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Abstract

Acipenser oxyrinchus oxyrinchus (Atlantic sturgeon)
were once abundant and supported large-scale fisher-
ies throughout much of the east coast of the United States.
However, historic overharvest and habitat loss resulted in
dramatic declines in abundance and eventual listing under the
Endangered Species Act of the United States. As part of this
listing, Atlantic sturgeon populations were divided into five
distinct population segments (DPSs), with many management
activities occurring at the level of the DPS. However, because
subadult and adult Atlantic sturgeon can make large, coast-
wide migrations and often mix extensively with individuals
from other populations, individuals may be exposed to conser-
vation threats away from their natal river or DPS, ultimately
making it difficult to determine the appropriate spatial scale
for management activities. To help address this uncertainty,
the U.S. Geological Survey performed genetic assignment
tests to determine the natal origin of 329 Atlantic sturgeon
that were encountered as mortalities or taken during permitted
activities in 2021. Overall, most individuals assigned to the
Hudson River population, with additional major contributions
from the James River Fall and Delaware River populations.
However, a sizeable proportion of individuals were assigned to
more distantly located populations in the southeastern United
States. These results highlight the prevalence of long-distance
movements in Atlantic sturgeon and underscore that popula-
tions may be vulnerable to threats far from their natal rivers.

Introduction

Acipenser oxyrinchus oxyrinchus (Atlantic sturgeon) is
an anadromous fish species that is broadly distributed from
Labrador, Canada, to Florida, United States. Historic records
suggest that Atlantic sturgeon may have once spawned in at
least 35 rivers along the east coast of North America; however,
today only 25 rivers are suspected to still support naturally
reproducing populations (Atlantic Sturgeon Status Review
Team, 2007; Atlantic States Marine Fisheries Commission,
2017). There is limited information regarding abundance

(Wirgin and others, 2015), but it is generally believed that
most populations are greatly reduced from historical sizes
(Kazyak and others, 2020).

The decline of Atlantic sturgeon populations can largely
be traced to an unsustainable commercial fishery that mostly
collapsed in the late 19th century, but which continued through
much of the 20th century despite severely reduced landings
(Dadswell, 2006; Hilton and others, 2016). Following decades
of population declines, the Atlantic States Marine Fisheries
Commission enacted a 40-year moratorium on Atlantic
sturgeon harvest in waters of the United States in 1998, with
the goal of protecting 20-year classes of spawning females
(Atlantic States Marine Fisheries Commission, 1998).

In 2012, the Atlantic sturgeon was listed under the
Endangered Species Act of the United States (National
Oceanic and Atmospheric Administration, 2012a, b). As part
of this listing, and partially based on available genetic infor-
mation at the time, rivers in the United States were divided
into five distinct population segments (DPSs). Four DPSs
were classified as endangered including the South Atlantic,
Carolina, Chesapeake Bay, and New York Bight DPSs. The
fifth DPS, the Gulf of Maine, was classified as threatened due
to limited perceived threats to population persistence (Atlan-
tic Sturgeon Status Review Team, 2007). In Canada, Atlantic
sturgeon are designated as threatened by the Committee on
the Status of Endangered Wildlife in Canada (2011). Within
the United States, Federal management of Atlantic sturgeon
is legally predicated on the DPS framework, with each DPS
managed separately to limit the impacts of anthropogenic
activities (such as dredging, offshore wind development,
and commercial fisheries) on recovery. The Atlantic States
Marine Fisheries Commission also seeks to evaluate stock
status across multiple spatial scales, including range-wide,
DPS-specific, and population-specific (Atlantic States Marine
Fisheries Commission, 2017).

The need to monitor and manage threats to the recovery
of specific stocks presents significant challenges to Atlantic
sturgeon conservation. After hatching, juvenile Atlantic stur-
geon remain in their natal tributary for up to six years before
migrating to the ocean (Hilton and others, 2016). Once in
marine waters, subadult and adult Atlantic sturgeon frequently
engage in extensive coast-wide movements where behavior
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is not well-understood. However, telemetry data indicate that
individuals can move several hundreds of kilometers (km)
within a few months, with some individuals moving up to
1,500 km (Erickson and others, 2011; Rulifson and others,
2020). During these periods of extensive marine movements, it
is common for high-density, mixed-stock aggregations to form
in foraging areas (Dunton and others, 2010; Dadswell and
others, 2016), and for individuals to temporarily occupy tidal
sections of non-natal rivers and estuaries (Wirgin and others,
2015; Fox and others, 2018). Accordingly, because Atlantic
sturgeon use a complex mosaic of habitats to complete their
life cycle, they can be vulnerable to anthropogenic threats at
both local and coast-wide scales (Erickson and others, 2011;
Wirgin and others, 2015), including bycatch mortality (Dunton
and others, 2015), marine construction, dredging, vessel
strikes, dams, and potential predation by invasive species
(Atlantic States Marine Fisheries Commission, 2017).

In order to mitigate population-specific exposure to
human activities, it is necessary to understand how individu-
als from each population are distributed across the various
habitats they use (Dunton and others, 2015). One tool that
can be used to help meet this objective is individual-based
genetic assignment tests, which use genotypic data to iden-
tify the likely natal population for an individual of unknown
origin. Results of these individual-based genetic assign-
ment tests can be used to help characterize the impacts of
permitted activities on specific Atlantic sturgeon popula-
tions or the five DPSs listed under the Endangered Species
Act. As part of an interagency agreement with the National
Marine Fisheries Service (NMFS) that began 2018, the U.S.
Geological Survey (USGS) has been performing individual-
based genetic assignment tests for Atlantic sturgeon samples
that have been submitted to the Atlantic Coast Sturgeon Tissue
Research Repository (https://www.fisheries.noaa.gov/national/
endangered-species-conservation/atlantic-coast-sturgeon-
tissue-research-repository). This report provides results for
samples obtained in 2021 and comments about the natal origin
of individuals analyzed.

Methods

Tissue Collection and Genotyping

Each year, scientific collectors submit samples to the
Atlantic Coast Sturgeon Tissue Research Repository and
NMES identifies samples that are of greatest interest for
individual assignment testing. In 2021, NMFS identified
345 Atlantic sturgeon samples that were reported mortali-
ties and/or necessary for assignment under Section 7 of the
Endangered Species Act.

Samples were genotyped at the U.S. Geological
Survey Eastern Ecological Science Center (USGS-EESC)
in Kearneysville, West Virginia. Whole genomic DNA was
extracted from tissue samples using Gentra Puregene reagents
(Qiagen, Germantown, MD, USA). All samples were screened

for 12 Atlantic sturgeon microsatellite loci (LS19, LS39, LS54,
LS68, Aox12, Aox23, Aox45, AoxD170, AoxD188, AoxD165,
AoxD44, AoxD241; described in May and others, 1997; King
and others, 2001; Henderson-Arzapalo and King, 2002).

Sex was identified in 272 individuals by adding the
AllWSex2 primer (Kuhl and others, 2021) into an existing PCR
multiplex. Previous study (Nick Sard, SUNY Oswego, written
commun., 2023) has shown that the amplicon base pair length
and relative florescence units (RFU) can be used to identify
individual sex, with results closely matching phenotypic and
histological sex assignments. Specifically, amplicon fragments
in females are approximately 106 base pairs and amplify
with high intensity (greater than 26,000 RFU) whereas males
produce no product or sometimes a faint band that is less
than 8,000 RFU. These criteria were applied to determine
the genetic sex of individuals. Occasionally the amplicon
was greater than 8,000 RFU but less than 26,000, in which
the sex was identified as unknown. If no loci amplified in the
multiplex PCR with the sex marker, then the individual was
categorized as unknown sex. All genotypes are available in a
U.S. Geological Survey data release available at White and
others (2023).

Data Analysis

Individual-based assignments were performed by assign-
ing individuals to one of 18 genetically distinct populations
represented in the genetic baseline for Atlantic sturgeon
described by White and others (2021). The genetic baseline
included 2,510 individuals collected from 13 rivers and one
estuary. Based on significant genetic differentiation and previ-
ous genetic and behavioral studies, Atlantic sturgeon from the
James, Pee Dee, Edisto, and Ogeechee rivers were divided into
spring and fall runs for a total of 18 potential source popula-
tions. These populations were distributed across all five DPSs
and included two Canadian rivers (fig. 1).

Most of the individuals in the baseline were genotyped
at USGS-EESC; however, some samples from the James
and Edisto rivers were genotyped by the South Carolina
Department of Natural Resources (SCDNR) using similar
methods, with the exception that SCDNR did not genotype
at locus LS39. A previous effort to standardize allele calls
between USGS-EESC and SCDNR found very strong con-
cordance between the two laboratories. However, there were
occasional differences at Aox12 locus that pertained to the
genotype 187/189. As a result, the SCDNR genotype 187|189
for locus Aox12 was omitted and the locus treated as missing
data. This omission has negligible influence on the genetic
baseline, as it only affected two individuals from the Pee Dee
Fall Run and three individuals from James Fall Run.

The majority of individuals in the genetic baseline are
river-resident juveniles (less than 500 millimeters [mm]
total length [TL]) and adults (greater than 1,500 mm TL).
Individuals outside of these size criteria were excluded from
the genetic baseline due to the extensive dispersal of sub-
adult and adult Atlantic sturgeon outside of spawning season.


https://www.fisheries.noaa.gov/national/endangered-species-conservation/atlantic-coast-sturgeon-tissue-research-repository
https://www.fisheries.noaa.gov/national/endangered-species-conservation/atlantic-coast-sturgeon-tissue-research-repository
https://www.fisheries.noaa.gov/national/endangered-species-conservation/atlantic-coast-sturgeon-tissue-research-repository
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Figure 1. Distribution of 18 Acipenser oxyrinchus oxyrinchus (Atlantic sturgeon) collections in the genetic baseline that
served as reference populations for individual-based assignment tests of unknown individuals. Collections are color-coded
by distinct population segment (DPS). The sample size of individuals from each collection appears in parentheses. Figure
modified from White and others (2021).
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Table 1.
oxyrinchus (Atlantic sturgeon) used in the baseline dataset

Classification confusion matrix for individual based assignments using GeneClass2 for 18 collections of Acipenser oxyrinchus

[Table from White and others (2021). n, number of samples; St., Saint; —, no data; DPS, distinct population segment]

Assigned population

Sampled population James James Albemarle
St. Lawrence St. John Kennebec Hudson Delaware York (Spring Run) (Fall Run) Complex

St. Lawrence 30 30 *f —t — — — — — — _
St. John 31 —t 29 *1 1 — 1 — - _ -
Kennebec 48 1 2 45 *1 — — — — — _
Hudson 307 — — 7 272 *t 261 — 1 1 —
Delaware 488 — — 2 57 *t 415 * 1 — 9 5 _
York 203 — — — 2 1 189 *.f =i 7t 3
James (Spring Run) 45 — — — 1 1 i 38 *.f 2t _
James (Fall Run) 131 — — — 2 1 —t 1t 122 *+ —
Albemarle Complex 71 — — — — — 1 — 3 49 *.f
Pee Dee (Spring Run) 66 — — — — — — — _ 1t
Pee Dee (Fall Run) 50 — — — — — — 1 1 3t
Edisto (Spring Run) 123 — — — — — — — — _
Edisto (Fall Run) 373 — — — — — — — — —
Savannah 134 — — — — — — — _ _
Ogeechee (Spring Run) 92 — — — — — — - _ -
Ogeechee (Fall Run) 55 — — — — — — — _ _
Altamaha 189 — — — — — — — _ 1
Satilla 74 — — — — — — — — -

The only exceptions were two individuals from the Pee Dee
River and seven individuals from the St. John River that were
1,200-1,400 mm TL, which were included due to limited
sample sizes in those locations and because the sturgeon were
captured at a time and locality consistent with spawning.
With the exception of the sturgeon representing the Albemarle
Sound, all individuals included in the baseline were captured
in riverine environments. Albemarle Sound samples were col-
lected in tidal waters outside of a known spawning area. The
inclusion of individuals collected outside of putative spawning
reaches in the Albemarle Sound is a known weakness of the
current baseline, as the collection likely represents sturgeon
from several spawning populations within the Carolina DPS.
White and others (2021) demonstrated high assignment
accuracy of the genetic baseline with 81.7 percent of individu-
als assigning to the correct river of origin and 94.0 percent of
individuals assigning to the correct DPS of origin (table 1).
High assignment accuracy suggests that the baseline has
high sensitivity and specificity and can be used to reliably
assign individuals of unknown origin to a population or DPS
of origin.

Individual-based genetic assignments on 345 unknown
samples provided by NMFS were conducted in the program
GeneClass2 (Piry and others. 2004) using the criterion of
Rannala and Mountain (1997). Individuals were assigned to
each of the 18 reference collections in the baseline using two
methods. In the first, the negative-log likelihood of assign-
ment to each collection was used to identify the five most
probable populations of origin. Assignment strength to each of
these populations was evaluated by calculating a score using
equation 1

Li
percent score;; = IL *100 (1)
=i
where
L;,  isthe likelihood that individual (i) is natal to
population (/), and
k
ZLU is the sum of all likelihood values across the
=l 18 collections.

Assignments were run at the population level, and counts were
subsequently aggregated to the DPS level.
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Classification confusion matrix for individual based assignments using GeneClass2 for 18 collections of Acipenser oxyrinchus

oxyrinchus (Atlantic sturgeon) used in the baseline dataset.—Continued

[Table from White and others (2021). n, number of samples; —, no data; DPS, d

istinct population segment]

Assigned population Percent of Percent of

individuals individuals

Pee Dee Pee Dee Edisto Edisto geech Ogeech . assigned to assigned to

(Spring Run) (Fall Run) (Spring Run) (Fall Run) Savannah (Spring Run) (Fall Run) Altamaha Satilla the correct the correct

population DPS

— — — — — — — — — 100.00 100.00
— — — — — — — — — 93.55 93.55
— — — — — — — — — 93.75 93.75
— — — — — — — — — 88.60 97.07
— — — — — — — — — 85.04 96.72
— — — — 1 — — — — 93.10 96.55
— 3 — — — — — — — 84.44 88.89
1 1 — — 3 — — — — 93.13 93.89
21t 7t 2 1 4 — 1 1 — 69.01 81.69
56 *f 3f — — — 5 — — 1 84.85 90.91
—t 32 %1 — 4 4 — 2 3 — 64.00 70.00
1 — 106 ** 8 21 2f — 21 21 86.18 99.19
— 5 2t 313 1 20 —f 16 f 16 1 1t 83.91 98.66
3 4 2f 5 90 *f 1t 41 22f 3f 67.16 94.78
1 — 11t —t 1t 72 *t —t —t 7t 78.26 98.91
— 1 —F 9t 21 —F 33 *f 101 —F 60.00 98.18
— — —t 10* 29t —t 11t 138 *f —t 73.02 99.47
— — 1t 1t 21 9f 5t 21 54 %1 72.97 100.00

*Items are bolded to indicate the number of individuals that correctly assigned to the presumed population of origin based on sample location.

FItems are shaded to indicate the number of individuals that correctly assigned to the presumed distinct population segment of origin based on sample loca-

tion.

Although likelihood scores indicate the most likely
source among the candidate populations, they do not provide
information as to whether or not a candidate population could
reasonably have produced a particular individual (in other
words, goodness-of-fit). To provide this additional perspective,
assignments were also completed using Monte-Carlo resam-
pling to calculate the probability that each multi-locus geno-
type could be drawn from each reference population based on
the allele frequencies in that reference population.

However, one caution is that assignments are based solely
on allele frequencies, and it is possible (although unlikely) that
by chance an individual has a genotype that is more common
in another population. Misassignment happens most frequently
when individuals are scored at fewer than 12 loci or when
populations have similar allele frequencies—which frequently
occurs among populations within the same DPS. It is also
important to note that the assignment testing approach used in
this analysis requires an individual to be assigned to one of the
18 reference collections. In other words, individuals could not
be assigned to an extant population that was not represented in
the genetic baseline, even if that was its true source.

Results

The average number of loci genotyped across the
345 samples was 11.3 (range: 0—12; White and others, 2023).
Sixteen individuals were genotyped at fewer than four loci
and were removed from further analysis. In addition, one pair
of identical multi-locus genotypes was identified (Aoxy30995
and Aoxy30996). As the probability of two randomly sampled
individuals having identical genotypes is less than 0.0001 per-
cent, the repeated genotype was assumed to represent a dupli-
cate sample from the same individual and one was removed
from the analysis. Thus, there were 329 individuals available
for assignment, of which 116 samples included geographic
coordinates for the sample location, and all were collected
between Cape May, New Jersey and Virginia Beach, Virginia.
Collection location for the remaining 213 samples was not
provided to USGS; however, those individuals were included
in all analyses.

The majority of samples assigned to the Hudson River
(130), Delaware River (50), James River Fall Run (42), York
River (21), and Pee Dee River Fall Run (15) populations. Less
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than 5 percent of individuals assigned to the Kennebec River,
Ogeechee River Spring Run, Albemarle Complex, Savannah
River, Pee Dee River Spring Run, St. John River, Altamaha
River, Edisto River Spring Run, Satilla River, Ogeechee River
Fall Run, James River Spring Run, and St. Lawrence River
populations (fig. 2; table 2). Most of these assignments were
made with a high degree of likelihood (mean score: 91.0 per-
cent to the assigned population; range: 37.5-100.0 percent).
Of the 90 individuals with a score less than 90 percent, the
second most probable population was in the same DPS 51 per-
cent of the time (White and others, 2023).

There was a reasonable probability that most individu-
als could have originated in their assigned populations given
reference allele frequencies (mean: 41.5 percent; range:
0.00-99.9 percent). There were nine individuals that assigned
with 0.00 percent probability to all collections, which included
four individuals that assigned to the James River Fall Run, one

Table 2. Number of Acipenser oxyrinchus oxyrinchus
(Atlantic sturgeon) assigned to each of the 18
collections in the genetic baseline.

[St., Saint; DPS, distinct population segment; —, no data]

Collection Number assigned to collection

Canadian Rivers (Total assigned = 8)

St. Lawrence 2
St. John 6
Gulf of Maine DPS (Total assigned = 12)

Kennebec 12

New York Bight DPS (Total assigned = 180)
Hudson 130
Delaware 50

Chesapeake Bay DPS (Total assigned = 64)
York 21
James Spring 1
James Fall 42

Carolina DPS (Total assigned = 31)

Albemarle Complex

Pee Dee Spring

Pee Dee Fall 15
South Atlantic DPS (Total assigned = 33)

Edisto Spring 4
Edisto Fall —
Savannah 7
Ogeechee Spring 12
Ogeechee Fall

Altamaha

Satilla

to Ogeechee River Spring Run, and three to Pee Dee River
Spring Run using the likelihood-based method; however, these
individuals were retained in the analyses (White and others,
2023). These individuals may have possessed allele combina-
tions which were not present in the baseline, or alternatively
may have originated in populations that are not represented in
the baseline.

Of the 272 individuals that were screened for sex, there
were 121 females, 133 males, and 18 unknowns (13 of these
unknowns had intermediate RFU values and a further 5 did not
amplify at control loci). Two individuals that were categorized
as unknown also failed to be genotyped at a sufficient number
of loci for population assignment testing and were removed
from the analysis as was the presumed repeated sample (thus
leaving a total sample size for sex determination of 269 indi-
viduals). The number of males and females assigned to each
population was approximately equal (table 3).

Table 3. Molecular sex identification for 269 Acipenser
oxyrinchus oxyrinchus (Atlantic sturgeon) which were assigned to
collections in the genetic baseline.

[St., Saint; —, no data]

Assigned collection Female Male  Unknown  Total
St. Lawrence 2 — — 2
St. John 3 2 1 6
Kennebec 5 5 1 11
Hudson 54 61 9 124
Delaware 21 20 1 42
York 4 4 — 8
James Spring 1 — — 1
James Fall 13 15 — 28
Albemarle Complex 1 2 2

Pee Dee Spring 3 4 — 7
Pee Dee Fall 5 5 — 10
Edisto Spring — 3 —

Edisto Fall — — — 0
Savannah 2 2 —

Ogeechee Spring 6 6 — 12
Ogeechee Fall — 1 —

Altamaha — — 2 2
Satilla 1 2 —
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Figure 2. Results of genetic assignment tests for 116 Acipenser oxyrinchus oxyrinchus (Atlantic sturgeon) with reported
collection locations along the Atlantic Coast of North America. A, Map showing individual collection locations, symbolized by
results of population assignment tests. B, Bar graph showing number of individuals assigned to each population for the 116
individuals where capture location is known.
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Summary

In a sample of 329 Acipenser oxyrinchus oxyrinchus
(Atlantic sturgeon), we assigned individuals to 17 of 18
collections described in the genetic baseline by White and
others, (2021). Nearly 40 percent of individuals assigned to
the Hudson River population, which is unsurprising given that
the population is believed to be one of the most numerically
abundant (Breece and others, 2021). Moreover, all individuals
with reported sample locations were collected in the mid-
Atlantic region, which is in close proximity to the mouth of
the Hudson River.

The only collection in the baseline that was not detected
in the sample of unknown individuals was that of the Edisto
River Fall Run; however, individuals from the Edisto River
Spring Run were detected. Furthermore, 10 percent of all
individuals were assigned to populations in the South Atlantic
distinct population segment (DPS). This finding supports
previous research which noted the propensity for long-distance
migrations in subadult and adult Atlantic sturgeon, including
the potential for populations from the South Atlantic DPS to
be encountered at more northern latitudes (Kazyak and others,
2021). Additionally, the mid-Atlantic region has been impli-
cated as an area of extensive stock mixing with populations
from all five DPS and the Canadian Rivers frequently detected
in this region (Waldman and others, 2013; O’Leary and others,
2014; Wirgin and others 2015; Rulifson and others, 2020).

Although sample location was not provided for more than
half of the individuals, and most samples were collected in off-
shore environments, it is notable that many Atlantic sturgeon
collected in riverine and estuarine environments in Virginia
were assigned to populations located outside the Chesapeake
Bay DPS. This, along with the finding of long-distance migra-
tions, highlights the potential for local management activities
to effect Atlantic sturgeon populations from distance sources.

It is notable that the individuals that we genetically sexed
in our analyses represented a nearly equal sex ratio with 121
females and 132 males. Although this result may be poten-
tially biased by sample location and method, it does suggest
that adult sex ratio in oceanic environments may be relatively
even. The even sex ratio is in opposition to what is commonly
reported in riverine environments, where samples are often
dominated by males (Hilton and others, 2016). Differences
in sex ratio between marine and freshwater habitats may
represent differences in behavior, with females returning less
frequently in riverine environments (and thus less available for
sampling) or sex-specific patterns of mortality.
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