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Abstract Once widely abundant, most subpopulations
of the endangered Atlantic sturgeon are now estimated to
be only 1-10% of their historical levels. The Edisto River
has been sampled for a long period and extensively for
juvenile Atlantic sturgeon from separate spring- and fall-
spawned cohorts. Our objectives are to characterize the
genetic diversity, stability, adaptive potential, and potential
genetic structure of Atlantic sturgeon in the Edisto River
and to identify any past bottlenecks experienced by this
species, as well as to conduct forward simulation modeling
of the population under multiple population trajectories.
Our results indicate that fall- and spring-spawned Atlantic
sturgeon in the Edisto River are genetically distinct (over-
all Fg;=0.092) with little gene flow or admixture between
groups, both of which are diverse from a neutral genetic
marker standpoint. Genetic diversity of both groups is on
the higher end of published population diversity values. A
lack of inbreeding and recent bottlenecks also bode well for
these two groups of sturgeon, although future projections
indicate a loss of allelic richness and genetic diversity even
with population stability. Our effective population size esti-
mates are moderate compared to published estimates for
other Atlantic sturgeon populations. The most significant
finding of our research is the genetic distinctness of the fall-
and spring-spawned Atlantic sturgeon in the Edisto River,
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which may have several important ramifications for man-
agement of the species, including re-evaluating the demar-
cation of distinct population segments.
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Introduction

Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) are
representatives of an ancient actinopterygiian lineage
whose life history makes the species susceptible to anthro-
pogenic impacts. Once widely abundant, most subpopula-
tions are now estimated to be only 1-10% of their histori-
cal levels (Atlantic Sturgeon Status Review team, ASSRT
2007). Atlantic sturgeon have faced many threats to recov-
ery, including overharvest for meat and caviar, dams that
block access to historic spawning grounds, habitat degrada-
tion, and bycatch mortality. Given the precipitous decline
in abundance range-wide, the species was originally peti-
tioned for listing under the endangered species act (ESA)
in 1998. In 2009, the National Marine Fisheries Service
(NMES) received a petition to list Atlantic sturgeon as
endangered under the ESA and to be delineated by five
distinct population segments (DPSs) based on the ASSRT
(2007). In 2012, NMFS made the final determination to list
one of the DPSs as threatened and the other four as endan-
gered, including the two southernmost (Carolina and South
Atlantic), under the ESA (NMFS 2012a, b). The South
Atlantic DPS comprises seven river systems: ACE Basin
(Ashepoo, Combahee, and Edisto Rivers), Savannah River,
Ogeechee River, Altamaha River, Satilla River, St. Mary’s
River, and St. Johns River (ASSRT 2007; NMFS 2012b).
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These DPS delineations are largely based on genetic data
(Wirgin et al. 2000, 2002; King et al. 2001; Waldman et al.
2002; Grunwald et al. 2008) and were supported by lati-
tudinal differences in life history strategies and movement
patterns (ASSRT 2007).

The complex life history and long-distance movements
of Atlantic sturgeon make understanding the evolutionary
relatedness and patterns of gene flow among and within
river systems and DPSs challenging. For instance, in south-
ern river systems, sub-adult Atlantic sturgeon (~750 to
1500 mm total length (TL), 24 years old) begin to migrate
to coastal waters and undertake life-time long-distance
movements (Murawski and Pacheco 1977; Smith 1985;
Bain 1997). Prior to this stage, Atlantic sturgeon are con-
sidered river-resident juveniles that have not yet left their
natal river. As adults, Atlantic sturgeon may move coastally
throughout their range before migrating into river systems,
mostly homing to natal estuaries based on low gene flow
patterns (Grunwald et al. 2008), to spawn. However, the
frequency of individual spawning migrations is not clearly
understood, but does not appear to be annual, especially
for females (ASSRT 2007). Additionally, in some single
river systems spawning migrations have been documented
in both the spring and fall (Collins et al. 2000; McCord
et al. 2007; Balazik et al. 2012; Balazik and Musick 2015;
Smith et al. 2015). Adult Atlantic sturgeon are known to
make large-scale coastal movements (ASSRT 2007; Dun-
ton et al. 2012; Wirgin et al. 2012), potentially as far as
from the Hudson River, NY to the Altamaha River, GA
within a period of a year (Erickson et al. 2011). Therefore,
the capture of adult Atlantic sturgeon within a given estu-
ary does not guarantee that the individual is in or even near
its natal system or in spawning condition. Examining the
natal river-resident juveniles of a river system is the best
approach to genetically characterizing a given population.

The Edisto River is one of the longest undammed
blackwater rivers in the United States and drains approxi-
mately 8000 km? (Beasley et al. 1996). It contains about
60 km of tidally influenced river, with the saltwater-fresh-
water interface occurring roughly 32 km upstream of the
mouth (Blake et al. 2001). Additionally, the Edisto River
has been sampled since 1994 with many juveniles being
captured over that time frame (McCord et al. 2007). Pre-
vious research identified ripe adults during both the fall
and spring in the Edisto River (Collins et al. 2000). Based
on a bimodal size distribution, McCord et al. (2007) were
able to identify separate spring- and fall-spawned cohorts.
Despite the long sampling history, the Edisto River popu-
lation has not been previously characterized genetically,
which is one needed area of research (ASSRT 2007).

Many previous genetic studies on Atlantic sturgeon uti-
lized analyses of mitochondrial DNA (mtDNA) to assess
populations (Waldman et al. 1996, 2002; Wirgin et al. 2000,
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2002; Grunwald et al. 2008; Dunton et al. 2012); how-
ever, mutation rates of mitochondrial genes are often too
slow to detect more recent genetic changes in population
structure due to spatial separation and restrictions to gene
flow (Anders et al. 2011). Co-dominant, nuclear microsat-
ellite loci have relatively high mutation rates and thus are
more useful for genetic estimates of population structure
due to more recent and smaller-scale genetic changes (Tra-
nah et al. 2004). Microsatellites have been developed and
used to genotype some Atlantic sturgeon populations (May
et al. 1997; King et al. 2001; Henderson-Arzapalo and King
2002; Wirgin et al. 2012). However, microsatellite data is
lacking from many river systems within the two southern-
most DPSs, creating a genetic data gap between the Savan-
nah River and Albemarle sound. The incorporation of
genetic data from the missing river systems may improve
the definition of these DPSs, thereby providing an even
more powerful tool for understanding the complex among-
river and among-DPS interactions of Atlantic sturgeon.

The use of microsatellites also affords the ability to esti-
mate genetic metrics such as allelic diversity, heterozygo-
sity (H,), inbreeding (Fjq), gene flow (Fg;), and effective
population size (N,). N, is a key parameter in conservation
genetics because it determines the rate of change in the
composition of a population caused by genetic drift and
inbreeding and is important in determining the level of
variability in a population (Charlesworth 2009). Low effec-
tive population sizes have been shown to negatively impact
population stability and resilience to environmental change
(Newman and Pilson 1997; Saccheri et al. 1998; Nielsen
and Hansen 2008). By tracking temporal changes in N, and
other measures of genetic diversity (allelic diversity and
heterozygosity), it is possible to generate population data
that can independently corroborate (or refute) trends seen
in independent population and stock assessments. Further-
more, measures of genetic diversity reveal vital charac-
teristics of the population that cannot be revealed through
traditional surveys, yet are important for conservation and
management, especially when a stock has been depleted.
Therefore, these measurements are important baseline
genetic information to monitor and assess recovery of a
population over time and compare genetic diversity among
populations. Estimates of these parameters for Atlantic
sturgeon populations are lacking for many of the river sys-
tems in the Carolina and South Atlantic DPSs.

Our objectives are to characterize the genetic diversity,
stability, and to test for potential genetic structure of Atlan-
tic sturgeon in the Edisto River. In addition, the genetic
data was analyzed to identify and understand the influences
of past bottlenecks experienced by this species, as well as
to conduct forward simulation modeling of the popula-
tion under multiple population trajectories. The combina-
tion of long lifespan and overlapping generations, as seen
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in Atlantic sturgeon, has been shown to provide a masking
effect in terms of genetic diversity (Kuo and Janzen 2003;
Darden and Tarpey 2014). Understanding the degree of
masking afforded by their life history as well the influence
of potential future population trends on their capability of
maintaining future genetic diversity is important informa-
tion for effective management. Therefore, knowledge of the
current status and future trajectory of the genetic diversity
of a subpopulation is a significant variable in managing the
viability and persistence of Atlantic sturgeon (Anders et al.
2011).

Materials and methods
Sample processing

Our sample set conservatively was limited to only river-
resident juvenile Atlantic sturgeon (age 0 or 1, <530 mm
TL), as recommended by the ASSRT (2007), to avoid any
potential confounding influences from the high degree of
coastal movements documented in both subadult and adult
Atlantic sturgeon. The restriction of samples to the juve-
nile life stage allowed for an unambiguous genetic char-
acterization of Atlantic sturgeon from these river systems
as these fish are still residents of their natal river. Atlan-
tic sturgeon have been collected in the Edisto River since
1994 as part of a long-term monitoring project. Sampling
efforts targeted juvenile sturgeon by deploying drifted
gillnets (92 m long, 7.5 m deep, with 12.5 and 14.0 cm
stretched-mesh monofilament) between 4 and 6 days per

month from January—-May 1994-1995, January—December
1996-2000, March—-December 2001-2002, May—Decem-
ber 2003-2005, March—September 2006, and May—October
2007-2015. The sampling area was consistently near Jehos-
see Island (rkm 28.2) each year with the gear deployed in
areas that were free of debris (Fig. 1). The genetic tissue
archival database was queried for river-resident juvenile
Atlantic sturgeon captured in the Edisto River, SC; a total
of 1387 samples from the 1996 to 2011 year classes (YCs)
were identified. Captured fish were assigned a YC and a
spawning season (spring or fall) based on TL at day of year
(Fig. 2) following published length data of juvenile Atlantic
sturgeon in the South Atlantic DPS (Peterson et al. 2000;
Schueller and Peterson 2010) and assuming similar growth
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Fig. 2 Bimodal size distribution of all juvenile samples (<530 mm
TL) from the Edisto River suggests that individual fish can be
assigned to either a fall or spring spawning event
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rates among all fish within the Edisto River. The few out-
liers which did not fall within one of the size distribution
modes were designated as unknown and removed from all
analyses.

Sturgeon DNA samples were stored in three differ-
ent preservatives: sarcosyl urea, SDS-urea, and ethanol
(EtOH). Isolation techniques for samples stored in urea
based preservatives were identical, but a different method
was used for samples stored in EtOH. Urea based preserva-
tives digest most of the tissue during storage; to complete
the tissue digestion and cell lysis, 100 pl of liquid from
each sample storage tube was added to a 1.5 ml microcen-
trifuge tube containing 50 pl of lysis buffer (Wizard SV
Genomic DNA Purification System; Promega, Madison,
WI) and 20 pl of Proteinase K (20 mg/ml) and incubated
at 55°C for at least 2.5 h. The total 170 pl of lysate was
transferred to a 96-well round-bottom plate, and 13 pl of
Sera-Mag SpeedBeads (GE Healthcare Life Sciences, Pitts-
burgh, PA) was added. The lysate and SpeedBeads were
then mixed with cold, 100% isopropanol by pipetting. The
96-well plate was placed on a magnet for at least 10 min
and the supernatant was then discarded. A series of five
EtOH washes were performed by removing the 96-well
plate from the magnet, mixing the SpeedBeads with cold,
95% EtOH by pipetting and returning the plate to the mag-
net for ~1 min before discarding the supernatant. After the
EtOH washes, the SpeedBeads and DNA were allowed to
dry at room temperature until all EtOH evaporated (~1 h).
DNA was then eluted from the beads by mixing with 40 ul
of autoclaved Milli-Q water (EMD Millipore, Billerica,
MA) and stored at —20 °C until amplification.

Genomic DNA was extracted and isolated from tissue
stored in EtOH using the standard Purification of Genomic
DNA from Lysates Using a Microcentrifuge protocol for
the Wizard SV Genomic DNA Purification System (Pro-
mega). Approximately 5 mm? of tissue, when possible, was
used with the digestion solution. Isolated DNA was stored
at —20°C until amplification.

Genetic data were generated for the following twelve
microsatellite loci: LS19, LS39, LS54, LS68 (May et al.
1997), Aox23, Aox45, AoxI2 (King et al. 2001), AoxD44,
AoxD165, AoxD170, AoxDI188, and AoxD241 (Hender-
son-Arzapalo and King 2002). These loci were previously
used by Wirgin et al. (2012) because they could be reliably
scored, were in Hardy—Weinberg and linkage equilibrium
in previous studies and were effective in population/DPS
assignment (King et al. 2001; Henderson et al. 2005).

Optimized multiplex reactions contained 1x Hotmaster
PCR buffer (5 Primer Inc., Gaithersburg, MD), 0.25 mM
dNTPs, 2.0 mM MgCl,, 0.3 uM forward and reverse prim-
ers, 0.06 U Hotmaster Taq DNA polymerase (5 Primer
Inc.), and 1 pl sample isolated DNA. Specific ratios and flu-
orescent Well-RED dye labels (Sigma—Aldrich, St. Louis,
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MO) varied for each primer and multiplex group. Ampli-
fications occurred in 11 pl reaction volumes using iCy-
cler thermocyclers (Bio-Rad Laboratories, Hercules, CA)
under these conditions: initial 2 min denaturing at 94 °C;
35 cycles of 94 °C denaturing for 30 s, 58 °C annealing for
30 s, and 64 °C extension for 1 min; and a final 64 °C exten-
sion for 1 h.

PCR products were separated and visualized by capillary
gel electrophoresis on a Beckman CEQ 8000 Genetic Anal-
ysis System (Beckman Coulter, Brea, CA) with a 400BP
size standard kit. Chromatograms were scored with CEQ
Fragment Analysis software using the frag3/PA version 1
analysis algorithm (Beckman Coulter) to determine allele
size. Two independent readers scored each chromatogram
for quality assurance and quality control, and these scores
were compared for agreement.

As the microsatellite data currently incorporated into the
baseline Atlantic sturgeon DPS genetic data set were gener-
ated at the United States Geological Survey Leetown Sci-
ence Center, a validation test was conducted to avoid intra-
facility variation in the data. A total of 96 Atlantic sturgeon
samples were independently processed and genotyped at
both the Leetown Science Center and the South Carolina
Department of Natural Resources (SCDNR). Scores for all
samples were compared and differences were reconciled in
conference to develop a microsatellite scoring conversion
table. By scoring all samples in the same manner, despite
different facilities and equipment, the microsatellite data
generated here can now be added to the coastwide baseline
Atlantic sturgeon data set to further refine assignments to
DPSs.

Data analysis

Preliminary locus verification was conducted by testing
for adherence to Hardy—Weinberg equilibrium (HWE),
degree of linkage disequilibrium (LD), and the presence
of genotyping artifacts. Examinations for deviations from
HWE and LD between loci pairs were performed using the
program GenePop 4.3 (Raymond and Rousset 1995) with
default parameters (10,000 dememorizations, 100 batches,
and 5000 iterations per batch). The frequency of any null
alleles segregating at each locus was evaluated in CERVUS
3.0.7 (Kalinowski et al. 2007). Significance levels for all
simultaneous analyses were adjusted using a Bonferroni
correction (Holm 1979; Rice 1989). MicroChecker 2.2.3
(Van Oosterhout et al. 2004) was used to check for large-
allele dropout.

COLONY 2.0.6.2 (Jones and Wang 2010) was used to
identify and remove full siblings from the data prior to anal-
ysis with Structure because having many closely related
individuals can result in an overestimation of the number of
clusters (Anderson and Dunham 2008; Rodriguez-Ramilo
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and Wang 2012). Fall- and spring-spawned fish were ana-
lyzed separately with three short-length runs using the
full likelihood and pairwise-likelihood combined method
(FPLS) with a polygamous breeding system, medium preci-
sion, weak priors, updating allele frequencies, and no geno-
typing errors assumed. Each short run was given a differ-
ent random seed. Conservatively, we removed a full sibling
from a pair or family only if it was identified in all three
runs with a probability of >0.9 and if the samples were
within the same YC.

The Bayesian clustering program Structure 2.3.4
(Pritchard et al. 2000) was used to observe individual
genetic clustering over a range of populations (K). Run
parameters were set at 10,000 burn-in repetitions followed
by 10,000 Markov chain Monte-Carlo repetitions, with and
without location information included as a prior, with all
samples separated by season and YC, and with K varied
1-18 and three independent runs per K. Each season also
was run under the same conditions independently by YC
to determine if there was any underlying structure present.
Structure Harvester (Earl and vonHoldt 2012) was used to
assess the results and determine the number of groups that
best fit the data (Evanno et al. 2005).

Genetic population structure within the Edisto River
(spring-spawned versus fall-spawned fish by YC and spring
versus fall overall) was evaluated using pairwise Fgp, a
measure of genetic distance, as calculated in ARLEQUIN
3.5.2.1 (Excoffier et al. 2005) with 100 permutations to
assess significance. F’¢;, a measure of genetic distance
that is adjusted to the maximum value of Fg; for a given
suite of markers (Meirmans 2006; Meirmans and Hedrick
2011), was computed for the same pairwise comparisons
(excluding any YC with a single sample) using GenAlEx
6.502 (Peakall and Smouse 2006, 2012) with 999 standard
permutations and individual analysis suppressed. The Fg,
and F'g; analyses were complemented by exact G tests to
compare allele frequency distributions between every YC
from each fall and spring season. The exact G tests were
performed with a Markov chain randomization method
(10,000 dememorizations, 20 batches, and 5000 iterations
per batch) using GenePop.

Molecular diversity indices for the Edisto River were
calculated using ARLEQUIN, including number of alleles
per locus (N,), allelic size range, and heterozygosity (Hp)
(Nei 1987). Allelic richness (A, the number of alleles cor-
rected for sample size) was calculated using FSTAT 2.9.3
(Goudet 1995); inbreeding coefficients (F;g) (Weir and
Cockerham 1984) were calculated using GenePop. Effec-
tive population size (N,) was calculated using both contem-
porary methods in LDNe 1.31 (Waples 2006) and long-term
heterozygosity-based methods. Contemporary (parental
generation) estimates of N, (effective number of breeding
adults) were estimated using the single-sample program

LDNe (Waples 2006). Genetic drift generates non-random
associations among unlinked loci; LDNe analyzes this link-
age disequilibrium between a set of loci to estimate con-
temporary N, for a single time point. Minimal allele fre-
quencies for inclusion were set at default values (0.01, 0.02,
and 0.05) assuming a random mating model. The N, esti-
mates were corrected for overlapping generations according
to Waples et al. (2014), by using the two trait formula with
a 30 year life span and 9 year age at maturity (Smith 1985).
COLONY was also used to calculate N, for a single time
point based on sibling relationships among individuals.
Long-term estimates were calculated using heterozygosity-
based methods (Ohta and Kimura 1973) with both a step-
wise mutation model (SMM) and an infinite alleles model
(IAM). The SMM predicts that at mutation-drift equilib-
rium, N, is represented by [(1/1—Hg)?—11/8 p. Although the
SMM is likely the most appropriate model for microsatel-
lite data, it is sensitive to mutational modeling; therefore,
N, was also estimated under the IAM using the equation
N,=H/4 p(1-H). The most commonly used microsatellite
mutation rate in fishes, u=5x10"* (Estoup and Angers
1998), was used for both model estimations. The compari-
son of N, estimates for the Edisto River population across
YCs was used to determine the degree of stability in the
contribution to the reproductive pool over nearly a decade
(eight YCs).

BOTTLENECK 1.2.02 (Cornuet and Luikart 1996; Piry
et al. 1999) was used to test for recent (2—4N, generations)
reductions in Atlantic sturgeon population size through the
evaluation of a population’s heterozygosity excess based
on that expected at mutation-drift equilibrium. Although a
two-phase mutational model (TPM) with 95% single step
mutations and 12% variance among mutational steps is typ-
ically recommended for dinucleotide microsatellite repeat
loci (Piry et al. 1999), we evaluated all loci under both the
TPM and SMM. All three tests of population bottlenecks
were performed; however, interpretation was primarily
based on the Wilcoxon signed rank test as the sign test suf-
fers from low statistical power and the standardized differ-
ences test requires at least 20 polymorphic loci for robust
results (Cornuet and Luikart 1996).

The M-ratio (Garza and Williamson 2001) was
also calculated to identify long term population reduc-
tions, indicated by M <critical M (M.). M and M,
were calculated using the M_P_Val and Critical M
software ~ packages  (https://swfsc.noaa.gov/textblock.
aspx?Division=FED&id=3298). A range of M, values
were calculated through 10,000 distribution simulations;
input parameters of the average size of multistep mutations
(Ag: 2.8 and 3.5) and the proportion of one-step mutations
(py: 95,90, 85, and 80%) were varied.

Many conservation goals aim to maintain genetic diver-
sity of a population to help prevent extinction (Frankham
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2005). We used BOTTLESIM v2.6 (Kuo and Janzen 2003)
to simulate the evolution of genetic diversity over time for
Atlantic sturgeon, taking into account their long lifespan
and overlapping generations, to estimate the sustainable
population size needed to meet this conservation goal. All
simulations were conducted for a 200 year period incorpo-
rating a stable population size with dioecious reproduction,
random mating, 1:1 sex ratio, 30 year lifespan and an age at
maturity of nine years (in the southern part of their range,
male sturgeon mature by 8 years of age and females by 10
years of age; Smith 1985), with 1000 iterations. Calculated
N, estimates were used as the basis for population sizes for
the fall- and spring-spawned sturgeon. As the contempo-
rary estimates are realistically somewhere in between the
effective number of breeders and the true effective popula-
tion size, we used population sizes ranging from the worst
case scenario (N, is the true population size) to 5X N,

Results

Four Atlantic sturgeon were identified as being recaptured
based on identical genotypes (Table 1); one from each
pair was removed for subsequent analyses. Locus LS39
was dropped from further analysis due to substantial prob-
lems with its amplification. Deviations from HWE and
LD were observed in the dataset, partially due to family
structure being present in the data. Data were reanalyzed
after removing full siblings (see COLONY results). With
full siblings removed and after Bonferroni correction, two
loci deviated from HWE (Aox23 and AoxD241) in the fall
sample set and three loci deviated from HWE (AoxD188,
Aox45, and LS19) in the spring sample set (Supplementary
Table 1). Given the lack of consistency in deviations from
HWE at particular loci between sample sets, these loci
were retained. However, LD was still observed after remov-
ing full siblings. Given the lack of evidence of linkage in
other studies (King et al. 2001; Henderson-Arzapalo and

Table 1 Summary of four recaptured Atlantic sturgeon within the
Edisto River detected within the dataset based on identical genotypes

Collection date TL (mm) Year class Growth
rate (mm/
day)

12-May-1997 357 1996 1.2

09-Sep-1997 497

29-Sep-1998 277 1998 1.7

09-Feb-1999 499

18-June-2003 216 2003 1.6

03-Sep-2003 337

16-May-2005 374 2004 1.1

26-July-2005 450
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King 2002) and the Albemarle Sound and Savannah River
populations from our research (unpublished data), true
physical linkage of loci is unlikely, and the observed LD
possibly is a result of our conservative approach to full sib-
ling removal and latent relatedness. There was no evidence
of null alleles (frequency <0.05) at any loci (except LS39,
which was already dropped) or large-allele dropout.

Each COLONY run produced minor variations in relat-
edness, but consistently identified families of three or more
individuals. For the fall dataset, COLONY identified 61
full siblings that were removed: 21 of 1996 YC, 27 of 1997
YC, seven of 1998 YC, and six of 1999 YC. The largest
family in the fall samples comprised 14 members. For the
spring dataset, COLONY identified 45 full siblings that
were removed: two of 1998 YC and 43 of 2003 YC. The
largest family in the spring samples also comprised 14
members. The resulting data contained 1117 samples of
fall-spawned sturgeon and 164 samples of spring-spawned
sturgeon and was used to infer the number of genetic clus-
ters present with Structure analyses.

The results from Structure and Structure Harvester
(AK=1020.33) indicated that there were two popula-
tion clusters in the Edisto River, with distinct signatures
assigned to sturgeon from fall spawning events and spring
spawning events (Fig. 3). When fall- and spring-spawned
sturgeon were run independently, both resulted in K=1,
indicating that there was no further population or family
structure present. The same results were obtained with and
without location used as a prior.

Pairwise Fg, estimates between each YC and season
(excluding YCs with <10 samples) varied from 0.0 to 0.109
(Table 2). When all YCs were combined and separated by
season spawned, the comparison between fall- and spring-
spawned sturgeon resulted in an Fg, estimate of 0.092,
which was significantly different than 0 (p <0.05). All F’ ¢,
results were consistent with Fg; results on a YC pairwise

0.8

0.6

0.4

0.2

Proportion of Population Assignment

0.0 .
Fall Spring

Fig. 3 Results from Structure displaying the fractional ancestry of
fall- and spring-spawned Atlantic sturgeon in the Edisto River to the
K =2 genetic clusters. Each individual bar represents the ancestry of a
single fish, with the colors corresponding to the proportion of popula-
tion assignments
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Table 2 Pairwise Fg, estimates

. Fall Spring
(below diagonal) and F’ ¢
(above diagonal) between 1996 1997 1998 1999 2000 2001 2002 2003 2004 1998 2003
E";SS?;‘Eﬁgf;&f};jﬁir";m Fall 1996 0.012 0.014 0.008 0.009 0.017 0015 0.018 0010 0201 0.333
1997 0.004 0.022 0018 0.022 0.056 0023 0.039 0.028 0.227 0.365
1998 0.004 0.007 0.004 0.002 0.008 0.018 0.034 0.016 0.233 0.353
1999 0.003 0.006 0.001 0.010 —0.006 0.020 0.031 0.014 0.233 0.339
2000 0.003 0.007 0.001 0.003 0.009  0.007 0.017 0.009 0.205 0.324
2001 0.005 0.018 0.003 —0.002 0.003 0.040 0.024 0.022 0.185 0.293
2002 0.004 0.007 0.006 0.006 0.002 0.013 0.017 0.011 0226 0.321
2003 0.005 0.012 0.010 0.009 0.005 0.007 0.005 0.033 0.106 0.194
2004 0.003 0.009 0.005 0.005 0.003 0.007 0.003 0.010 0.236 0.348
Spring 1998 0.055 0.066 0.066 0.068 0056 0.052 0.062 0.027 0.067 0.139
2003 0.096 0.109 0.103 0.102 0.092 0.087 0.092 0.053 0.102 0.035

Bolded Fg; estimates were not statistically significant following Bonferroni correction. Year classes with
sample sizes <10 were excluded (see Table 4)

basis and the overall comparison between fall- and spring-
spawned sturgeon resulted in F’¢;=0.316. The exact G
tests resulted in significant differences in allele frequencies
at each locus and overall from the fall- and spring-spawned
sturgeon, corroborating the F¢; and F’ ¢ results.

The number of alleles per locus (N,) was higher for fall-
spawned sturgeon than for spring-spawned sturgeon (11.2
vs. 9.4, respectively; Table 3). Allelic richness (8.3 fall; 8.5
spring) and size range (6-36 fall; 6-32 spring) were simi-
lar for both spawning periods. Heterozygosity was moder-
ate overall for both fall (H,=0.70, H;=0.69) and spring
(Hp=0.77, H;=0.74), and no inbreeding was detected for
either group (F;g=—0.018 fall; F;¢=—0.044 spring).

Overall, LDNe estimated fall sturgeon N,=48.0
(44.7-51.5; 95% CI) and spring sturgeon N,=13.3
(12.1-14.6) (Table 3). The three COLONY estimates of N,
were an order of magnitude higher than LDNe estimates for
the fall sturgeon (~328), but were similar for spring stur-
geon (~38). Long-term estimates of N, were 2301.8 and
3419.9 for fall and spring, respectively, under the SMM
and 1097.4 and 1415.7 for fall and spring, respectively,

under the IAM. Estimates of N,, by YC were roughly simi-
lar, mostly near N,,=30, with some individual YCs bur-
dened by large confidence intervals or negative estimates
due to small sample sizes (Table 4). The highest and low-
est YC N,, estimates were 60.8 for fall 2004 and 9.5 for
spring 2003. No signs of a recent bottleneck were detected
under either the TPM or SMM for fall- or spring-spawned
sturgeon with the heterozygosity excess method (all Wil-
coxon signed rank test p>0.8). The M-ratio test indicated
evidence of a bottleneck as fall (M=0.731) and spring
(M =0.708) groups of sturgeon were both below the entire
range of calculated M. values (0.773-0.915).

Similar patterns were seen between fall and spring
populations in the simulations (Fig. 4). Allelic richness
decreased faster over time than observed heterozygosity
for both spawning groups. The worst case scenario (N, is
the true population size) for fall resulted in a~40% reduc-
tion in allelic richness and a<20% reduction in observed
heterozygosity after 200 years. The worst case scenario
for spring resulted in a~60% reduction in allelic richness
and a~40% reduction in observed heterozygosity after

Table 3 Overall comparison between fall- and spring-spawned Atlantic sturgeon in the Edisto River

Group H, Hy N, A Fig Fgr F o Long term N, Contemporary N, (95% CI)

SMM IAM LDNe COLONY
Fall 0.699 0.687 11.2 8.3 —0.018 0.092 0.316 2301.83 1097.44  48.0 (44.7-51.5) 328 (280-387)
Spring 0.771 0.739 9.4 8.5 —0.044 3419.94 1415.71 13.3 (12.1-14.6) 38 (25-60)

The 95% parametric confidence intervals (CI) are included for contemporary N, estimates

H,, observed heterozygosity
Hp; expected heterozygosity
N, number of alleles

A allelic richness

Fg inbreeding coefficient
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Table 4 Effective population size estimates by spawning season and
year class for Atlantic sturgeon in the Edisto River

Season Year class N, 95% CI n

Fall 1996 29.4 (30.2) 26.4-32.6 178
1997 30.7 (31.5) 28.1-33.4 387
1998 35.3(36.2) 31.4-39.7 139
1999 35.9 (36.8) 32.0-40.3 164
2000 47.0 (48.2) 40.3-55.3 102
2001 32.3(33.1) 14.6-660.8 12
2002 42.2 (43.3) 36.2-49.4 108
2003 20.4 (20.9) 14.7-30.7 19
2004 60.8 (62.4) 47.3-81.8 63
2005 * *
2011 * *

Spring 1996 * *
1997 * * 5
1998 13.8 (14.2) 9.6-21.5 14
1999 * * 3
2001 * *
2002 * * 1
2003 9.509.7) 8.5-10.5 184

N,, corrected for overlapping generations (Waples et al. 2014) are

included in parentheses. The 95% parametric confidence intervals
(CI) and number of fish sampled (n) are also included

*Not estimated due to small sample size

200 years. However, the best case scenario (5XN,, is the
true population size) for fall resulted in a~20% reduction
in allelic richness and a<5% reduction in observed het-
erozygosity after 200 years. The best case scenario for
spring resulted in a~35% reduction in allelic richness and
a<10% reduction in observed heterozygosity after 200
years. These results assume that the Edisto River is a closed
population. Some of the losses of genetic diversity could be
substantially countered by mutation and immigration from
other populations, which is not estimated in these simula-
tions; therefore, these results should be considered very
conservative.

Discussion

The Edisto River contained two genetically distinct groups
of Atlantic sturgeon, fall- and spring-spawned fish, both
of which are diverse from a neutral genetic marker stand-
point. The lack of inbreeding also bodes well for these two
groups of sturgeon, though there was evidence of recent
and historic bottlenecks in both groups and future projec-
tions indicate a loss of allelic richness and genetic diversity
even with population stability. Our N, estimates (48.0 for
fall and 13.3 for spring) seem moderate compared to pub-
lished estimates for populations such as the James River

@ Springer

(N,=62), Delaware River (NV,=109), and the Hudson River
(N,=198) (O’Leary et al. 2014); however, given that our
samples comprised several cohorts but not a complete gen-
eration these estimates are likely biased downward. Like-
wise, our YC N, estimates are typically around 30, which
seem realistic compared to cohort estimates from the
Altamaha River population (73-138; Moyer et al. 2012).
However, these previous studies did not separate samples
by spawning seasons, which could have upwardly biased
their N, and N, estimates if subpopulation structure is pre-
sent in those river systems.

The most significant finding of our research is the
genetic distinctness of the fall- and spring-spawned Atlan-
tic sturgeon. Some individuals appear to be outliers within
the fall or spring groupings (Fig. 3), and unfortunately the
underlying explanation for this is unknown, but individu-
als may have been categorized to the wrong group initially
due to clerical errors, abnormal growth in some individu-
als, or infrequent straying between spawning seasons.
The high values of Fy; and F’g and the lack of ancestral
mixture from Structure indicate there is little gene flow or
admixture between the two spawning groups of sturgeon in
the Edisto River. Although this is a new finding for Atlan-
tic sturgeon, it is not unknown among fishes. For example,
chinook salmon from different seasonal spawning runs in
central California have a mean Fg; of 0.082 (Banks et al.
2000). Population structure within a river system has been
suggested based on differential spawning behaviors of
Atlantic sturgeon (Balazik et al. 2012; Balazik and Musick
2015), but has not been documented genetically. The find-
ings here raise several important questions as to the evolu-
tionary history of the species. For example, would this pat-
tern of seasonal spawning differentiation also be observed
in other river systems? If so, does this differentiation
between seasons arise within river systems or across river
systems? The latter possibility would indicate a deeper evo-
lutionary divergence between fall- and spring- spawning
Atlantic sturgeon, which can be assessed by analyzing data
from other populations.

By most metrics, the spring-spawned sturgeon appear
to be more diverse and have higher long-term N, estimates
than the fall-spawned sturgeon in the Edisto River, though
the sample size was smaller and contemporary N, estimates
were lower. These seemingly conflicting results may be
attributable to a higher historical population of spring stur-
geon that were disproportionally targeted by fisheries for
their meat and roe (Smith et al. 1984). Balazik and Musick
(2015) observed that the spring spawning group appears
less abundant than the fall-spawning group in the James
River, Virginia, although this may be due to a sampling
bias.

Previous studies that identified bimodal size distri-
butions as different cohorts should be re-evaluated to
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Fig. 4 Simulated loss of genetic diversity in fall (top, a and b panels)
and spring (bottom, ¢ and d panels) populations of Atlantic sturgeon
in the Edisto River over a 200-year time period with various popula-
tion sizes kept constant over time. Evolution of allelic richness (OA)

determine if they are instead representative of separate fall-
and spring-spawned cohorts. We documented better modal
separation by plotting TL by day of year, which allowed us
to categorize individual sturgeon to either a fall or spring
spawning event. These categorizations and growth rates
were supported by the genetic identification of four recap-
tures whose growth between captures mirrored that of the
entire groups of sturgeon. The two distinct spawning events
also raise a question as to whether previous age estimates
based on pectoral fin spines are accurate and reliable if they
did not account for multiple spawning events in a single
year.

Our results also have several important ramifications
for management of Atlantic sturgeon. Currently, the spe-
cies is managed in five DPSs across the entire range.
Management on a sub-DPS level should be considered
if population structure as strong as that observed in the
Edisto River also occurs in other parts of the species’
range since this was not accounted for in the previous
analyses. Fall- and spring-spawning Atlantic sturgeon
may warrant separate management as well since vari-
ous commercial fisheries may differentially encounter

100 —
3
L 9
2
5
g 80
o
3 — 50
.% & 100
E w0l 150
2 200 b

250
50
0 50 100 150 200

Time (Years)

% Retained Diversity (H,)

0 50 100 150 200
Time (Years)

is shown on the left for each river (a and ¢ panels) and observed het-
erozygosity (H,) is shown on the right (b and d panels; note the con-
tracted y-axis scale)

the fish during fall and spring spawning migrations. The
population genetics analysis of this rich dataset provides
a robust evaluation of the current status of Atlantic stur-
geon in the Edisto River and fulfills one area identified as
needed research by the ASSRT (2007). These metrics can
be used as benchmarks from which to measure recovery
of the species.
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