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Abstract

The utility of genetic measures for kinship reconstruction in polysomic species is not
well evaluated. We developed a framework to test hypotheses about estimating breeding
population size indirectly from collections of outmigrating green sturgeon juveniles. We
evaluated a polysomic dataset, in allelic frequency and phenotypic formats, from green
sturgeon to describe the relationship among known progeny from experimental families.
The distributions of relatedness values for kin classes were used for reconstructing green
sturgeon pedigrees from juveniles of unknown relationship. We compared three
rarefaction functions that described the relationship between the number of kin groups
and number of samples in a pedigree to estimate the annual abundance of spawners
contributing to the threatened green sturgeon Southern Distinct Population Segment in
the upper Sacramento River. Results suggested the estimated abundance of breeding
green sturgeon remained roughly constant in the upper Sacramento River over a 5-year
period, ranging from 10 to 28 individuals depending on the year and rarefaction method.
These results demonstrate an empirical understanding for the distribution of relatedness
values among individuals is a benefit for assessing pedigree reconstruction methods and
identifying misclassification rates. Monitoring of rare species using these indirect
methods is feasible and can provide insight into breeding and ontogenetic behaviour.
While this framework was developed for specific application to studying fish popula-
tions in a riverscape, the framework could be advanced to improve genetic estimation of
breeding population size and to identify important breeding habitats of rare species
when combined with finer-scaled sampling of offspring.
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rates, and the finite rate of change can be determined.

I .
ntroduction Analytical approaches for determining the relationship

Knowledge of the genetic relationships among individu-
als, when combined with additional field information,
can provide insight into influential physical and biologi-
cal processes affecting these patterns. Information about
dispersal and emigration rates is available when the
recapture of genotypes is evaluated over space, while
when these same genotypes are considered over time,
population parameters like survival, state transition
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among individuals have expanded the potential for the
evaluation of pedigrees when parental information or
samples are not available (Almudevar & Field 1999;
Smith et al. 2001; Beyer & May 2003; Konovalov et al.
2004; Wang 2004a). These approaches have been used
to estimate population size (Herbinger et al. 2006) and
examine reproductive behaviours (Gottelli et al. 2007;
Makinen et al. 2007).

Pedigree studies provide information about contem-
porary patterns of genetic relationships within cohorts
giving insight into population demographics (Konovalov
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et al. 2004; Wang 2004a). However, these studies have
focused on diploid data where interpreting genetic data
and applying the statistical models is relatively simple
due to the well-understood laws of Mendelian inheri-
tance. Molecular datasets of polyploid fish and plant
species are increasingly common, and fine scale molecu-
lar studies on population size estimation, dispersal and
invasion, and spatial organization of genetic diversity
are becoming more common (Vekemans & Hardy 2004;
Guillot et al. 2009). Green sturgeon (Acipenser mediros-
tris) are functional tetraploids (Ludwig et al. 2001) and
the majority of their microsatellite loci show four gene
doses; thus, alternative analytical methods are necessary
for using genetic relatedness data to reconstruct pedi-
grees and partition groups of similar kinship in this
species. These green sturgeon data can be formatted
using the observed tetrasomic banding pattern with
four gene doses or as allelic phenotypes, where bands
are scored as present/absent. An analysis of inter-indi-
vidual relatedness data can provide information into
the population ecology of green sturgeon. A compari-
son of these data formats demonstrate the utility of
polysomic datasets for fine scale molecular studies rele-
vant to understanding the ecology of species of interest.

In rivers, green sturgeon juveniles are presumably the
most abundant life history stage and adults are highly
migratory, uncommon, and difficult to sample. The pro-
duction of juvenile white sturgeon (A. transmontanus),
another sturgeon species that spawns in the Sacramento
River, has been shown to be positively correlated with
greater river flows between April and July (Kohlhorst et
al. 1991). We hypothesized a similar relationship and
that estimates of green sturgeon breeding population
size would be positively correlated with river flow.
During this study, flows on the Sacramento River were
variable and demonstrated four of five water year types
(Table 1), and we predicted a greater number of kin

groups, representing the contribution of more spawners,
would be observed during the wetter years in the reach
of the Sacramento River that was surveyed. This infor-
mation was considered in evaluating reproductive and
demographic factors, which may influence breeding
success.

The reconstruction of pedigrees and partitioning of
individuals based on relatedness measures provides a
way to assess the kin structure and demographics of
populations, and a variety of estimators and genetic
methods have been developed for evaluating genealogi-
cal relationships (Blouin 2003). Although information
about the quantitative relationship between genealogical
classes has been explored through simulations by some
programs (Goodnight & Queller 1999), the utility of
information from known family pedigrees for partition-
ing cohorts of unknown juveniles into groups of similar
kinship has not been well examined in the literature. If
these data are effective for describing distinct kin rela-
tionships, then combining them with ‘capture-recap-
ture’ methods can allow for estimating the number of
breeders contributing to a collection of the wild cohort
being examined. This approach uses rarefaction equa-
tions (Gotelli & Colwell 2001; Frantz et al. 2006) to esti-
mate the abundance of kin groups in a collection,
where individuals are randomized and iteratively
added to reduce assumptions about the probability of
encountering the same kin group. The ability to reliably
monitor breeding populations is essential in conserva-
tion science, and if the relatedness among individuals
within kin groups is quantified, it is possible to evaluate
the ‘recapture’ of kin groups in the wild to yield infor-
mation about an organisms’ breeding population.

Estimating the population abundance of highly
mobile species is difficult, yet managers and ecologists
are increasingly interested in spatially and temporally
fine-scaled demographic patterns of populations.

Table 1 Collection dates, number of samples in collection, and size range for green sturgeon experimental families and wild sam-

ples collected at rkm 388.8 on the Sacramento River

Number of TL range
Collection Water year type samples (mm) Mother Father
Wild fry sampling dates
June-July, 2002 Dry 14 26-52 Unknown Unknown
June-July, 2003 Above normal 43 23-30 Unknown Unknown
May-July, 2004 Below normal 22 24-41 Unknown Unknown
June-July, 2005 Above normal 73 25-41 Unknown Unknown
June-July, 2006 Wet 75 25-42 Unknown Unknown
Experimental Families
2002A 51 20-30 GS02-1 GS02-2
2002E 54 20-30 GS02-5 DOMO0461
2003G 70 20-30 GS03-1 GS03-02
2003H 60 20-30 GS03-1 GS03-03
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Genetic ‘capture-recapture’ methods using individual
genotypes have been developed to estimate population
size, as well as a variety of useful biological parameters
(Pearse et al. 2001; Lukacs & Burnham 2005). These
methods rely upon the repeated sampling of genotypes
across space or time, and different information can be
derived depending on the scale being evaluated. Col-
lecting the necessary samples from highly migratory
species can be challenging for such census studies,
although it is frequently possible to gather tissue sam-
ples from more sedentary early life stages that reflect
the genetic diversity of the breeding population. Genetic
analyses of these young individuals can provide knowl-
edge about the abundance, mating behaviour, and
spawning habitat preferences of the breeding segment
of the adult population.

This study characterized the distributions of related-
ness values within experimental families with known
pedigrees and utilized a kin group capture-recapture
method for estimating the number of breeding green
sturgeon in the wild. First, microsatellite genotypes of
loci with observed tetrasomic and disomic banding pat-
terns from multiple years of experimental families were
used to characterize the distribution of relatedness and
kinship coefficients among full-sibling, half-sibling, and
unrelated pairs of individuals. The classification rates
for these estimators of relatedness were evaluated to
determine which was best for assessing the relationship
among wild juvenile green sturgeon captured down-
stream of spawning grounds. Second, kinship data from
five annual collections of wild green sturgeon fry from
the Sacramento River was used to reconstruct kin group
clusters by partitioning individuals who were full sib-
lings. The relationship between the number of samples
being examined and the number of full sibling groups
observed was modelled to estimate the number of full
sibling groups using a set of accumulation functions.
The potential assumptions associated with different
mating systems on the estimated number of full-sibling
kin groups are discussed. The probability of encounter-
ing full siblings, by identifying members from the same
family during different sampling dates within the
annual collections, is evaluated as a basis for improving
non-invasive genetic censuring of populations and
developing future sampling protocols.

Materials and methods

Sample collection

Wild green sturgeon fry were collected at six rotary
screw traps operated by the U.S. Fish and Wildlife Ser-
vice in the Sacramento River below the gates of Red
Bluff Diversion Dam, approximately 374 river kilome-

tres (rkms) upstream of the outlet of San Francisco Bay
and approximately 96 rkm downstream of the pre-
sumed upper extent of green sturgeon spawning at Kes-
wick Dam. These rotary screw traps were operated
throughout the outmigration period of green sturgeon
fry capturing fish encompassing the entire emigration
period. Between 2002 and 2004, only green sturgeon
incidentally killed during trap operations were col-
lected. After 2005, all incidental mortalities were col-
lected, as well as up to five additional, randomly-
selected green sturgeon fry collected as genetic voucher
samples daily. Table 1 summarizes the collections of
green sturgeon from the Sacramento River. The taxo-
nomic identity of wild samples was verified using a
green sturgeon-specific mtDNA restriction fragment
length polymorphism (Israel et al. 2004), since white
sturgeon are morphologically similar and sympatric
with green sturgeon in the Sacramento River.

Experimental families were created in 2002 and 2003
at the University of California, Davis as part of a larger
study examining the biological characteristics of green
sturgeon. Broodstock for these experimental families
were collected and transported from the Klamath River
(Northern Distinct Population Segment (DPS)), then
spawned at UC Davis (Van Eenennaam et al. 2001,
2005). The two families from 2002 were each single pair
matings, while the two 2003 families were spawned
from the same mother with two sires (Table 1). All tis-
sue samples were preserved in 95% ethanol, stored at
room temperature, and DNA was isolated with the
Wizard SV DNA extraction kit (Promega Corporation.
Madison, WI, USA).

Genetic data

Ten microsatellite DNA markers were amplified to
yield genotype data (Israel et al. 2009). PCR conditions
and genotyping dilutions were optimized for electro-
phoresis on the Base Station DNA Fragment Analyser
(Bio-Rad). Briefly, a 0.5 um forward primer end-labelled
with one of three PRISM fluorophores: NED, VIC, 6-
FAM (Applied Biosystems Inc.) was used with each pri-
mer set. One pL of each diluted PCR product for each
of the loci was combined with 2 pl. H,O, 1.45 puL. 100%
de-ionized formamide (Sigma), 0.5 pL blue dextran
loading dye, and 0.05 nL. ABI GeneScan-400 Rox inter-
nal size standard. PCR product/size standard mixtures
were separated using 5.5% denaturing polyacrylamide
gels. PCR products were analysed and genotypic data
(based on DNA fragment size and gene dosage) were
generated using Cartographer (version 1.2.6 g) DNA
fragment analysis software. Two individuals were run
on each gel to validate inter-gel allele size accuracy
between gels.
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Eight of ten microsatellite loci showed banding pat-
terns with four gene doses, likely reflecting the tetra-
ploid genome of green sturgeon. The number of bands
was interpreted by relative peak intensity from the
genotyping electropherogram to score four gene doses
for these eight microsatellites assuming no null alleles.
If three peaks were present, the largest peak was
assigned two doses. If two peaks were present and
equal in size, both peaks were scored as representing
two doses. When two peaks were present but not equal
in size, the largest peak was assigned three doses for
that allele size. A single electrophoretic peak or four
peaks were assigned as either four doses of a single
allele or one dose of each of four alleles, respectively.
Alternatively, to score loci in a presence/absence for-
mat, genotypic data were transformed into ‘allele phe-
notypes’ (Becher et al. 2000). Each phenotype scored
alleles as present or absent, regardless of dosage. This
presence/absence matrix combined all of the alleles at
the ten loci identifying 137 markers for use in pedigree
reconstruction analyses.

Estimates of relatedness and classification rates with
experimental families

Allelic frequency and presence/absence datasets were
formatted with TRANSFORMER (Caujape-Castells &
Baccarani-Rosas 2005) for analysis in the computer pro-
gram SPAGeDi (Hardy & Vekemans 2002). Two sepa-
rate sets of collection data were formatted and used in
SPAGeDi. The first consisted of the 235 individuals in
the four Klamath River broodstock experimental fami-
lies, and the second set contained the wild Sacramento
River fry. The dataset of experimental families was used
to evaluate eight estimators of relatedness (r). Individu-
als from only one 2003 family and the two 2002 families
were used to approximate the distribution of unrelated
dyad values. Relationship coefficients for the four gene
dose allelic frequency dataset proposed by Loiselle et al.
(1995), Ritland (1996), Streiff et al. (1998) and Hardy &
Vekemans (1999) were calculated in the computer pro-
gram SPAGeDi. This allelic frequency dataset contained
genotypes from the eight loci demonstrating four gene
dose banding patterns. Kinship (F;) and relatedness
coefficients proposed by Hardy (2003) for allelic pheno-
types were calculated with SPAGeDi. These estimators
did not assume Hardy—Weinberg equilibrium in the col-
lection, and thus required independent estimates of the
population’s inbreeding coefficient, Fis. Independent Fig
values were estimated with AUTOTET (Thrall & Young
2000) for green collections of potential parents with the
eight loci containing four gene doses. Lynch & Milli-
gan’s (1994) relatedness coefficient was calculated using
the computer program RELATE (Rodzen et al. 2004)
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with the allele phenotype dataset. For further analysis
of classification rates and pedigree reconstruction, each
pairwise relatedness values (r;) from the experimental
families were recorded as 1- r. Thus, unrelated individ-
uals appeared further apart than individuals of shared
ancestry in dendrograms.

In an effort to identify the best estimator of related-
ness for our purposes, the method from Blouin et al.
(1996) was used to compare distributions of pairwise
values from experimental families. We assessed type 1
and type II error rates for the relatedness estimators
based upon the distributions of pairwise values calcu-
lated for dyads of known relationship classes (full sib-
ling, half sibling, and unrelated). More specifically,
error rates were determined by using the midpoint
("midpoint) between the means of the pairwise value dis-
tributions. The type I error rate was the proportion of
values belonging to experimental family dyads that was
greater than the midpoint value, while the proportion
of pairwise values between individuals of the other
relationship type being examined that was less than the
cut-off relatedness value was the type II error rate
(Fig. 1.

Pedigree reconstruction of wild juveniles and
partitioning kin groups

The second dataset created from SPAGeDI (Hardy &
Vekemans 2002) contained the 229 Sacramento River
green sturgeon fry captured between 2002 and 2006).
SPAGeDi estimated Hardy’s (2003) relatedness coeffi-
cient relative to the pool of samples included in the
dataset. A pairwise matrix, consisting of relatedness
values for specific annual subsets of each dataset, was
analysed with the unweighted pair group method using
the arithmetic means (UPGMA) algorithm to construct
a dendrogram based with the computer package PHY-
LIP’s NEIGHBOR program (Felsenstein 2005) Each den-
drogram was visualized with Tree Explorer in the
computer package MEGA (Kumar et al. 2004) represent-
ing the samples in the dataset. Each dendrogram was
visually inspected and a line drawn at rmigpoint/2 Was
considered the partition relatedness value (rpartition) for
which individuals joining at a node of lesser value
belonged to the same full sibling kin group. The esti-
mated number of full sibling kin groups was calculated
based on a dendrogram that included all the annual
samples from one year.

Estimating local breeder abundance

The matrix of Hardy’s (2003) relatedness coefficient val-
ues for all unknown fry was dissected into smaller
matrices containing only the annual collections of
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Fig. 1 The distribution of 1- Fij values for dyads between full
siblings (Panel A), half siblings (Panel B), and unrelated indi-
viduals (Panel C) calculated from controlled crosses using
Hardy’s (2003) relatedness coefficient values.

13

samples. Pairwise relatedness values of green sturgeon
fry samples were added into the annual matrices ran-
domly in a stepwise fashion without replacement. A
UPGMA dendrogram was constructed following each
addition of one new individual to the distance matrix.

The ability to accurately partition individuals in full sib-
ling relationships allowed for a capture-recapture
approach, which used kin groups, as the unit of resam-
pling. The probability (p*) that a kin group is encoun-
tered at least once was calculated after all individuals
were placed into the dendrogram.

SIGMAPLOT 9.0 (Systat Software, San Jose, CA, USA)
was used to perform iterative nonlinear regression for
assessing the asymptote of the line described by the
relationship between the number of individuals in a
UPGMA dendrogram (x) and the number of clusters
discovered in the UPGMA dendrogram (y). Three dif-
ferent functions (Kohn et al. 1999; Valiere 2002; Eggert
et al. 2003) were used for fitting an accumulation curve
and deriving the maximum estimated number of kin
groups. Ninety-five percent confidence intervals were
constructed for the regression lines and expressed as *
(1.96 * Standard Error). California Department of Water
Resources water year types and daily flow data from
rkm 414 (Bend Bridge) between March 1 and May 31
was averaged for the period. The observed number of
kin groups annually was plotted against the average
daily flow data using siGMAPLOT 9.0 to evaluate the cor-
relation between these two variables.

Results

Relatedness and kinship coefficients

To calculate relatedness and kinship estimators we
examined 137 alleles in the allele phenotype dataset that
included 40 alleles distinct to the annual wild datasets,
27 distinct to the experimental families, and 70 that
were present in both sets of collections. Four experi-
mental families contained a total of 27 495 dyads, of
which 6891 were full-siblings, 4200 were half-siblings,
and 16 404 were ‘unrelated” dyads. Only 10 104 dyads
between the two 2002 families and the 2003G family
were included in the distribution of ‘unrelated’ values
to minimize the potential influence of 2003 half-sibling
on this distribution (Fig. 1). For the Klamath River
experimental families, a Fig value of 0.189 was calcu-
lated for adult green sturgeon collected over 3 years in
the Lower Klamath River (n = 125). The mean inbreed-
ing coefficient for adult green sturgeon captured in San
Pablo Bay in 2001 and 2004 (n = 219) was 0.197, com-
pared to Fis values between 0.179 and 0.217 for the five
juvenile Sacramento River green sturgeon collections.
Theoretical relatedness coefficients in progeny of differ-
ent relationships (Hedrick 2000) and means and stan-
dard deviations of seven relatedness estimators were
compared (Table 2). All coefficients showed relative
imprecision with moderate and high standard devia-
tions, although the Hardy (2003) and Lynch & Milligan
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Table 2 Mean relatedness coefficients (standard deviations)
for different classes of relatedness with seven algorithms for
distributions of relationship estimators for juvenile green stur-

geon from controlled matings described in Table 1

Full sibling  Half sibling Unrelated
dyads dyads dyads
Expected R 0.50 0.25 0.00
Relatedness 0.436 (0.220)  0.035 (0.130) —0.170(0.194)
(Hardy 2003)
Kinship 0.230 (0.131) ~ 0.021 (0.077) —0.101 (0.115)
(Hardy 2003)
Relatedness 0.491 (0.189)  0.328 (0.167)  0.083 (0.178)
(Lynch and

Milligan 1994)
Ritland (1996)
Loiselle

et al. (1995)
Streiff

et al. (1998)
Hardy and

Vekemans

(1999)

0.086 (0.057)
0.147 (0.084)

-0.007 (0.023)
0.003 (0.067)

-0.03 (0.025)
-0.039 (0.055)

0.271 (0.216)  0.058 (0.19)  -0.134 (0.29)

0.402 (0.23) 0.009 (0.152) -0.106 (0.183)

(1994) relatedness estimators appeared to most closely
approximate expected values for the allelic phenotype
dataset and Hardy & Vekemans (1999) most closely
approximated values for the allelic frequency dataset.
The three allelic phenotype relatedness estimators were
less biased for full siblings than estimators calculated
with allelic frequency data, and overall the kinship esti-
mators calculated with presence/absence data appeared
to better approximate the three relationship categories.
All coefficients of relatedness calculated from allelic fre-
quency data were more biased for full and half siblings
than estimators calculated from presence/absence data,
as indicated by means that diverged from the theoreti-
cal values for full and half sibling dyads. Ritland’s
(1996) estimator using allelic frequency data had the

lowest standard deviations, but the differences among
the means of the three relationship categories were min-
imal making it less useful for kin group reconstruction.
Hardy’s (2003) relatedness estimator had the greatest
difference in distribution of values between full sibling
and unrelated dyads, and was selected for partitioning
full sibling clusters.

An evaluation of the type I and II error rates com-
pared the accuracy of the seven relatedness estimators
for the experimental families by using the midpoint
classification cut-off between the means of the distribu-
tions of relatedness values for the two potential rela-
tionship classes (Table 3). Seven to twelve percent of
known full sibling dyads were misclassified as unre-
lated dyads when estimators based on allelic phenotype
data were examined, while a greater proportion of these
dyads were misclassified with the allelic frequency cal-
culated estimators (12-13%). Half siblings and unre-
lated individuals showed the highest rate of
misclassification with all estimators regardless of which
data format was used. The misclassification rate of
unrelated individuals as full siblings was observed to
be lowest with data calculated with presence/absence
data (average = 8.7%) compared to the estimators cal-
culated with allelic frequency data (average = 12.7%),
and this further supported using an allelic phenotype
dataset to identify full sibling clusters.

While all relatedness coefficients appeared to misclas-
sify some proportion of full siblings, Hardy’s (2003) kin-
ship and relatedness estimators and Lynch & Milligan’s
(1995) estimator provided results closest to theoretical
values. Hardy’s (2003) kinship estimator classified 93%
of full siblings correctly and 92% of unrelated individu-
als correctly using a full sibling rpartition Of 0.463. To cor-
rectly classify experimentally- known full siblings 95%
of the time with this kinship coefficient, a 7partition Of
0.471 was necessary. However, this increased type II
error of misclassifying unrelated individuals as full

Table 3 Estimated misclassification rates (Type I and II error rates) calculated using the midpoint between means of pairwise value

distributions for seven estimators of relatedness

Dominant (Allelic phenotype)

Codominant (Allelic freqency)

Kinship Relatedness Loiselle Streiff Hardy and
True sib Misclassified (Hardy Relatedness (Lynch and Ritland et al. et al. Vekemans
relationship as 2003) (Hardy 2003) Milligan 1994) (1996) (1995) (1998) (1999)
Unrelated Full sibs 0.08 0.07 0.12 0.02 0.10 0.24 0.10
Unrelated Half sibs 0.28 0.28 0.34 0.32 0.37 0.35 0.37
Half sibs Unrelated 0.21 0.22 0.21 0.31 0.37 0.27 0.10
Half sibs Full sibs 0.06 0.06 0.35 0.03 0.10 0.30 0.36
Full sibs Half sibs 0.18 0.18 0.30 0.19 0.20 0.35 0.20
Full sibs Unrelated 0.07 0.07 0.12 0.12 0.13 0.13 0.13
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siblings to 11%. Hardy’s (2003) relatedness estimated
classified 93% of full siblings correctly and 93% of
unrelated individually correctly using a rparition Of
0.434. A Tpartition Of 0.451 was necessary to correctly clas-
sify 95% of experimental full siblings with this related-
ness coefficient, although this increased the type II error
of misclassified experimental unrelated individuals as
full siblings to 10%. Lynch & Milligan’s (1995) related-
ness estimated classified 88% of full siblings correctly
and 88% of unrelated individually correctly using a
Tpartition Of 0.357. A Tpartiion Of 0.425 was necessary to
correctly classify 95% of experimental full siblings with
this relatedness coefficient, although this increased type
II error of misclassifying unrelated individuals as full
siblings to 37%.

Experimental family reconstruction and unknown fry
partitioning

The use of the UPGMA dendrograms with the related-
ness coefficient of Hardy (2003) permitted for accurate
reconstruction of 15 randomly selected individuals from
each of the four experimental families (Fig. 2) and
unknown samples (Fig. 3) when rpariition €qualled 0.434.
For the 2002 through 2006 wild green sturgeon fry data-
sets between six and 17 full sibling clusters were
observed. The number of kin groups was evaluated
with the full sibling 7rpartition Of 0.434, which was the
midpoint of the full sibling and unrelated pairwise
value distributions and a more conservative type I error
rate (o0 = 0.05) full sibling rparition of 0.451. Except for
the year 2002 (P* = 0.94), the probability of encounter-
ing a kin group more than once was 1.0, and all kin
clusters were observed to contain more than a single
offspring (Table 4). Using the 0.434 rpamition Value, 56
full sibling clusters were discovered compared to 45
clusters being partitioned over the 5 years using the
0.451 full sibling rpartition value. Between one (2002) and
12 (2006) individuals comprised independent full sib-
ling clusters using the 0.434 7p4rtition value.

The nonlinear regression functions evaluated were
used to estimate the maximum number of full sibling
kin groups being produced in the upper 96 rkms of
potential green sturgeon spawning habitat in the Sacra-
mento River (Table 4). Over the five sampled years, the

Fig. 2 UPGMA dendrogram of 15 randomly selected full sib-
lings from four green sturgeon progeny arrays, where four
symbols represent individuals from the four experimentally-
crossed families. Individuals from the 2003 half-sibling families
are represented by the triangle and diamonds. The relatedness
partition equals 0.434 and is half the midpoint between distri-
butions of full sibling and unrelated individuals from con-
trolled crosses.
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Fig. 3 UPGMA dendrogram of pairwise Hardy (2003) related-
ness coefficients of 43 juvenile green sturgeon collected in 2003
at Red Bluff Diversion Dam, CA. The relatedness partition
value equals 0.434 and identified 12 independent full sibling
clusters.

regression analysis using Kohn's equation suggested
between 6.4 to 14.1 full sibling clusters with the more
conservative 7partition, i contrast to the 8.4 to 21.6 full
sibling clusters determined with the 7partion Of 0.434.
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The three rarefaction equations estimated different
asymptote (Fig. 4). Using Eggert et al.’s (2003) equation,
the regression asymptote suggested a range of 6.4 to
16.3 full sibling clusters. Using the more conservative
full sibling cluster rpariiton Of 0.451, the observed range
of full sibling clusters narrowed to a minimum of 5.3
and maximum of 11.3. The regression asymptote of
Chessel’s (Valiere 2002) ranged from 6.2 to 13.5 families,
and decreased to ranging from 5.5 to 10.3 with the
0.434 7partition value. We further examined the 95% con-
fidence intervals of the accumulation curves to evaluate
the accuracy of both 7partition Values with the three accu-
mulation functions. The number of families was esti-
mated to be between 8.4 and 21.6 with Kohn’s equation
and the smaller rpariition Value, and the estimates low-
ered with the conservative rpartition Value to between 6.4
and 14.1 kin groups. Eggert et al.’s (2003) equation pro-
vided lower abundance results with both rparition val-
ues. The estimated number of full sibling kin groups
ranged from 6.4 to 16.0 with the lower type I error rate
T'partition value, and ranged between 5.3 and 11.3 using
the higher type I error rate 7parition value. Chessel’s
equation estimated a range of 6.2 to 13.5 families with
the 0.434 7pariition Value and 5.5 to 10.3 families with the
0.451 full sibling 7partition Vvalue. Figure 5 displays a
positive relationship between flows and estimated num-
ber of kin groups above the Red Bluff Diversion Dam.

Discussion

Partitioning kin groups using relatedness data

Recent efforts to derive multilocus estimates of pairwise
relatedness utilizing dominant markers suggest that
approaches with these types of molecular markers can
be useful in population genetic studies of organisms in
which codominant microsatellite DNA markers provide
a challenge for differentiating individuals from one
another (Hardy 2003; Wang 2004b; Ritland 2005). The
polysomic dataset described in this study provided an
opportunity to evaluate how genetic data in allelic phe-
notype and allelic frequency formats perform and may
expand the application of indirect genetic methods for
estimating pairwise relatedness in complex polysomic
species. The results presented in the study demonstrate
the ability for presence/absence data to be of similar or
increased value for describing the relationship between
individual green sturgeon compared to allelic frequency
data. Although other studies have used Blouin et al.’s
(1996) method for classifying individuals into kin
groups, this approach has not been used for adjusting a
type I misclassification error rate for estimating more
accurate results. In many capture-recapture studies, a
conservative threshold of 0.05 was used to reduce the
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Table 4 The observed number of full sibling kin groups and estimated maximum number of kin groups (regression asymptote)
from annual collections of juvenile green sturgeon using three rarefactions equations. Both the midpoint of the means of the pairwise
value distributions (0.434) and a more conservative Type 1 error rate (0.451) was used to calculate each collection’s number of full

sibling kin groups and estimated maximum number of kin groups. Standard error of regression is given in parenthesis

Kohn's equation

Eggert’s Equation

Chessel’s Equation

Observed 95% 95% 95%
number of Regression Confidence Regression Confidence Regression Confidence
Cutoff value p* kingroups asymptote interval asymptote interval asymptote interval
2002
0.434 0.94 6 9.3 (1.1) 71,115 7.0 (.6) 58,82 7.5 (.5) 6.5, 85
0.451 1 6 6.4 (.8) 4.8,8.0 5.3 (4) 45,61 5.9 (.5) 54,64
2003
0.434 1 12 17.0 (1.3) 14.5,19.5 12.4 (7) 11.0, 13.8 10.2 (.3) 9.6,10.8
0.451 1 11 121 (7) 10.7,13.5 9.3 (4) 8.5,10.1 8.2 (2) 7.8, 8.6
2004
0.434 1 6 8.4 (.5) 74,94 6.4 (.3) 58,70 6.2 (2) 5.8, 6.6
0.451 1 6 7.1 (5) 6.1,8.1 5.6 (.3) 5.0,62 55(2) 51,59
2005
0.434 1 17 21.6 (.9) 19.8,23.4 16.0 (.5) 15.0, 17.0 13.5 (.3) 129, 14.1
0.451 1 11 14.1 (4) 13.3, 14.9 11.3 (2) 109, 11.7 10.3 (.2) 9.9,10.7
2006
0.434 1 15 17.9 (.6) 16.7,19.1 13.5 (.3) 12.9, 141 11.7 (2) 11.3,12.1
0.451 1 11 13.8 (.6) 12.6,15.0 10.4 (.3) 9.8,11.0 8.5(2) 81,89
E 181 184
2 16 .
-g ﬁ 161
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@ 124 I
3" 3
S ————— T s S i i e G — ———— % 121 (]
g 2
< 8 10
2 5
= 6 Eggert estimated o gl
= e—  Eggert modelled Q
B 4 esesssceseccsse  Kohn estimated g
5 eeessscsee Kohn modelled Z 64 °
2y ————- Chessel estimated Number of families = 5.9 —0.0002(Flow volume)
g @ ems «=»  Chessel modelled Adjusted R°= 0.85 p = 0.30
P4
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Number of samples in dendrogram

Fig. 4 Nonlinear regression graph for three accumulation
functions for number of full sibling clusters observed in UP-
GMA dendrograms of juvenile green sturgeon collected in
2003. Asymptotes for each equation are horizontal lines of sim-
ilar format as the individual equation’s plotted line.

potential for identifying incorrect genotypes as resam-
pled individuals (Woods et al. 1999; Waits et al. 2001;
Paetkau 2003). As the likelihood of individuals sharing
a genotype increases, the estimated population size is
increasingly underestimated. The results using the 0.451
Tpartition Value (o = 0.05) limited the potential underesti-
mation resulting from true unrelated individuals being
identified as partitioned full sibling clusters, although it

4 r r r r r "
10000 20000 30000 40000 50000 60000 70000
Flow (CFS)

Fig. 5 Linear regression of observed number of families parti-
tioned annually on flow vol. past Bend Bridge (cubic feet per
second (CFS)).

increased the potential for true full siblings to be mis-
partitioned as unrelated individuals.

The experimental family data demonstrated that par-
titioning half siblings from unrelated or full sibling
individuals remains a challenge, although the use of
polysomic microsatellite data as allele phenotypes pro-
vides sufficient accuracy for detecting full sibling vs.
unrelated dyads. Ritland’s (1996) method appears to pro-
vide a similar amount of error in partitioning individuals
compared to Hardy’s F;; based upon experimental family

© 2010 Blackwell Publishing Ltd
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relatedness data (Table 2); however, the greater type I
error associated with this codominant estimator made it
less desirable for our analysis. Hardy’s (2003) kinship
and relatedness coefficients both required and account
for information about inbreeding among individuals in
the dataset, and this information may have increased
accuracy with the estimators. While the coefficients cal-
culated from the experimental families that were based
on allele phenotypes may be more accurate than other
estimators because of the power of a large number of
alleles, significant problems may arise due to the bias of
a limited number of alleles present in the collections of
potential adults.

Numerous assumptions are necessary about muta-
tions, null alleles, incomplete sampling of the pool of
potential parents and relatedness among the parents
within and among different river systems to determine
the efficacy of this partitioning approach based on kin-
ship. In fact, the allelic phenotype format of this data-
set may have performed better due to lack of null
alleles influencing or microsatellite genotype scoring
errors associated with gene dosage interpretation of the
allelic frequency data. However, the estimates of relat-
edness in this study are based on empirical pedigree
information, and the kinship coefficient (Hardy 2003)
used in this study, Fj, incorporates information about
the relatedness of the potential parents themselves.
These pieces of information are necessary if this
approach to estimating breeding population size is to
be utilized among demographically independent popu-
lations. The difficulty in estimating relatedness in poly-
somic species often is due to a lack of this type of
data, yet these were incorporated into the estimates
determined in this study. While this study’s compari-
son of multiple estimators of relatedness does provide
some information to assess each algorithm’s utility for
kin group partitioning, the remaining assumptions
require additional laboratory and simulation study. A
single researcher experienced with the complexities of
the microsatellite markers completed all the genotyp-
ing, although human factors have been noted to be
non-negligible error generators (Bonin et al. 2004).
Additional simulations would be useful to determine if
the limited number of dyad included in calculating the
distributions fully capture the range of these values in
the natal populations. To approach this, it may be use-
ful to evaluate the allele frequencies of the potential
parents of Sacramento River green sturgeon, and simu-
late offspring based on this information. Once simu-
lated offspring genotypes are created, distributions of
relatedness values can be described for dyads of differ-
ent kin relationships, which may more accurately
reflect the potential values observed in each of the
natal populations.

© 2010 Blackwell Publishing Ltd

The three accumulation functions used in our analysis
performed differently in identifying the maximum
number of kin groups as their asymptote (Table 4). The
Eggert and Chessel equations consistently attained their
asymptote within the limit of the estimated kin group
data. The equation suggested by Kohn et al. (1999) did
not reach the asymptote within the estimated data in
any year. In four out of five years, the range of kin
groups derived from the Kohn’s equation analysis was
larger than with the other methods, and did not include
the estimated number of kin groups. In a simulation
study (Frantz et al. 2006), the Kohn equation overesti-
mated population size. The analysis with Eggert’s equa-
tion in four out of five years resulted in a range of kin
groups that included the estimated number of kin
groups above the collection point. This suggested that
this function approximates the estimates of full-sibling
kin groups well, and Frantz & Roper (2006) observed
this equation to consistently provide accurate estimates.
In contrast, the Chessel equation consistently underesti-
mated the maximum number of kin groups in all of the
collections to be smaller than the empirical number of
kin groups detected in the sample. Frantz & Roper
(2006) observed the Chessel equation overestimated
estimates when sample sizes were small, but was accu-
rate when sample sizes were larger.

Estimated green sturgeon kin group abundance

The partitioning of full sibling clusters containing
annual fry collections using UPGMA revealed the esti-
mated number of individuals contributing to spawning
in the upper extent of the Sacramento River has
remained approximately the same over the 5-year per-
iod of the study and conservatively ranged from five to
14 families. The number of partitioned kin groups
above Red Bluff Diversion Dam annually increased
with greater flows in the spawning reaches above Red
Bluff Diversion Dam. A similar phenomenon has been
observed in the sympatric white sturgeon, in which
recruitment appears positively associated with higher
freshwater flows through the estuary (Kohlhorst et al.
1991).

There may be potential reproductive consequences
associated with the low numbers of green sturgeon kin
groups identified annually in the upper anadromous
reaches of the Sacramento River. In particular, it is pos-
sible that reproductive green sturgeon may not be able
to find mates in the Sacramento River, which is hun-
dreds of kilometres long. There are no known behavio-
ural or physiological mechanisms that sturgeon use to
locate each other, although it is possible these fish may
use bioacoustic mechanisms for this purpose (Johnston
& Phillips 2003). If reproductive green sturgeon are as
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uncommon as these data suggest these fish may only be
mating in monogamous pairings due to an inability to
locate other mates. If this was the mating scheme for
wild green sturgeon, then between 10 and 28 spawners
would minimally contribute to kin groups above Red
Bluff Diversion Dam annually. If polyandry does play a
significant role in the mating behaviour of green stur-
geon when they broadcast spawn, then the number of
individuals contributing to spawning above Red Bluff
Diversion Dam would be even lower than estimated
with these approaches. This would occur because each
kin group would arise from an independent monaga-
mous pair, rather than multiple kin groups being
derived from the same matriline. The possibility of this
mating behaviour being used is high, and a skewed sex
ratio has been observed in the Klamath River green
sturgeon population (Northern DPS), where the sex
ratio of adult green sturgeon was 1.0 female: 1.4 males,
which was significantly different from the expected 1:1
ratio (Van Eenennaam et al. 2006).

Moyle (2002) suggested that between 140 and 1600
green sturgeon adults might occupy the San Francisco
Bay-Delta estuary annually. While this estimate
required significant assumptions regarding adult size
and the ratio of white to green sturgeon captured dur-
ing California Department of Fish and Game monitor-
ing efforts and white sturgeon population estimates, the
discrepancy between genetic and field estimates for the
annual abundance of adults suggests either a large
number of green sturgeon adults do not enter the Sacra-
mento River or they do not migrate into the upper
reaches of their spawning grounds. On the Sacramento
River, spawning is believed not to occur below Hamil-
ton City, CA (rkm 330), although the estimates of
annual breeding abundance presented here do not
reflect all potential spawners.

While these data conclusively demonstrate multiple
families of green sturgeon in the wild, estimates of
breeding population size do not have a significant posi-
tive relationship with increased flows. The lack of sig-
nificance of this positive relationship may be due to the
limited number of samples, which makes statistical tests
unreliable (Townend 2005). It is also possible that flow
does not have a significant influence on breeding popu-
lation size in this portion of the Sacramento River, and
escapement by reproductive adults is a result of pro-
ductive ocean cycles or other physical drivers. Red Bluff
Diversion Dam, a seasonal irrigation diversion, was
closed during portions of the spawning season and has
been noted to impact the number of adults ascending
the portion of the Sacramento River (Heublein et al.
2009). Other mechanisms may drive the recruitment of
juvenile green sturgeon in the Sacramento River includ-
ing aspects of their reproductive ecology, predation, or

juvenile rearing habitat. If the sampling efforts that con-
tributed to this study randomly sampled all families
spawned above the Red Bluff Diversion Dam equiva-
lently (possible in 2005 and 2006), it appears that a
small number of large families and a larger number of
small families were surveyed in the sampling. Fecun-
dity and egg diameter have a positive relationship with
the size of female green sturgeon, and Van Eenennaam
et al. (2006) suggested older females, which are assumed
to spawn multiple times, reach their peak egg produc-
tion when they are older than 32 years of age. While
there are no year class strength data for Southern DPS
green sturgeon, these data suggest not all spawners
contribute equally to the population. It is possible that
many younger females are contributing smaller clutches
to the annual productivity of green sturgeon on the
Sacramento River, while only a small number of the
spawners are from older age classes. This possibility is
consistent with empirical observations of anadromous
Gulf sturgeon, where a majority of spawning is domi-
nated by younger individuals and large, older fish are
rare (Sulak & Randall 2002).

The probability of recapturing a kin group was high
in every year. By evaluating the location of the mod-
elled asymptote, it is possible to determine how many
samples may be necessary for describing the maximum
number of kin groups in a collection. In 2003, the Egg-
ert and Chessel equations reached an asymptote within
60 samples, although we did not have the number of
samples to assess if results followed the accumulation
curve. These relationships are similar to what were
observed in the other years, thus it is possible that this
method, which takes advantage of partitioning kin
groups, can effectively characterize the reproductive
population of rare species with minimal sized collec-
tions of tissue samples. The collections with the best
sampling regimes were in 2003, 2005, and 2006, and
when samples were added to the annual dendrograms
in the order they were collected, all kin groups were
sampled within the first pulse of greens sturgeon emi-
grating past Red Bluff Diversion Dam.

The approach used in this study could form the basis
for an effective method for estimating the abundance of
breeding green sturgeon, and additional simulations
investigating underlying assumptions are important to
validating this framework. The use of experimental
families, such as those employed in this study, is neces-
sary for converting relatedness values among wild indi-
viduals when their potential parents have not been
sampled. Partitioning juveniles by reconstructing their
pedigree is a valuable approach, since it is often not
possible to sample adults that mate cryptically, broad-
cast spawn, or are rare. The Blouin et al. (1996) method
of identifying classification error provided an analogous

© 2010 Blackwell Publishing Ltd
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framework for partitioning individual genotypes into
categories of the same relatedness as probability of
identity does for traditional genetic ‘capture-recapture’
studies. This approach has applications when mating
individuals are unknown, yet it is possible to survey a
portion of the fry or juvenile production as a means of
measuring the annual spawner abundance. In order to
assess the importance of the upper portions of spawn-
ing habitat to recruitment of juveniles in the green stur-
geon Southern DPS, additional field studies should
evaluate green sturgeon spawning in other portions of
the Sacramento River through collections of juveniles in
these areas. This framework also provides a potential
mechanism for studying recruitment dynamics of species
by combining individual age data with genotype data. In
this case, it may be possible to reconstruct kin groups
within cohorts of older juveniles and adults to assess the
contribution of distinct families and the number of repro-
ductive adults contributing to older cohorts, which have
influenced the demography of the population.
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