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Abstract

Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) is a large, anadromous fish native to the Atlantic Coast of North
America. Although this species once supported important fisheries, centuries of exploitation and habitat degradation have
resulted in dramatic declines, presumed extirpation in some rivers, and ultimately listing under the U.S. Endangered Species
Act (ESA). Under the ESA, Atlantic sturgeon are listed as five separate Distinct Population Segments (DPSs), which form
the basis for federal management. Despite state and federal protections Atlantic sturgeon still face significant threats to their
recovery, including fisheries bycatch mortality, marine construction, dredging, dams, and vessel strikes. However, because
subadult and adult Atlantic sturgeon migrate extensively across estuarine and marine environments and frequently form
mixed-stock aggregations in non-natal habitats, it can be difficult to determine how these threats impact specific populations
and DPSs. To better understand ontogenetic shifts in habitat use and stock-specific exposure to anthropogenic threats, we
performed a mixed-stock analysis of 1704 Atlantic sturgeon encountered across the U.S. Atlantic Coast. Collections made
north of Cape Cod, MA and south of Cape Hatteras, NC were dominated by individuals from regional stocks; however, we
found extensive stock mixing in the mid-Atlantic region, particularly in coastal environments where individuals from all five
DPSs were commonly observed. Subadults and adults that were encountered in offshore environments had moved, on average,
277 km from their natal source; however, 23% were sampled over 500 km from their natal river suggesting long-distance
movements are relatively common in these age classes. Overall, our work highlights that Atlantic sturgeon populations are
vulnerable to threats over vast areas and emphasizes the need for continued genetic monitoring to track recovery progress.
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Introduction

Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) is a
large, long-lived, anadromous fish native to the Atlantic
Coast of North America. Historically, this species was very
abundant (Secor 2002) and supported important commercial
fisheries for caviar and meat in rivers and estuaries along the
coast. However, centuries of exploitation and habitat degra-
dation resulted in dramatic population declines and extirpa-
tion in some rivers (ASSRT 2007). Following nearly a cen-
tury of modest harvest on remaining populations, states from
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Maine to Florida instituted a coastwide harvest moratorium
in the United States in 1998 (ASMFC 1998), which was ulti-
mately followed by their listing under the U.S. Endangered
Species Act (ESA) in 2012 (NMFS 2012a, b).

Under the ESA, Atlantic sturgeon populations were
divided into five Distinct Population Segments (DPSs;
USFWS and NMFS 1996), with each DPS comprised of
populations that were thought to share genetic and physi-
ological properties and located in similar geophysical habi-
tats (ASSRT 2007). The decision to list Atlantic sturgeon
by DPSs was based on available mitochondrial DNA and
microsatellite genetic data, which indicated that each river
supported a discrete spawning population and that popula-
tions within geographic regions formed genetic clusters that
were significant to the species (Waldman et al. 2002; ASSRT
2007; Grunwald et al. 2008). At the time of ESA listing,
four DPSs were classified as endangered including the South
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Atlantic, Carolina, Chesapeake Bay, and New York Bight
DPSs. The Gulf of Maine DPS was classified as threatened
due to limited perceived threats to population persistence
(ASSRT 2007). Atlantic sturgeon populations in Canadian
rivers are outside the purview of the ESA; however, they
are listed as threatened by the Committee on the Status of
Endangered Wildlife in Canada (COSEWIC 2011) and may
co-occur with United States stocks (hereinafter, we use the
term ‘stock’ to refer to either DPSs or populations, as the
DPS framework is a hierarchical organization wherein DPSs
aggregate rivers that broadly share similar characteristics,
but rivers within a DPS are genetically distinct and may have
different demographic properties that dictate population-
specific management goals).

Federal management of Atlantic sturgeon in the United
States is legally predicated on the DPS framework, with each
DPS managed separately to minimize the impacts of anthro-
pogenic activities (e.g., dredging, offshore wind develop-
ment, and commercial fisheries) on recovery. The Atlantic
States Marine Fisheries Commission also seeks to evaluate
stock status at coastwide, DPS, and population-specific lev-
els (ASMFC 2017). However, the need to monitor and man-
age recovery threats to specific stocks presents significant
challenges to Atlantic sturgeon conservation. While juve-
niles are generally thought to remain in natal rivers (Fox
and Peterson 2019), subadults and adults migrate extensively
across estuarine and marine environments where they com-
monly form mixed-stock aggregations (Dunton et al. 2012;
Wirgin et al. 2012; Waldman et al. 2013; O’Leary et al.
2014). Thus, the mosaic of habitats used by Atlantic stur-
geon to complete their life cycle makes populations vulner-
able to anthropogenic threats at both local and coast-wide
scales (Erickson et al. 2011; Wirgin et al. 2015a) including
bycatch mortality (Dunton et al. 2015), marine construction,
dredging, vessel strikes, dams, and potential predation by
invasive species (ASMFC 2017). Consequently, an enhanced
understanding of stock-specific habitat use can help deter-
mine how anthropogenic disturbances differentially impact
each population, which can support recovery and manage-
ment activities (ASSRT 2007; ASMFC 2017).

The primary method used to determine the origin of
Atlantic sturgeon encountered in non-natal habitats is
genetic assignment testing. Previous efforts have used
assignment tests to characterize mixed-stock aggregations
in specific areas and to understand the stock composition
of marine bycatch. However, these efforts have largely
been concentrated to Atlantic sturgeon encountered in off-
shore environments in more northern extents of the spe-
cies’ range, particularly off the cost of New York and in the
Bay of Fundy (Wirgin et al. 2012, 2015b; Waldman et al.
2013). Less attention has been given to individuals cap-
tured in inshore areas (rivers and estuaries). Likewise, little
is known about the stock composition of Atlantic sturgeon
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encountered offshore of the southeastern United States. This
presents a critical uncertainty, as anthropogenic activities
may disproportionately impact different stocks, depending
on the region and whether they occur in sheltered inshore
waters or on the continental shelf.

In this study, we performed individual-based assignment
tests and mixture analyses to characterize the stock composi-
tion of Atlantic sturgeon encountered in offshore and river-
ine/estuarine environments across the U.S. Atlantic Coast.
We first evaluated broad patterns in stock composition across
all samples collected from Maine to Florida and estimated
ontogenetic differences in marine dispersal from natal
environments. Due to differences in sample size and stock
composition, we then divided the data into three latitudi-
nal regions and quantified differences in stock composition.
Finally, we investigated whether stock composition varied
between riverine/estuarine and offshore habitats within each
region. Overall, this analysis provides an enhanced under-
standing of the life history of this species, helps identify
stock-specific exposure to anthropogenic threats, and can be
used to support efforts to understand the relative abundance
of specific stocks in different geographic regions.

Materials and methods
Sample collection and genotyping

Samples used in our mixed-stock analyses (herein referenced
as “unknown samples”, as their natal origins were unknown
prior to this analysis) were from Atlantic sturgeon collected
by partners at other institutions in both riverine/estuarine
and offshore environments and were selected by the National
Marine Fisheries Service to ensure the analysis had broad
geographic coverage across the U.S. Atlantic coast. Samples
represented all life stages, with n=129 juveniles (defined as
individuals with a total length (TL) <500 mm), 1186 sub-
adults (500-1500 mm), and 147 adults (> 1500 mm). There
were also 242 individuals for which size data were not col-
lected. These individuals were excluded from analyses that
were age-specific; however, they were included in com-
parisons where individuals were pooled across size classes.
Thus, our total sample size for the mixed-stock analysis was
1704 individuals. The majority of these (79.6%) were col-
lected within the last 10 years, which represents less than a
single generation time for Atlantic sturgeon.

Each sample was preserved upon capture, typically via
immersion in 95% nondenatured ethanol or RNALater (Inv-
itrogen). Whole genomic DNA was extracted from tissue
samples using Puregene reagents (Qiagen). 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
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et al. 1997; King et al. 2001; and Henderson-Arzapalo and
King 2002) at the U.S. Geological Survey Leetown Science
Center (USGS-LSC) in Kearneysville, WV. The mean num-
ber of loci scored across all samples was 11.7 (range 7-12;
individuals that were scored at fewer than seven loci were
omitted from analysis, as assignments based on fewer loci
are more likely to be spurious).

Individual assignment tests and mixture analyses

We used two different approaches to characterize the stock
composition of Atlantic sturgeon. In the first, we performed
individual-based assignment tests in the program Gene-
Class2 (Piry et al. 2004) using the criterion of Rannala and
Mountain (1997). In this analysis, allele frequency distribu-
tions were used to assign each unknown individual to one of
15 Atlantic sturgeon populations represented in a reference
genetic baseline (described below). For each unknown indi-
vidual, the population that had the highest relative likelihood
was considered that individual’s assigned population, which
subsequently determined the individual’s assigned DPS.
We also conducted a mixture analyses using ONCOR
(Kalinowski et al. 2007). In contrast to individual assign-
ment testing, this approach estimated the likely proportional
contribution of each of the 15 populations to the sample
of unknown individuals. Ninety-five percent confidence

intervals on the inferred mixture proportions were calcu-
lated with 1000 bootstraps using the method of Rannala and
Mountain (1997). Results of the mixture analysis were visu-
alized using the ggplot package (Wickham 2016) within R.

The reference genetic baseline used in individual-based
assignment tests and mixture analyses was comprised of
2569 Atlantic sturgeon captured in targeted surveys by out-
side agencies and other permitted parties and incidental cap-
tures by fisheries, dredging, and other permitted activities
[see Acknowledgements for a list of contributors, some sam-
ples were included in a previous publication by Wirgin et al.
(2015b)]. Together, samples represented 14 populations
plus one estuarine aggregation (Table 1, Fig. 1). The estua-
rine aggregation, herein the Albemarle Complex, included
samples that likely represented several different spawning
populations; however, these populations were grouped into a
single population due to limited sample sizes. Those popula-
tions were assumed to be genetically similar to one another,
and we considered their combined allele frequencies to be
the best available representation of these populations given
the data available. Within the South Atlantic DPS, geneti-
cally discrete spring- and fall-spawning populations have
been documented in the Edisto River (Farrae et al. 2017), so
these populations were included in the baseline separately.
Although several other rivers are suspected to support sepa-
rate spring- and fall-spawning populations, these were not

Table 1 Summary of Atlantic

S0 DPS
sturgeon collections included

River

Samples Years collected Size range (mm TL)

in the genetic baseline for
assignment to DPS and

Canadian Rivers Saint Lawrence

population Saint John
Gulf of Maine Kennebec
New York Bight Hudson
Delaware
Chesapeake York-Pamunkey
James
Carolina Albemarle Sound

Pee Dee
South Atlantic ~ Edisto—Spring
Edisto—Fall
Savannah

Ogeechee

Altamaha
Satilla

30 2013 Adult (1732-2170)
31 1997, 2006 Adult* (1370-2170)
48 1980, 20102011 Adult (1510-2280)
307 1997, 2006, 2008-2010, 2014-2015  Adult (1517-2490)
RRYJ (148-499)
489 2009, 2011, 2014-2018 RRJ (193-490)
204 20132017 Adult (1513-2498)
303 1998, 2009-2015 Adult (1503-2450)
RRJ (260-495)
71 1998, 2007-2009, 2012, 2015-2016  Adult (1702-1831)
RRJ (270-499)
46 2017-2018 Adult (1563-2650)
123 1998, 2003 RRJ (154-359)
373 1996, 1998, 2001-2003, 2005 RRJ (189-496)
134 2000, 2007-2008, 2013, 2017-2018 RRIJ (198-487)
147 2003, 2007-2009, 2014-2016 Adult (1535)
RRJ (165-442)
189 2005, 2010, 2011, 2018 RRYJ (265-490)
74 2010, 2014, 2016 RRJ (172-499)

Two size classes were used for the genetic baseline: (1) river-resident juveniles (RRJ), defined here as
Atlantic sturgeon less than 500 mm total length (TL) captured in their natal river or estuary and (2) adults,
defined as those individuals which exceeded 1500 mm TL which were only included when they were cap-
tured near a putative spawning site at a time of year consistent with spawning. An asterisk denotes that the
Saint John River baseline collection included several individuals below our minimum size criteria for adult
sturgeon, but were included due to limited sample size for that population
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Fig. 1 Geographic distribution of 15 reference populations represent-
ing five Distinct Population Segments (DPSs) and Canadian rivers
which were used as potential source populations for genetic assign-

included in the genetic baseline as insufficient samples were
available to meet our criteria. In total, the baseline included
15 populations which represented all five DPSs, as well as
populations from two Canadian rivers (Saint Lawrence and
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ment testing and mixture analyses. Note: there are two discrete popu-
lations in the baseline from the Edisto River which spawn separately
in the spring and fall

Saint John) that are beyond the purview of the ESA. To
minimize the likelihood of using non-natal individuals to
characterize a population’s genetic signature, individuals
were only included in the baseline if they were river-resident
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juveniles (RRJ) or adults (see Table 1 for a description of
the age classes).

Most Atlantic sturgeon used in the baseline were geno-
typed at the USGS-LSC using the same methods described
above for unknown samples. However, a subset of individu-
als (n=434; 16.9% of the total baseline) used to characterize
the Carolina and South Atlantic DPSs were genotyped by the
South Carolina Department of Natural Resources (SCDNR).
A previous effort to standardize allele calls between USGS-
LSC and SCDNR found very strong concordance between
the two laboratories (99.7% of calls were identical across 94
individuals screened independently at both facilities). How-
ever, there were occasional differences at Aox12 that were
difficult to reconcile. As a result, we omitted (i.e., treated as
missing data) the scores generated by SCDNR at that locus
for most populations. However, since limited USGS data
was available to characterize the spring-spawning popula-
tion of Edisto River (and GeneClass2 requires allelic data
for all loci in all reference populations), we included Aox12
scores from SCDNR at this population. Overall, we antici-
pated this to have a negligible impact on the overall analysis,
as the allele that we were unable to standardize occurred at
a low frequency in this population. The final genetic base-
line included only individuals scored at seven or more loci
(mean=11.67; range =7-12).

The genetic baseline we used in this study included a
greater number of reference individuals which represented

a larger number of populations than previous mixed-stock
analyses for Atlantic sturgeon. Moreover, as described
above, all reference individuals were vetted against strict
inclusion criteria in order to prevent inclusion of non-natal
individuals in a population. While we expected this refined
baseline to increase the accuracy of assignment tests on our
unknown samples, we evaluated the efficacy of the base-
line for assignment testing by using GeneClass?2 to perform
an individual-based assignment test using a leave-one-out
approach. Overall, 83.1% of reference individuals assigned
to the correct source population, and 96.1% of individuals
to the correct DPS of origin (Table 2). In every population
except those located in the Carolina DPS, >90% of individu-
als were assigned to the correct DPS (Table 2). To evaluate
accuracy of the mixture analyses in ONCOR, we performed
100% simulations in which we simulated samples composed
entirely from a single population (200 individuals X 100
independent simulations per population; Anderson et al.
2008) and then quantified the average proportion of each
sample attributed to the correct source. In general, popula-
tions with average assignment>90% are often considered
well-defined stocks that are good candidates for inclusion
in mixed-stock analyses (Miralles et al. 2016). The 100%
simulations analyses suggested that average estimated mix-
ture proportions were > 88% and > 93% for populations and
DPSs, respectively (Table 3). Taken together, these results
show considerable power to resolve the composition of

Table 2 Classification confusion matrix showing assignment accuracy for genetic population assignments to river using the Atlantic sturgeon

baseline

DPS Population n Assigned Population Correct Correct
Population DPS
o)
g E
S
z 9 =2 - 3 = ]
32 % 5 & i oy 2 £ § % £
ST < g 2 2 « 8 E & £ g = g E =
£ £ § T £ T E 2 3 £ £ £ § & %
g & ¥ =z & = = ZF & 8 82 & S Z &
Canadian Rivers  Saint Lawrence 30 |30 100.0% 100.0%
Saint John 31 29 1 1 93.5% 93.5%
Gulf of Maine Kennebec 48 1 2 4 1 91.7% 91.7%
New York Bight ~ Hudson 307 7 273 25 2 88.9% 97.1%
Delaware 489 3 56 424 6 86.7% 98.2%
Chesapeake York 204 2 190 8 3 1 93.1% 97.1%
James 303 7 3 274 5 5 5 1 3 90.4% 90.4%
Carolina Albemarle 71 1 3 51 6 2 1 5 2 71.8% 80.3%
Complex
Pee Dee 46 1 1 3 30 1 1 6 1 1 1 65.2% 71.7%
South Atlantic Edisto Spring 123 104 8 2 5 2 2 84.6% 100.0%
Edisto Fall 373 2 2 324 22 2 20 1 86.9% 99.5%
Savannah 134 5 1 6 91 5 23 3 67.9% 96.3%
Ogeechee 147 4 13 18 6 67 21 18 45.6% 97.3%
Altamaha 189 1 1 11 29 2 145 76.7% 98.9%
Satilla 74 1 2 3 4 5 59 79.7% 100.0%

Overall, 83.1% of individuals within the baseline were correctly assigned to their natal population using GeneClass2, and 96.1% of individuals
were assigned to the correct DPS. Assignments to the correct population are denoted in bold text. Assignments to the correct DPS are shown in
the shaded areas. The percentage of individuals from a given population that were assigned to the correct population and DPS is reported in the

two columns furthest to the right
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Table 3 Results of 100%
simulations conducted in
ONCOR, based on 100
simulated samples of 200
individuals from each of the
baseline populations

DPS

Population

Population estimates
[% (95% CI)]

DPS estimates
[% (95% C1)]

Canadian Rivers

Gulf of Maine
New York Bight

Chesapeake

Carolina

South Atlantic

Saint Lawrence
Saint John
Kennebec
Hudson
Delaware

York

James
Albemarle Complex
Pee Dee
Edisto—Spring
Edisto—Fall
Savannah
Ogeechee
Altamaha
Satilla

99.9 (99.5-100.0)
98.7 (96.7-100.0)
98.8 (96.4-100.0)
99.7 (98.5-100.0)
99.7 (98.1-100.0)
100.0 (99.5-100)
99.9 (99.4-100.0)
97.5 (94.1-100.0)
88.1 (82.2-0.93)

99.5 (97.8-100.0)
99.7 (98.5-100.0)
92.8 (87.0-98.0)

98.7 (96.5-100.0)
98.8 (95.4-100.0)
98.4 (95.9-100.0)

100.0 (99.5-100.0)
98.8 (96.7-100.0)
98.8 (96.4-100.0)
99.9 (99.5-100.0)
100.0 (99.5-100.0)
100.0 (99.5-100.0)
99.9 (99.4-100.0)
99.5 (97.8-100.0)
93.3 (88.4-97.8)
99.9 (99.1-100.0)
100.0 (99.7-100.0)
99.7 (98.2-100.0)
99.8 (98.8-100.0)
100.0 (99.7-100.0)
100.0 (99.5-100.0)

In these simulations, pure samples from each baseline population were evaluated using ONCOR, and the
average proportion attributed to the correct source was calculated. We report simulation results at both the

population and DPS-level

mixed-stock aggregations of Atlantic sturgeon, particularly
at the DPS-level.

Spatial distribution of Atlantic sturgeon stocks

Results of individual-based assignment tests of unknown
samples were visualized in ArcMap 10.6.1 (Environmental
Systems Research Institute, Redlands, California) and R (R
Core Team 2019). We used simple one-way ANOVASs to
test for differences in the latitudinal distribution of popula-
tions and DPSs and considered P < 0.05 to reflect statistical
significance.

To evaluate ontogenetic changes in movement and habi-
tat use, we used the raster package (Hijmans 2020) in R
to measure the shortest waterway distance between the
capture location of each subadult and adult encountered in
offshore habitats and the mouth of its assigned natal river.
Juveniles were excluded from this analysis, as only three
fish <500 mm were captured offshore, which is expected
given limited movement at this life stage (Hilton et al. 2016;
Fox and Peterson 2019). Additionally, because the exact
location of spawning ground(s) is unknown in most rivers,
we only measured distance to the river mouth. However, the
distance between spawning habitat and river mouth is minor
relative to the spatial scale of this analysis and this source of
measurement error is held relatively constant across all indi-
viduals. We acknowledge that this analysis cannot account
for non-linear movement and is biased by non-random tem-
poral and spatial sampling. Thus, results of this analysis pro-
vide only a minimum estimate of individual movement and
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should be viewed as a conservative estimate of the relative
ability of each size class to disperse to distant locations.

Our initial visual review of the results suggested there
was spatial heterogeneity in sample size and stock com-
position, and so we divided the data into three latitudinal
regions, “NORTH”, “MID”, and “SOUTH” for further
analysis. When deciding on the breakpoint for each region,
we also considered the location of important coastal fea-
tures, namely Cape Hatteras and Cape Cod, which have been
shown to be important geophysical features in the distribu-
tion and genetic structure of other species (Wilkinson et al.
2009; Pappalardo et al. 2015). We used Chi-squared tests
to quantify differences in stock composition (population-
and DPS-level) among the three latitudinal regions, with
stock identity determined by results of the individual-based
assignment tests. Using the same methods described above
for the range-wide dataset, we also conducted a mixture
analysis in ONCOR to estimate the proportional contribu-
tion of each population and DPS to the sample collected in
each region.

Within each region, we used a Chi-square test to assess
for differences in stock composition between fish caught in
riverine/estuary habitats and those caught offshore. Here, we
define riverine/estuarine encounters as all individuals that
were captured in inland waters and sounds. We recognize
that the difference between riverine/estuarine and offshore
habitats is not necessarily dichotomous as individuals may
frequently move between habitats across short temporal
scales; however, this classification system was the most
objective way to classify individuals by habitat type.
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Results

Average individual-based assignment probability was 87.7%,
suggesting most individuals assigned strongly to a single
population (Supplemental Material 1; Supplemental Fig. 1).
In the rare cases where affinity towards a specific natal popu-
lation was weak (i.e., < 50%), the next most probable popula-
tion was frequently within the same DPS (40/68 instances).

Across all 1704 unknown samples collected on the U.S.
Atlantic Coast, we observed a mixture of Atlantic sturgeon
from all five DPSs and two Canadian rivers. Individual-
based assignment tests indicated that the majority of individ-
uals likely originated from populations in the South Atlan-
tic (38.2%), New York Bight (25.5%), and Carolina DPSs
(22.6%) with smaller contributions from the Chesapeake
Bay DPS (9.8%) and the Gulf of Maine DPS and Canada
(<3%). Results from mixture analyses were consistent with
those from individual-based analyses (Supplemental Fig. 2;
see Supplemental Material 2 for mixture proportions). How-
ever, we note that estimates reflect the spatial distribution
of samples considered in this study, as most samples (1663

Distinct Population Segment

of 1704) were taken in the MID and SOUTH latitudinal
regions.

Based on one-way ANOVAs, there were statistically sig-
nificant differences in the latitudinal distribution of each
population (P <0.001; r>=0.711) and DPS (P<0.001;
2 =0.678). This was largely because individuals were most
likely to assign to a population/DPS located in the same
general region in which they were collected (Fig. 2). How-
ever, subadults and adults from all five DPSs and the two
Canadian populations were frequently found far from their
natal habitats (Supplemental Fig. 3). For example, eight
sturgeon that assigned to populations in the South Atlantic
DPS were collected from the coastal waters between Long
Island, NY and Cape Cod, MA including one subadult that
was collected near Martha’s Vineyard—over 1300 km from
its inferred natal source. Conversely, two individuals from
the Kennebec River (Gulf of Maine DPS) were captured off
the Outer Banks of North Carolina (approximately 1040 km
from the Kennebec River) and a subadult from the Saint
John River (Canada) was encountered 913 km away off the
coast of Virginia.
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Fig.3 Distribution of the distance to the mouth of the natal river for
subadults (grey) and adults (yellow) captured in offshore environ-
ments. Vertical dashed lines represent the median distance for each
size class

Overall, while movements outside of non-natal rivers
were seldom observed in juveniles, subadults and adults
were frequently captured in offshore habitats that were
thousands of kilometers from their source (Fig. 3). Many
subadults were captured within 200 km of their natal river;
however, 21.5% of subadults had moved at least 500 km
from their natal river at the time of capture (median distance
to source location =123 km, range =5 to 1868 km). Adults
were generally captured further from their natal source
(median =190 km, range =28 to 1879); however, a large pro-
portion of adults were also detected near their source river.

Due to differences in stock composition and sampling
intensity among regions, we present regional results sepa-
rately below. This decision was supported by a significant
Chi-squared test result (P <0.001).

Stock composition in the NORTH region

Of the 41 individuals captured in the NORTH region, 87.8%
assigned to the Kennebec River population, which is the
only population in the Gulf of Maine DPS. Smaller contri-
butions (12.2%) of Atlantic sturgeon from Canadian Rivers
were also detected. There was no indication that Atlantic
sturgeon from other stocks were present in our samples from
the NORTH region, nor did we detect any differences in
stock composition between individuals collected in riverine/
estuarine habitats and offshore (P=0.09 at the population-
level and P=0.06 at the DPS-level). Results from mixture
analyses (Fig. 4) supported results from individual-based
assignments (Fig. 5) and also suggested that samples from
the NORTH region were represented exclusively by fish
from the Gulf of Maine DPS and the Canadian rivers (see
Supplemental Material 2 for mixture proportions). However,
we note that inferences should be drawn with caution given
our limited sample size.
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Stock composition in the MID region

In the MID region, individual-based assignment tests sug-
gested a highly mixed assemblage of Atlantic sturgeon from
all five DPSs which included 14 populations from across
the U.S. and Canada (the only population not represented
in the sample was the Saint Lawrence). Individual-based
assignment testing suggested 37.5% of individuals assigned
to populations in the New York Bight DPS and 30.7% of
individuals to populations in the Carolina DPS (Fig. 4). At
the population-level, the Albemarle Complex (27.3%) and
Hudson River (26.2%) populations were the most prevalent
in the sample. However, there were notable contributions
from all DPSs and the Canadian rivers (Fig. 6). Mixture
analyses suggested similar contributions from each popula-
tion and DPS in the sample (see Supplemental Material 2
for mixture proportions).

We also observed differences in the stock composition
of individuals captured in riverine/estuarine habitats versus
offshore (P <0.001 at both the population- and DPS-level;
Fig. 5). Of the individuals captured in the MID region in
riverine/estuarine environments, 60.9% assigned to the Car-
olina DPS. Conversely, only 6.0% of individuals captured
offshore assigned to the Carolina DPS, and individuals from
the New York Bight (54.0%) and Chesapeake Bay DPSs
(21.6%) were more prevalent (Fig. 6). Results from the mix-
ture analysis were similar and also suggested that samples
collected offshore likely represented individuals from more
populations and DPSs than samples collected in riverine/
estuarine environments (Supplemental Material 2).

Stock composition in the SOUTH region

Individual-based assignment testing indicated that Atlan-
tic sturgeon from the SOUTH region were primarily from
the South Atlantic (91.2%) and Carolina (6.2%) DPSs. At
a population-level, individual-based assignment tests sug-
gested the Altamaha River population was the most preva-
lent in the sample (35.7%), with lesser contributions from
the fall-spawning population of the Edisto River (21.4%),
Savannah River (18.9%) and Ogeechee River (7.2%). Minor
contributions were attributed to the Satilla River (5.5%), Pee
Dee River (3.7%), Edisto River spring-run (2.0%), and Albe-
marle Complex (2.5%; Fig. 7). These results were consistent
with those obtained via mixture analyses (see Supplemental
Material 2 for mixture proportions).

Despite the predominance of individuals from South
Atlantic DPS populations in the SOUTH region, we did
observe some individuals from more northern populations.
Some of these individuals were observed offshore at the
boundary between the MID and SOUTH regions, includ-
ing sturgeon collected offshore of Cape Hatteras, NC and
that assigned to the Chesapeake Bay DPS (approximately
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235 km from the source population) and New York Bight
DPS (651 km from the source population). However, indi-
viduals from the Chesapeake Bay DPS collected in riverine/
estuarine habitats spanned nearly the entire latitudinal range
of the SOUTH region, with seven individuals captured in
the Neuse River, NC and one individual as far south as the

East River, GA. Thus, while the stock structure in the coastal
and marine habitats in the SOUTH is less complex than the
MID latitude region, multiple DPSs were present with vary-
ing contributions from many different populations in both
offshore and riverine/estuarine habitats.
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Fig.5 Individual-based assignment tests for individuals that were
captured in the NORTH region on the U.S. Atlantic Coast. Points
are symbolized by river and color-coded by Distinct Population Seg-

At the DPS-level, there were no differences in stock com-
position between individuals captured in riverine/estuarine
habitats and offshore (P =0.13). At the population-level,
there were significant differences in stock composition
between the two habitats (P <0.001), which reflects the
relatively larger proportion of individuals from the Edisto
River fall-run, Savannah River, and Ogeechee River pop-
ulations sampled from riverine/estuarine environments.
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most numerically present population in samples from the
SOUTH region (Supplemental Material 2).

Discussion

It is evident from our results that Atlantic sturgeon move and
mix extensively along the U.S. Atlantic Coast. In this gen-
eral respect, our results are consistent with previous mixed-
stock analyses (Dunton et al. 2012; Wirgin et al. 2012; Wald-
man et al. 2013; O’Leary et al. 2014) and telemetry studies
(Erickson et al. 2011; Taylor et al. 2016) which have docu-
mented long-distance movement patterns that allow Atlan-
tic sturgeon to move among the geographic regions that are
associated with the five DPSs. However, our study is the first
to rigorously expand our understanding to the southeastern
United States, which provides new insight into broad-scale
patterns of stock composition across the coast and allows
spatial comparisons among latitudinal regions to be made.
The substantial spatial heterogeneity in stock composition
and uneven sampling intensities among regions suggest that
the stock composition we observed at coast-wide scales
should not be interpreted as the overall relative abundance
of each sturgeon stock. Rather, our data indicate that stock
composition is more accurately assessed at a regional level.

In our visual assessment, we saw clear changes in stock
composition at Cape Cod, MA and Cape Hatteras, NC and
subsequently used these latitudinal landmarks to demarcate
our regional comparisons. These prominent coastal land-
marks are associated with important ecological breaks for
many other marine taxa (Wilkinson et al. 2009; Pappalardo

Fig. 7 Individual-based assignment tests for individuals that were
captured in the SOUTH region on the U.S. Atlantic Coast. Points
are symbolized by river and color-coded by Distinct Population Seg-

et al. 2015), potentially due to significant shifts in circu-
lation patterns, thermal regimes, and habitat (Pappalardo
et al. 2015). Although our study lacks the ability to comment
which mechanisms may be shaping the observed distribu-
tions of Atlantic sturgeon stocks, it does suggest that stock
distribution may not simply reflect random dispersal from
natal habitats. Rather, stock-specific distribution patterns
may be dependent on regional environmental conditions
(Di Santo 2016; Neuheimer et al. 2018) and physiological
constraints imposed by local adaptation to natal rivers. Thus,
while seasonal changes in abiotic environmental condi-
tions likely allow individuals to at least temporarily occupy
distantly located habitats, it is noteworthy that we did not
observe Atlantic sturgeon from the Gulf of Maine DPS and
Canadian rivers in the warmer waters south of Cape Hat-
teras, and those from populations which spawn south of
Cape Hatteras were not observed in the colder waters of the
Gulf of Maine.

In the MID region (between Cape Hatteras and Cape
Cod), we observed a highly mixed assemblage of Atlantic
sturgeon from all five DPSs, which included 14 populations
distributed across the U.S. Atlantic Coast as well as Canada
(Fig. 6). This is congruent with previous genetic (Dunton
etal. 2012; Waldman et al. 2013; O’Leary et al. 2014; Wir-
gin et al. 2015a; Wirgin et al. 2015b) and telemetry studies
(Rulifson et al. 2020), which assigned Atlantic sturgeon in
the marine waters of this region to many different stocks.
However, even within this well-mixed region, patterns
were still apparent. Consistent with previous studies in the
region (Dunton et al. 2012; Waldman et al. 2013; O’Leary
et al. 2014; Wirgin et al. 2015a; Wirgin et al. 2015b), the
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majority of individuals sampled offshore assigned to the
Hudson River (New York Bight DPS) and James River
(Chesapeake Bay DPS) populations, with lesser contribu-
tions from other stocks (Fig. 6). However, within the shel-
tered waters of Albemarle Sound and Delaware Bay, the
proportion of individuals that assigned to distant stocks was
smaller, with the majority of samples assigning to the Albe-
marle Complex (Carolina DPS) and Delaware River (New
York Bight DPS) populations. Importantly, given that we
sampled a large number of individuals from the sounds of
North Carolina, it is likely that our analysis overestimated
the total proportion of Atlantic sturgeon from the Carolina
DPS that occur within the MID region. Along these lines,
Wirgin et al. (2018) examined the composition of subadults
collected within the Hudson River estuary (an area where
we have limited samples) and found that the majority were
part of the Hudson River population. However, even sam-
ples that were taken in close proximity to spawning habitats
in the Hudson River, which is thought to host one of the
most robust extant population of Atlantic sturgeon (ASSRT
2007; Waldman et al. 2019; Kazyak et al. 2020), Wirgin
et al. (2018), still included individuals that originated from
as far away as the Ogeechee and Kennebec rivers.

In the coastal waters of the SOUTH region, we
observed less mixing among DPSs. Most individuals in
this area assigned to populations within the South Atlantic
DPS, with moderate contributions from the Carolina DPS.
Among the samples that assigned to the South Atlantic
DPS, the relative proportion of individuals that assigned
to each population in the DPS appears to roughly corre-
spond to the overall abundance of the population. This pat-
tern was particularly apparent in offshore habitats, likely
because Atlantic sturgeon are more difficult to capture in
offshore environments and so capture probability is likely a
function of abundance. For example, we saw a proportion-
ally large contribution of individuals from the Altamaha
River population in offshore samples, which is thought
to host one of the largest contemporary populations of
Atlantic sturgeon (Peterson et al. 2008). Populations from
the Edisto (fall-spawning), Savannah, and Ogeechee riv-
ers are likely intermediate in abundance, as inferred from
side-scan sonar surveys (Vine et al. 2019) and the relative
ease at which samples are collected, and contributed mod-
erate proportions to the observed stock composition in the
SOUTH region. Conversely, we observed few individuals
from the Satilla or Edisto (spring spawning) rivers, and
both of these populations are likely small [as suggested
by the amount of effort required to capture individuals
from these systems (Fritts et al. 2016; Farrae et al. 2017)].
However, assignments to specific populations within the
South Atlantic DPS should be viewed with caution, as
populations within this area have the lowest levels of
genetic differentiation observed in the species (ASSRT
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2007) and our ability to discriminate these populations
using assignment tests is not as strong as in other regions
(Table 2). Moreover, given the heterogeneous spatial and
temporal distribution of sampling effort, the proportion of
individuals that assigned to each population is likely not
static across the region and over time. However, given that
our assignments to DPS within this region were still very
accurate (> 96% correct; Table 2) and individuals are most
commonly found in close proximity to their natal river, our
conclusion that the majority of Atlantic sturgeon observed
in this region belonged to populations in the South Atlan-
tic DPS is likely robust.

In the NORTH region, most of the sturgeon we ana-
lyzed were associated with the Kennebec River population
(> 87%), with lesser contributions from Canadian popula-
tions (Saint Lawrence and Saint John rivers; Fig. 7). A previ-
ous study in the Bay of Fundy (hundreds of kilometers to the
northeast of our sampling locations) determined the stocks in
that area were primarily from the Saint John River (> 60%)
and the Kennebec River (34-36%; Wirgin et al. 2012). In
conjunction with our results, this suggests that Atlantic stur-
geon in the Gulf of Maine are primarily from the Kennebec
River and Canadian populations. This seems reasonable, as
these are the only two known spawning populations within
the region (ASSRT 2007; ASMFC 2017). However, given
the small number of samples considered in our study it is
possible that populations from other regions use this area but
were not detected. Notably, Erickson et al. (2011) reported
that a large adult female Atlantic sturgeon tagged in the Hud-
son River was positioned in the Bay of Fundy, suggesting,
along with Wirgin et al. (2012) that at least some sturgeon
from populations to the south occasionally utilize this area.
However, as previously noted, stock-specific habitat use may
vary seasonally and potentially reflects physiological differ-
ences among stocks.

Across all regions, many stocks appeared to be most com-
mon near their natal habitats (Fig. 2) with, for example, clus-
ters of fish that assigned to the New York Bight and Chesa-
peake Bay DPSs near the primary spawning rivers found
in those geographic areas. Consistent with the patterns of
ontogenetic habitat use, juveniles (<500 mm) were gener-
ally sampled in their natal river. However, we did detect
three juveniles in offshore habitats, including one juvenile
that assigned to the Hudson River (New York Bight DPS)
and was captured nearly 900 km away off the coast of North
Carolina. Compared to subadults, adult Atlantic sturgeon
were captured further from their natal river (123 km and
190 km median distance from natal source, respectively).
However, it should be noted that many subadults were also
captured thousands of kilometers from their natal source,
suggesting that this life stage is also capable of long-dis-
tance movements in offshore environments. Moreover, our
movement estimates represent a minimum distance between
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capture location and natal source, and so significantly under-
estimate the total distance an individual moved between its
spawning habitat and the point of capture.

Taken together, our analyses suggest that many Atlan-
tic sturgeon use habitats far from their natal river, and in
moving to these they pass the spawning rivers for other
populations/DPSs and cross between state and international
boundaries. For example, Atlantic sturgeon from the South
Atlantic DPS were observed near Martha’s Vineyard, MA,
along with individuals from many other stocks. While our
study detected very few sturgeon in the SOUTH region from
the New York Bight DPS, telemetry data suggest these fish
use these coastal waters at least to some extent (Erickson
et al. 2011). Arendt et al. (2017) reported that 224 Atlantic
sturgeon which had been tagged at coastal locations from
Virginia to Connecticut were detected on a telemetry array
off the coast of South Carolina, and presented genetic data
to suggest that many of these fish represented populations
spawning in distant areas to the north. This suggests that our
current mixed-stock analysis may underestimate the extent
to which northern populations are using southern habitats,
particularly if they are staying offshore in areas where they
are less likely to be physically captured.

Although the general patterns are compelling, appropri-
ate caution should be exercised in interpreting the results.
Collections occurred sporadically along the coast and were
typically part of research projects that were targeting known
aggregation sites during specific seasons. Thus, the current
mixed-stock analysis presents a snapshot in time, and the
actual stock composition of Atlantic sturgeon in coastal
habitats almost certainly varies seasonally and annually.
However, despite considerable telemetry research on Atlan-
tic sturgeon, broad-scale movement patterns are still poorly
understood (Dunton et al. 2010; Melnychuk et al. 2017).
Migration patterns may relate to changing conditions in the
marine environment (Breece et al. 2016), and presumably
also vary among stocks to facilitate differences in spawn-
ing phenology observed across the species’ range. As noted
previously, several telemetry studies have reported long-
distance migrations that were not always apparent from
the samples we obtained across the coast. In addition, as
the relative abundance of stocks changes through time, we
expect that stock compositions in coastal environments will
change accordingly. Consequently, there remains a need for
continued genetic monitoring (Dunton et al. 2012; ASMFC
2017), as well as additional work to explore spatiotemporal
variation within specific geographic areas.

Nonetheless, it is clear that many populations are vulner-
able to threats far from their spawning and nursery habitats
(Collins et al. 2000; Stein et al. 2004; Wirgin et al. 2015a),
and that these threats occur throughout an individual’s
life cycle. Throughout their U.S. range, Atlantic sturgeon
encountered in inshore and offshore waters reflected a

mixture of local and distant populations, and so it is inaccu-
rate to assume that individuals encountered in these habitats
reflect only local populations. Given the observed spatial
patterns, local genetic assignment data are necessary to
accurately characterize stock composition in a specific geo-
graphic area. Moreover, given the large spatial distribution
of stocks, this research highlights the ability of human activ-
ities to negatively impact populations which spawn hundreds
of kilometers or more away. However, this also suggests that
populations may benefit from mitigation activities at local
and regional levels, as discrete demographic units wander
over broad areas and conservation measures in other loca-
tions could still benefit the overall population.

In the future, expanded genetic baselines that include
additional populations that are not currently represented
will improve inferences from mixed-stock analyses. These
uncharacterized populations are generally thought to be
small, which limited our ability to obtain DNA samples.
Characterizing these populations is not likely to change the
broad patterns observed in this study, as individuals from
uncharacterized populations would be assigned to the most
similar population in the baseline, which is likely in close
proximity and part of the same DPS. However, it may pro-
vide insight into the status and threats to populations that are
at the greatest risk of extirpation. In addition, there is a great
opportunity to combine genetic assignment testing with the
large body of acoustic telemetry data that are now available
for Atlantic sturgeon. Combining these data sets would allow
stock composition to be modeled over vast areas of the coast,
including locations where sturgeon are known to occur but
often difficult to physically capture, as well as offshore habi-
tats where wind development and sand mining are planned.
Continued collection of tissue samples of Atlantic sturgeon
will allow us to further understand threats to Atlantic stur-
geon stocks and track recovery progress.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10592-021-01361-2.
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