, 2,
1,2,2,1,2, 2, 2, 2)at 12 dominant marker “loci.” A total
of 205 alleles were analyzed across 18 microsatellite loci
(13 disomic loci with 124 alleles and 5 polysomic loci with
81 alleles) in 2015 and 2016 for Lake Sturgeon in the St.
Clair and Detroit rivers, resulting in the creation of a vec-
tor with a length of 205 phenotypes for each of 725 indi-
viduals. Resulting vectors were populated using a presence
or absence score of 1 or 2, respectively, and 0 represented
missing data. Vectors for individual genotypes were veri-
fied by first generating the series of vectors for each locus
for each individual through the use of an automated func-
tion created in R (R Core Team 2017) and then hand cod-
ing the same vectors for each locus for a subset of those
same individuals to ensure genotypes were generated
accurately.

Simulations to assess familial assignment accuracy.—
Simulations were used to assess the power of the full-
likelihood method implemented in the program COLONY
(Jones and Wang 2010) for reconstructing pedigrees and
in estimating parameters of interest (familial sibling rela-
tionships, N,) from the reconstructed pedigrees, given the
empirical number of alleles observed (n=205). A modi-
fied simulation program (available in GitHub repository,
see below) previously implemented by Wang and Scrib-
ner (2014) was used in conjunction with custom R scripts
to generate sets of simulated offspring with known poly-
somic genotypes and sibship relationships, using the 18
loci with the number of alleles observed per locus among
SCDRS offspring collected. When offspring are created
via COLONY's simulation module (including that of the
polysomic model in the GitHub repository), all simulated
offspring IDs contain information about the identities of
the simulated parents that produced them. However, to
assess the power of assignment in COLONY analyses
like our empirical data (i.e., no available parent geno-
types in the empirical data), the simulated parents were
assumed unknown and unsampled (i.e., simulated parents
were excluded from simulation analyses). Rather, the
simulated offspring genotypes were converted to pseudo-
dominant presence or absence data and evaluated in
COLONY to assess the program's ability to accurately
infer full-sibling, half-sibling, and unrelated dyads, and
to estimate N, without the help of any parental informa-
tion. From the Best Configuration (pedigree) recon-
structed by COLONY from simulated offspring
genotypes, we compared the inferred and actual parents
of each dyad to identify whether their genealogical
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relationship (full-sibs, half-sibs, nonsibs) were correctly
inferred or not.

Given that we could not estimate allele frequencies
from the ambiguous polysomic genotypes of larvae sam-
pled, we simulated allele frequencies assuming two widely
different allele frequency distributions (uniform and trian-
gular). With a triangular distribution, each locus had fre-
quencies 1, 2, 3, 4,... for alleles 1, 2, 3, 4,..., which were
then normalized such that allele frequencies summed to 1.
Except when loci have different numbers of alleles, loci
have the same allele frequencies. With a uniform allele fre-
quency distribution, the frequency of an allele was a ran-
dom number drawn from a uniform distribution in the
range (0, 1). Again, the allele frequencies at a locus were
normalized such that they summed to 1. In the uniform
distribution, allele frequencies were different between loci,
even when they had the same number of alleles. The idea
of employing the two different allele frequency distribu-
tions in simulations was to show that, given the polymor-
phisms (number of alleles per locus, number of loci) and
individual sampling intensity, and the possible population
structure of our empirical data, sibship can be reliably
inferred independent of the allele frequencies which are
unknown (and difficult to calculate) from the empirical
polysomic genotype data. Simply, if COLONY inferred
similar pedigree results from analyses run using the two
different distributions, given the same set of 18 markers
and other sampling and population parameters, then the
results were deemed reliable and insensitive to allele fre-
quency distributions. Otherwise, the results are dependent
on allele frequencies and our analysis of empirical data
would need to be interpreted with caution.

To further assess whether the marker information is
sufficient or not for pedigree reconstruction and thus
whether the results were reliable or not, the simulated
(and empirical) data were analyzed with and without using
a maternal and paternal sibship prior of average sibship
size = 1. Like other likelihood or Bayesian methods, priors
tend to have a decreasingly small effect on the final result
with an increasing amount of marker information avail-
able to a pedigree analysis (Wang and Santure 2009). The
inference errors of both types, false siblings and false non-
siblings, were compared for the same simulated data ana-
lyzed by COLONY with and without using the sibship
prior.

A central component to the COLONY simulations was
a breeding matrix, constructed with known females (col-
umns j) and males (rows i), and the known number of
offspring from the mating between female j and male i.
The matrix size was determined by the number of females
(Nfemales) and males (Npaies) that successfully reproduced
in each simulation. We evaluated a range of potential val-
ues of Npmates and Npaes €xpected to use constructed
spawning reefs. Thus, we sampled the number of parents

from a uniform distribution ranging from 10 to 500 based
on estimates from empirical data (Hunter 2018). Given
previous studies (Craig etal. 2009; Chiotti etal. 2016),
there is evidence that the operational spawning sex ratio
in the St. Clair River is approximately three to one (males
to female). Thus, we divided the number of parents
(Nparents) into males and females to represent the above
male-biased sex ratio. Once the size of the breeding matrix
was established, for j in 1 t0 Ngmaes columns in the
matrix, the number of males (Npyates) that mated with the
jth female was randomly drawn from a Poisson distribu-
tion (mean and variance in reproductive success, A= 3)
given that there is genetic evidence of polygyny and poly-
andry in Lake Sturgeon (Duong etal. 2013; Dammerman
etal. 2019). Unique males (Npaes) Were then randomly
identified in the breeding matrix and were considered the
mates for the jth female. The number of eggs fertilized
(Nofrspring) for the jth female was sampled from a uniform
distribution in the range of 50,000 to 700,000. The
Nottspring Were then nonrandomly distributed among mated
males by allocating the largest proportion of offspring to
one male, and all following males were allocated fewer
offspring. For example, in the case of a female that pro-
duced 100,000 offspring and mated with three males, the
first male produced 50,000 offspring with the female, and
the second and third males produced 33,333 and 16,667
offspring, respectively, with the female. The random pro-
cess of determining mates per female, described above,
occasionally resulted in a limited number of males not
mating with any females. Thus, the above process was
repeated with any unmated males, except that N ,s were
females rather than males to maintain the desired sex
ratio. After the breeding matrix was created, 50, 125, or
750 offspring were randomly sampled from the total num-
ber of offspring produced by the breeding matrix (0.95 to
48.5 million fertilized eggs, depending on the number of
females in the breeding matrix). These offspring sampling
sizes correspond to the lower, mean, and upper bounds of
sample sizes collected and used for COLONY analysis as
part of this study (i.e., the minimum of 60 offspring from
Pointe Aux Chenes in 2016, mean of 128 offspring across
all individual reef locations in all years, and a maximum
of 725 offspring from all locations combined for 2015-
2016). Subsampling the entire matrix was an important
aspect of the simulation because it reflects the incomplete
sampling of full- and half-sibling families in the wild for
highly fecund species like Lake Sturgeon. The expectation
was that, if the breeding matrix is held constant, the num-
ber of full- and half-sibling dyads would decline as fewer
offspring are sampled, limiting the sibship information
available to inform the full-maximum likelihood method
and making it a more challenging scenario to infer rela-
tionships correctly. For samples of 50, 125, and 750 off-
spring, 100 independent simulated datasets were generated
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for each of two allele frequency distributions (uniform and
triangular), and each data set was analyzed by the pro-
gram COLONY with and without a sibship prior (totaling
1,200 simulated data sets and analyses). All COLONY
analyses were conducted using the Linux installation (col-
ony2s-ifort.out) in parallel on the Michigan State Univer-
sity High Performance Computing Cluster provided by
the Institute for Cyber Enabled Research. Each indepen-
dent COLONY run was initiated using a different random
number seed. The COLONY parameters outlined above
and used in simulations matched those for COLONY runs
with genotypes determined from larvae collected in the
field (see below).

The postprocessing of all Best Configuration pedigrees
for simulated data sets has been described in Sard etal.
(#presy), and its associated Github repository provides a
diagram depicting how preprocessing occurred: https://
github.com/ScribnerLab/SealLampreyRapture/tree/master/a
nalysis/pedigrees/Simulations. In short, we enumerated the
number of parents inferred by counting the number of
unique parents reported in the Best Configuration pedigree
output files, following the completion of each simulation.
The Best Configuration pedigree output files are the final
inferred pedigree outputs (containing the following:
genotyped OffspringlD, putative FatherID, putative
MotherID) inferred by COLONY. Given that unique par-
ents were identified by COLONY, we were able to identify
inferred full-sibling, half-sibling, and nonsibling (unre-
lated) dyads from the Best Configuration pedigree as well.
Known (simulated) parent ID's for each offspring were
compared to inferred parent ID's assigned to each sampled
(simulated) offspring, allowing assessment of the power to
estimate N, and correctly infer dyadic relationships.

We created an assignment matrix for each pedigree that
enumerated all nine possible dyadic relationships. We
determined if known (simulated) full siblings, half siblings,
and nonsiblings were correctly assigned (diagonal boxes in
the matrix), and if not, how they were misassigned (off-
diagonal boxes in the matrix). The assignment matrix
identified potential bias in each of 100 replicate simulated
pedigrees. Importantly, we also compared the estimated
number of unique parents to the known number that was
simulated (N,) for each pedigree. The ratio of estimated
N to known (simulated) N, provides a measure of
expected bias across the parameter space evaluated.

Pedigree analyses of empirical data.— Individual multi-
locus genotypes were analyzed using program COLONY
(Wang 2004) to assign full-sibling, half-sibling, and unre-
lated groups and to infer the most likely number of par-
ents that contributed sampled offspring (N,) and the
effective number of parents (N,) contributing offspring in
egg and larval samples. In COLONY's maximum-
likelihood approach, the relationships among all individu-
als and all possible relationships (i.e., full siblings, half

siblings, and nonsiblings) between each pair of individuals
are considered such that a consistent pedigree that maxi-
mizes the probability of the entire observed genotype data
is found. Unlike the cut-off (threshold) probability
approach that tends to yield much more type II errors
(false negative, false nonsibs) than type I errors (false posi-
tive, false sibs) when power is not high, the full-likelihood
method in COLONY balances type I and II errors and
thus the total number of both types of errors tends to be
minimized in the likelihood inference framework. Esti-
mates of N, and confidence intervals were calculated by
COLONY wusing the “sibship assignment method”
described in Wang (2009) and are based on the frequen-
cies of estimated full- and half-sibling dyads. Estimates of
N were calculated by enumerating the unique putative
parents that were inferred to have contributed offspring at
sampled sites. Sex of putative parents in this analysis was
unknown, but the number of larvae assigned to each par-
ent could be summed. Individual reproductive success was
calculated as the number of eggs or larvae contributed by
a unique putative individual.

Measures were taken to minimize the possibility of
errors due to amplification, scoring, typing, and data
entry. Program COLONY accounts for data errors
described as class 1 error: allelic dropout during PCR
amplification, and class 2 error: mutation, genotyping,
contamination, and data entry (Wang 2004). Mutation
rates (i.e., germ-line mutations in offspring), also
accounted for in COLONY, may be as high as 1.4 x 10>
for microsatellite loci (Talbot etal. 1995; Wang 2004).
However, mutation rates for Lake Sturgeon are not
described in the literature (McDougall etal. 2017) so our
analyses assumed 1% for class 1 errors and 1% for class 2
errors. These error rates were used to account for data
errors and the divergence from Mendelian inheritance cre-
ated by data conversion (from polysomic genotypes to
pseudo-diploid-dominant genotypes; Wang and Scribner
2014). All COLONY runs allowed for multiple mates for
both sexes (polyandry for females and polygyny for
males). Allele frequencies were considered unknown and
were not updated. Simulated and empirical analyses were
conducted with and without use of a sibship prior, and
results were reported for both. Pedigrees were recon-
structed using the full-likelihood approach during a “long”
run with “high” precision. The COLONY runs were con-
ducted using genotyped offspring from all years and all
reefs (n=725), each year and all reefs (n=307 for 2015
and n=418 for 2016), and each year and each individual
reef (n = 60-200). Best Configuration pedigrees from COL-
ONY runs that used the full data set (n =725) were then
subset by collection location and collection gear type to
infer the number of full and half siblings and the number
of unique parents that contributed offspring between loca-
tions or patterns of larval dispersal. Finally, no candidate
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parent (female or male) genotypes were included in the
analysis.

RESULTS

Power of Assignment

We conducted simulations to evaluate how accurately
the pedigrees were reconstructed and how accurately the
key parameters associated with Lake Sturgeon life history
were inferred from the reconstructed pedigrees. We found,
regardless of sample sizes, assumed allele frequency distri-
butions (uniform or triangular), numbers of parents that
produced the offspring sampled, and the inclusion or
exclusion of a sibship prior, that the major conclusions
based on COLONY family reconstructions remain
unchanged (Figures S1-S4 available in the Supplement in
the online version of this article). Thus, for brevity, we
report statistics (and associated figures) for simulations
that assumed a triangular allele frequency distribution that
did not use a sibship prior. Across the offspring sample
sizes evaluated that reflect the empirical range in this
study (50, 125, 750), on average, 98-100% of unrelated
dyads were classified as unrelated (Figures2-4). That is,
few unrelated dyads were falsely inferred as related. In
addition, regardless of sample size, most known full sib-
lings and half siblings were correctly inferred; however,
the average proportion of dyads correctly inferred
increased with larval sample size (Nogpspring=50: full
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sibling = 75% correct assignment, half sibling=71% cor-
rect assignment; Nogropring = 125: full sibling =90% correct
assignment, half sibling=79% correct assignment;
Nottspring = 750: full sibling =99% correct assignment, half
sibling = 88% correct assignment; Figures2-4). The vast
majority of pedigree assignment errors, reported here as
the average proportion of dyads, were associated with
known full-sibling dyads assigned as half siblings
(Noffspring= 50: 25%; Noffspring= 125: 10%; Noffspring =750:
1%; Figures 2-4). Additional errors, reported here as the
average proportion of dyads, were associated with half-
sibling dyads falsely considered unrelated (Nofrspring = 50:
28%; Noffspring=125: 20%; Noffspring=7501 120/0) Impor—
tantly, the proportion of incorrectly inferred dyads
decreased as the true number of parents that produced the
collection of offspring increased (Figures 2-4), reflecting a
decline, on average, in sibship size, and thus the power for
COLONY to correctly infer sibship. Taken together, sim-
ulations demonstrate that results from dyadic relationship
inferences do not substantially change conclusions about
adult spawning location and larval dispersal downstream
from reefs, regardless of allele frequency distributions and
the inclusion or exclusion of a sibship prior. Specifically,
larvae collected in downstream D-frame nets that were
inferred to be related to larvae that were collected as an
egg on an upstream spawning reef likely shared at least
one parent (i.e., were either a full- or half-sibling), and
thus reliably reflected dispersal of siblings from the
upstream reef spawning location at least as far as the

Known full-siblings Known half-siblings Unrelated
1.00 ®e o © canemHmD
0o © AL o® Bee o 5
L] Ly 3
075 R R Sl 3 g
° bl 0o o §,
L ..
0.50 K " oo amo g
.C. g
0.25 o o =
" @
0.00 o * comos o mmen
3 1.00 . b4 =
g 7
g 0.75 . ::. g
£ 0.50 o S, e 8
-'g «° o -. ::' ® :g
8_ 0.25 = ] o000 .Iooo‘u 5
e LY .l .A .. .. :.. [ ] [ ] %
o 0.00 LA . © como e o VPO O ERS USRI 2
1.00 ©0o@oe @ $Bos NS LIS
075 2
° . * N é
0.50 e2 %o c
[ ® o0 o0 ng"‘o 3
0.25 LA ’.':,;" i 2
i . . o® =%,
% L] L e o = ] ° .... a
0.001 ° 0co@®e woww o e amm—- e e o
25 50 75 25 50 75 25 50 75

Number of known parents
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known parents (V) included in 100 simulations that sampled 50 offspring from a simulated breeding matrix assuming a variable allele frequency

distribution and no sibship prior.
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FIGURE 4. Matrix showing the proportion of true to inferred full-sibling, half-sibling, and nonsibling (unrelated) offspring dyads for the number of
known parents () included in 100 simulations that sampled 750 offspring from a simulated breeding matrix assuming a variable allele frequency
distribution and no sibship prior.

downstream D-frame net collection location. In addition, the parameter space evaluated, COLONY inferred, on
the inference errors associated with dyadic relationships average, 16% percent fewer parents compared with the
did not substantially bias estimation of N;. That is, across known number of parents when 50 or 125 offspring were
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FIGURESS. Scatter plot characterizing the relationship of between bias (the ratio of estimated N, to known [simulated] N,) in the estimated and
number of known parents that produced simulated egg and larval collections of 50, 125, and 750 offspring assuming a variable allele frequency
distribution and no sibship prior. The number of known parents in the simulations is plotted on the x-axis, and the bias in the number of estimated

parents is plotted on the y-axis.

sampled (Figure5). When 750 offspring were sampled,
COLONY inferred, on average, 12% more parents as
compared with the known number of parents. Given that
the true number of parents that produced the collection of
offspring is dependent on sample size and will never be
known on reefs evaluated as part of this study, we con-
sider the empirical results as approximations of the mini-
mum number of adults using the reefs during the
spawning on the reefs. Thus, based on simulated data sets,
we conclude that genotyping the 18 loci provided sufficient
power for the accurate pedigree reconstruction of eggs or
larvae, allowing for the reliable estimation of N, disper-
sal, interannual reproduction, and spawning at multiple
reefs within a year.

Quantifying Spawning Success

Results of simulations and empirical analysis, for brev-
ity, are reported and discussed hereafter for COLONY
runs that did not include a sibship size prior. However,
results of replicate COLONY analyses with and without
sibship priors are reported in referenced tables, figures,
and the Supplement. A total of 725 reared eggs and lar-
vae were genotyped and used for analysis, 307 in 2015
and 418 in 2016 (Table 1). Concordance between replicate
COLONY analyses was high for all estimates at individ-
ual sampling locations within years (Table S1 available in
the Supplement in the online version of this article).

Estimates of the number of adults producing sampled oft-
spring genotyped (N,) averaged across COLONY runs
were 151, 208, and 330 in 2015, 2016, and 2015-2016
combined, respectively (Table1). Estimates of the effec-
tive number of breeding adults (N,) over all locations
was 158 (95% CI=127-199) and 198 (95% CI=163-245)
and over all samples was 317 (95% CI=271-372) in
2015, 2016, and 2015-2016 combined, respectively (Table
1). Estimates of Ny and N, varied across years and
among individual reef sites and were positively correlated
with sample size (Table1). As more larvae were geno-
typed, more spawning adults were detected and estimates
of effective breeding size increased, indicating that sample
sizes do not likely capture the total number of spawning
Lake Sturgeon contributing offspring. Estimated mean
and variance in adult reproductive success (number of
offspring produced) also varied with sample size. Adult
reproductive success was estimated at 3.54 (mean) and
3.62 (variance) larvae per spawning adult, across all years
and locations (Table 1).

Adult Spawning Site Selection

Identification of adults using specific spawning reefs
was based on family reconstruction analysis using the
entire data set (n=725 offspring) and resulting sibship
assignments between larvae reared from eggs collected on
egg mats between spawning reef locations. Genetic family
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TABLE 1. Mean estimates of the number of spawning adults (N,), the effective number of breeders (N,), including the lower and upper 95% confi-
dence intervals, and the mean and variance in individual reproductive success (R;) at constructed reefs. Estimates for N, N,, confidence intervals, and
R, mean and variance are presented for COLONY runs without and with a sibship prior, where the number in front of the semicolon is for runs with-
out a sibship prior and the number after the semicolon is for runs with a sibship prior. Sample size (1) is the number of larvae genotyped from each

location included in the analysis.

Location Year n N, Ny Lower CI  Upper CI  Mean R,  Variance R;
All locations 2015 307 151; 157 158; 158 127; 128 199; 199 3.93; 4.09 3.87; 3.33
Harts Light 2015 160 97; 96 110; 97 82; 72 146; 133 3.34; 3.30 3.19; 2.01
Pointe Aux Chenes 2015 106 66; 66 70; 74 50; 52 98; 106 3.22; 3.24 2.16; 2.59
All locations 2016 418 208; 206 198; 198 163; 161 245; 243 4.06; 4.03 4.77; 4.85
Harts Light 2016 200 122; 124 132; 134 106; 103 172; 172 3.23; 3.29 2.44; 2.40
Pointe Aux Chenes 2016 60 50; 50 61; 63 41; 42 92; 95 2.40; 2.41 1.14; 1.34
Grassy Island 2016 117 63; 62 54; 53 37; 37 79; 79 3.82; 3.72 6.07; 6.20
All locations 2015-2016 725 330; 334 317; 317 271; 271 372; 372 4.35; 4.41 5.33; 5.13

reconstruction allowed estimates of the number of unique
parents that contributed offspring at multiple SCDRS
reefs. Additionally, detection of full- and half-sibling lar-
vae reared from eggs collected on egg mats placed at dif-
ferent spawning reefs provided evidence of Lake Sturgeon
spawning at multiple locations in the same year (Figure 6).
The inferred number of parents contributing sampled off-
spring at multiple reef locations ranged from 2 to 17 par-
ents across pairs of sampling sites in 2015 (Figure 6;
Table S2). The number of parents contributing sampled
offspring at multiple reefs sites ranged from 2 to 23 in the
St. Clair River in 2016 (Figure 6; Table S2). For both
years, the greatest number of adults using multiple sites
were spawning at Harts Light reef and Pointe Aux Chenes
reef in the St. Clair River main channel (Figure 6). Collec-
tions of sibling larvae reared from eggs collected on egg
mats at multiple sites revealed that adults spawned at mul-
tiple locations within the same spawning year in the St.
Clair River in 2015, and further evidence of adults spawn-
ing in multiple locations was documented in 2016. Family
reconstruction of individuals sampled on Grassy Island
reef in the Detroit River in 2016 revealed evidence of
Lake Sturgeon spawning in multiple rivers in a single
spawning season. Analysis documented larvae reared using
eggs collected on egg mats at Grassy Island reef that were
half-siblings with larvae reared from eggs collected on egg
mats at Harts Light reef, Pointe Aux Chenes reef, and the
Maslinka and Middle Channel reefs (Figure6). The
inferred minimum number of parents contributing sam-
pled offspring in both rivers in 2016 was estimated at 14
spawning adults (Figure 6).

Evidence for Spawning in Consecutive Years

To determine if adults were spawning in consecutive
years, COLONY was run combining all larvae from 2015
and 2016 and from all sites (n=725). From the 262,450
possible dyads, COLONY analysis inferred 226 between-
years half-sibling dyads concordantly between two

replicate colony runs. Detection of half-sibling larvae
between years provides evidence that a limited number of
adults spawned in consecutive years at the same and on
different reefs in the St. Clair River and between the St.
Clair and Detroit rivers.

Patterns of Larval Dispersal

Larval dispersal was characterized based on collections
of larvae reared from eggs collected on egg mats and lar-
vae captured in D-frame and vertically stratified conical
nets placed downstream of egg collection (spawning) sites
(Figure 7). Collection of inferred full- and half-sibling lar-
vae from upstream (spawning) sites and during dispersal
downstream indicated that larvae may disperse large dis-
tances in the SCDRS (Table S3). Of particular note were
the large collections of inferred siblings sampled between
egg mats on Harts Light reef and nets at Pointe Aux
Chenes reef and between main-channel and alternate
spawning locations (Table S3). In 2016, small numbers of
half-sibling dyads were detected between eggs collected on
egg mats in the St. Clair River and dispersing larvae col-
lected in drift nets at Grassy Island in the Detroit River
(Figure 7).

DISCUSSION

Based on pedigree reconstruction data for Lake Stur-
geon eggs and larvae collected over a large area in the
SCDRS, results illustrate the demographic and genetic
benefits of habitat remediation for Lake Sturgeon. Com-
panion simulations provided compelling evidence for accu-
rate full- and half-sibship assignments based on joint use
of Mendelian and polysomic markers and reliable esti-
mates of Ny and N,. Empirical collections from multiple
and widely dispersed spawning sites during consecutive
years provided estimates of the number of spawning adults
per site (), the effective number of spawning adults per
site (V,), and the mean and variance in individual
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FIGURE 6. Diagram showing the number of unique parents that contributed offspring, number of full-sibling dyads, and number of half-sibling
dyads between constructed reef sites in 2015 and 2016. A sibling dyad refers to each full- or half-sibling relationship between two genotyped offspring.
To ensure that the spawning location of offspring was known, sibling and parent relationships for larvae reared from eggs collected on egg mats were
summed by sub setting the pedigrees generated from the full data set by year and collection location for comparison between sites and years. Results
from COLONY runs without and with sibship size priors are reported, where the number in front of the semicolon is for runs without a sibship prior
and the number after the semicolon is for runs with a sibship prior. Brackets indicate the sibship and parent comparisons being made between
locations (e.g., for the 2015 diagram, the bracket from Pointe Aux Chenes reef to Harts Light reef indicates that from 23 larvae reared from eggs
collected on egg mats at Pointe Aux Chenes reef there were 2; 2 full-sibling dyads and 17; 15 half-sibling dyads contributed by 17; 18 unique parents
when compared to 112 larvae reared from eggs collected on egg mats at Harts Light reef). Arrows on the left indicate the direction of stream flow

relative to collection location order.

reproductive success and identified whether (and where)
adults spawned at multiple locations in the same or con-
secutive years, as well as characterized patterns in larval
dispersal. Results of this study provide important informa-
tion for managers to consider when assessing current habi-
tat remediation efforts for Lake Sturgeon in the SCDRS
and can inform future habitat remediation efforts for
fishes in large river systems.

Number of Spawning Adults Contributing Offspring

Lake Sturgeon are highly fecund (Bruch and Binkowski
2002), and as such, an entire sample collected from an egg
mat or net could contain eggs or larvae from a single
female. Accordingly, enumeration of total egg or larval
counts at spawning reefs are not a viable estimator of
adult spawner number or reproductive contributions.
Additionally, if construction of spawning habitat disperses
the finite number of spawning adults in a river system,
there is potential for depensatory effects due to mate limi-
tation that could lead to accrual of levels of relatedness

among offspring that in turn can have negative effects on
long-term population genetic diversity. However, genetic
family reconstruction techniques used here provided com-
pelling evidence that many spawning adult Lake Sturgeon
were contributing to the sampled offspring at each reef
site sampled.

We caution that the number of spawners detected is
positively correlated with sample size, and it is highly unli-
kely that all spawning adults were detected in this study.
Thus, cumulative and site-specific estimates of Ny and N,
(Table 1) are likely downwardly biased as they represent
the number of spawners contributing the offspring that
were sampled at a spawning reef and not the total number
of spawners contributing offspring at a spawning reef. The
N, estimates (Table 1) demonstrate that offspring were
recruited by >50 spawning adult Lake Sturgeon at all
locations in both years. These results reduce concerns that
constructed spawning habitat may cause depensatory
effects by reducing spawner abundance at individual
spawning locations.
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FIGURE 7. Diagram showing the number of unique parents that contributed offspring, number of full-sibling dyads, and number of half-sibling
dyads between larvae reared from eggs collected on egg mats at an upstream site and larvae collected in drift nets (D-frame nets and vertically
stratified conical nets) at a downstream site. Results from COLONY runs without and with sibship size priors for the full data set are reported (the
number in front of the semicolon is for runs without a sibship prior and the number after the semicolon is for runs with a sibship prior). Sibling and
parent relationships were determined by sub setting and comparing the pedigrees generated from the full data set by year and collection location. Full-
and half-sibling relationships between offspring spawned at an upstream site and offspring dispersing to a downstream location are used to infer
patterns of larval dispersal in the system. Arrows indicate the direction of stream flow relative to collection location order.

Effective Number of Breeders

Prior to this study little was known about the effective
number of breeding adults in the system as a source of ref-
erence collectively across the SCDRS or on a site-by-site
basis before the constructed spawning reefs were estab-
lished. Here, pedigree reconstruction estimated the effec-
tive numbers of breeding adults (V,) based on frequencies
of full- and half-sibling dyads (Wang 2009) that used con-
structed spawning habitat in the SCDRS. Estimates of N,
ranged from 54 to 132 across all sampled locations (Table
1) and at each site was relatively consistent in 2015 and
2016. Data indicate that adult Lake Sturgeon use new
spawning areas immediately and in fairly large numbers
(i.e., at least 50-100 adults per reef per year) given the
limitations of sample size and duration. Other Lake Stur-
geon research indicates that N, decreases as a function of
increasing sex ratio skew (Duong et al. 2013; Dammerman
etal. 2019). Results of this study estimated that mean and
variance in reproductive success of adults that contributed
offspring sampled were nearly Poison distributed, explain-
ing comparable N; and N, estimates (Table 1). Marranca
etal. (2015) also estimated N, in the SCDRS but on

different spawning reefs and years. Sample sizes in Mar-
ranca etal. (2015) were smaller and the authors used a dif-
ferent (linkage disequilibrium) estimator, but their N,
estimates were similar to estimates in this study.

Adults Spawned in Multiple Locations

Detection of full-sibling and half-sibling larvae reared
from eggs collected at multiple upstream reef sites in the
St. Clair River provides evidence of flexibility in adult
spawning behavior, whereby adult Lake Sturgeon are par-
ticipating in multiple spawning events at multiple locations
in the same year (Table S2). Spawning at multiple loca-
tions may contribute to a resilient population recruitment
portfolio (Schindler etal. 2010; Dufour etal. 2015) for
Lake Sturgeon in the SCDRS by buffering the effects of
site-specific mortality in a single year, including a reduc-
tion in the potential losses of genetic diversity. Successful
reproduction by adults at multiple reefs contributed to rel-
atively low estimated variance in reproductive success.
Determining levels of connectivity and adult use of differ-
ent reefs could help inform future placement of new
spawning reefs.
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Evidence of adults spawning at multiple locations
within years provides compelling evidence for spawning
habitat connectivity in the St. Clair River in 2015-2016
and limited connectivity between the St. Clair and Detroit
rivers in 2016 (Figure 6; Table S2). When designing habi-
tat remediation projects with limited resources, managers
frequently must compromise between size, number, loca-
tion, and juxtaposition of restoration sites to be con-
structed. Diamond (1975) outlined principles for
management of habitat patches, including prioritization of
large protected areas and connectivity that may be applied
to spawning habitat restoration in river systems. Large
sites may attract more spawning adults and reduce con-
cerns regarding depensatory effects. However, a single
large site may reduce population resiliency by negating the
potential benefits of a diverse spawning portfolio if site
conditions vary spatially within a season (i.c., efficacy of
single large or several small areas for conservation). Addi-
tionally, hydrology and anthropogenic factors, such as
commercial shipping channels, may not allow for large-
scale reef designs. Connectivity between locations as indi-
cated in this study based on evidence that adults produced
viable offspring at multiple locations (Figure 6; Table S2)
suggests that construction of many, smaller spawning
habitats may be desirable.

Patterns of Larval Dispersal

Larval dispersal behavior, timing of larval dispersal,
and time to initiation of the benthic foraging life stage
varies among sturgeon species and systems (Gisbert and
Ruban 2003; Braaten etal. 2008; Duong etal. 2011). In
this study, related dyadic offspring pairs were detected at
large distances. Collection of larvae in drift nets that were
full or half siblings with larvae reared from eggs collected
on egg mats at upstream locations indicates that larvae in
the SCDRS may have moved distances > 40 km in the St.
Clair River in 2015 and 2016 (Figure 7). Additionally, col-
lection of half-sibling larvae between larvae reared from
eggs collected on egg mats at Harts Light reef and larvae
caught in downstream D-frame nets at Grassy Island reef
suggest that larvae may disperse > 120 km between the St.
Clair and Detroit rivers. While it may seem unlikely that
larvae are dispersing > 120 km from Harts Light reef in
the St. Clair River to Grassy Island reef in the Detroit
River, there is evidence in the literature for transport of
Deepwater Sculpin Myoxocephalus thompsonii and Burbot
Lota lota (Roseman etal. 1998; Lantry et al. 2007; McCul-
lough et al. 2015) between the two rivers.

However, this study also provides evidence of gene flow
between the two rivers (Figures 6-7; Tables S2-S3) by
adults spawning in multiple locations. Previous genetic
analysis of Lake Sturgeon in the St. Clair and Detroit riv-
ers indicated low genetic differentiation between rivers
(e.g., nonsignificant Fgt values and contingency test

results), citing possible successful spawning by adults mov-
ing between locations (Welsh etal. 2008). Genetic family
reconstruction results from this study are also consistent
with findings from telemetry studies that indicate some
adult Lake Sturgeon move between the St. Clair and
Detroit rivers (Caswell etal. 2004; Kessel etal. 2018).
Additionally, while full- and half-sibling relationships
between larvae reared from eggs on upstream egg mats
and larvae captured in downstream D-frame nets suggests
downstream larval dispersal, this pattern is confounded by
adults observed spawning in multiple locations (Figures
6-7; Tables S2-S3). Therefore, full- and half-sibling rela-
tionships may be representative of some combination of
larval dispersal and adults spawning in multiple locations.
Results are suggestive of a pattern that warrants further
investigation rather than compelling evidence for trends in
larval dispersal. Future research to quantify movements of
spawning Lake Sturgeon, dispersing offspring between riv-
ers, and levels of gene flow per generation across reefs and
the entirety of the 160-km system would be useful in
assessing the effects of increasing spawning locations in
both river populations.

Power Assessment

Levels of uncertainty have been evaluated via simula-
tions in this study (Figures 2-5, S1-S4). The effects of this
uncertainty on inferences from genetic family reconstruc-
tion techniques employed here deserve mention. As stated
above, in COLONY's maximum likelihood approach, all
possible relationships among all individuals sampled were
considered such that a consistent pedigree that maximizes
the probability of the observed genotype data is found.
This is the maximum likelihood (point) estimate of the
entire pedigree (i.e., the COLONY Best Configuration
pedigree). Thorstensen et al. (2019) sought to evaluate the
possibility of using cutoffs as part of a postprocessing pro-
cedure to minimize type II errors and ensure only cor-
rectly inferred dyads are used in subsequent analyses.
However, such cutoffs should be performed with caution
as the maximum likelihood approach used in COLONY
seeks to balance type I and type II errors and the intro-
duction of sibling cutoffs can introduce additional errors
in the analysis. When marker information is not very high
(due to limited marker number or polymorphisms) or/and
the genetic structure is weak (nonsibs are much more fre-
quent than sibs), the power of a sibship analysis can be
low. In such a case, the cutoff approach could lead to
many sibs being falsely inferred as nonsibs, inflating type
IT errors and thus the total number of errors of both
types. This is not a problem if later analysis relies on
inferred sibs (which are reliable) only and the inferred
nonsibs (which are not reliable because of inflated type 11
errors) do not matter. Otherwise, however, the approach
could lead to much reduced inference accuracy and
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possibly incorrect conclusions in later analysis. Our analy-
ses depend on both the inferred sibs and the inferred non-
sibs, and thus we choose to use the Best Configuration
pedigree to minimize the total number of errors of both
types. Simulations presented here (Figures2-55 Figures
S1-S4) show that errors occurred in sibship assignments
most frequently at small offspring sample sizes (n =50 or
125), where error rates were as high as 25% for full sib-
lings and 28% for half siblings. However, at the largest
simulated sample size (n=750) rarely were full siblings,
half siblings, or unrelated individuals incorrectly assigned,
and error rates were as low as 1% for full siblings and
12% for half siblings. Our simulation results demonstrate
that with 18 loci (13 disomic and 5 polysomic) and a
large sample size (n=750) most related individuals are
likely inferred as related individuals. Importantly, all con-
clusions regarding adult spawning location and larval dis-
persal discussed here were drawn from COLONY analysis
that included 725 genotyped offspring, a sample size for
which simulations demonstrate reliable sibship inferences
can be made. However, there may be some error associ-
ated with specific types of relationships (full sibling or half
sibling). The program COLONY could produce type I
and II errors in the maximum likelihood pedigree; for
example, a full-sibling pair might be inferred as a half sib-
lings. Again, these two types of errors are minimized in
the likelihood inference framework, and both types of
errors decrease in frequency consistently with an increase
in marker information (Figures2-4, S1-S4). Not surpris-
ingly our simulations showed that, under sampling condi-
tions similar to our empirical data, the analysis results are
accurate and robust, regardless of the allele frequency dis-
tributions used in generating the data and whether or not
a sibship prior was used.

Previous research using simulated and empirical Lake
Sturgeon data and presence or absence locus coding of
alleles (Wang and Scribner 2014) indicated that, with the
number of loci employed in this study (n=205 alleles
across 18 loci), familial relationships should be accurately
characterized. However, when using fewer loci (i.e., 13 dis-
omic loci) and lower genotyping error rates (i.e., 0.001),
COLONY may split large full-sibling families into half-
sibling groups, thus inflating N (Blankenship et al. 2017).
With the additional marker information from the inclu-
sion of five more polysomic loci, the N values were likely
within 10-15% of the true number of parents that pro-
duced the collection of offspring. Simulations conducted
as part of this study likewise indicate that the 18 loci used
have fairly high discriminatory potential, particularly
when large numbers of offspring are surveyed. Simulations
conducted as part of this study (Figures2, 3) were based
on offspring sample sizes of 50, 125, and 750 individuals,
which approximate minimum, mean, and maximum off-
spring numbers sampled from the lowest individual count

at spawning reefs (n =60, Point Aux Chenes reef in 2016)
and overall locations and years, respectively. Nearly all
reef-year samples exceeded 100 individuals (Table 1). Even
when the simulated number of individuals sampled was
low (n=150; Figure2), rarely were unrelated individuals
misclassified as related individuals (full or half siblings).

Misclassifications, when present, occurred at low simu-
lated sample sizes and were between full-sibling and
half-sibling and half-sibling and unrelated individual
assignments. Additionally, with sample sizes of 750, sim-
ulations show that full-sibling, half-sibling, and unrelated
individual assignments can be made reliably. Thus, sub-
sequent use of familial reconstruction inference, such as
characterization of dispersal from areas of egg deposition
to downstream larval collections or samples across years,
was based on COLONY results using the full data set
(n="725); a scenario where simulations (Figure 4) demon-
strate high familial assignment accuracy. We also note
that most biological inferences (based on observed geno-
typic data) from inferred relationships were reproduced
in replicate independent COLONY runs. We therefore
believe that the familial assignments and inferences
derived from them provide a useful step forward to
quantify important aspects of Lake Sturgeon reproduc-
tive ecology and larval dispersal behaviors in a large
river system that is not otherwise amenable to investiga-
tions of these questions using traditional sampling
methodologies.

While simulations presented here provide compelling
evidence that pedigrees can be reliably generated using
COLONY and the 18 microsatellite loci available at this
time, we acknowledge that even under the best circum-
stances, pedigrees were not likely generated without errors.
Importantly for interpretations of results in this study,
some estimates of N, and N, based on pedigree recon-
structions at individual reef sites were generated using
small sample sizes, and information should be interpreted
in light of the simulations presented here. However, the
major conclusions of this study, including documentation
of large-distance larval dispersal and adult use of multiple
spawning areas, were reconstructed with large sample
sizes, for which simulations show high levels of accuracy
in sibship assignment.

Moving forward, genomic techniques utilizing high
throughput sequencing technologies will greatly increase
the number of markers available for analysis at minimal
additional cost. Utilizing genetic markers, such as single
nucleotide polymorphisms, may make sufficient marker
information available to substantially reduce misassign-
ment rates for half siblings in particular. For example,
Baetscher etal. (2018) describe the use of “microhaplo-
type” markers for pedigree analysis. This process involves
genotyping multiple single nucleotide polymorphism loci
that occur within a small sequencing region. The process
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substantially increased the power of each locus and may
allow for increased accuracy of sibship assignment.
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